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MODELS OF PHASE FORMATION, GROWTH AND COMPETITION
IN SOLDERING - SOME NEW RESULTS

Simple phenomenological models of formation, competition and growth of the
intermediate Cu-Sn phases during soldering are presented. The first attempt to estimate the
width of liquid channels between scallops of CusSns phase is suggested. Also, an attempt to
take into account the change of scallops shape (aspect ratio) with modeling of the CusSns
growth is made.
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wetting.

Introduction

Soldering is and in future will remain an important technological process in
microelectronics and in other fields [1-2]. Solders are, as a rule, eutectic tin-based alloys
containing lead, bismuth, silver, copper etc.

Most widespread is soldering of copper or nickel. Typical soldering of copper consists
of (1) eutectic melting (reflow) of solder bump and (2) formation and growth of one or two
intermetallics, # — phase CusSns and ¢ — phase CusSn [3-9]. Mechanical bonding is provided
mainly by # - phase, which has peculiar morphology — scallops of individual grains separated
by some boundaries, nature of which is still under discussion — liquid channels of molten
solder [8-10], prewetted grain boundaries [11], ordinary grain boundaries [12, 13]

Contrary to solid state aging at temperatures 200°C and lower, when both phases grow
simultaneously and demonstrate similar growth rates, in reaction with liquid solder the growth
of # — phase proceeds much faster than that of ¢ — phase. On the other hand, presence and
growth of ¢ — phase is very important since just in this phase the Kirkendall voiding takes
place due to much higher diffusivity of copper than that of tin in this phase. Voiding
deteriorates the solder contact and finally leads to its failure.

Investigation of reactions between Cu (or Ni) and molten solder have proved that the growth
of intermetallic is accompanied by diffusion coarsening. A classical coarsening is a stage that
follows nucleation and growth when the total volume of the new phase is practically maximal and
the substance just undergoes diffusion redistributions between the particles. The driving force of
classical coarsening is the reduction of the interface area or surface energy. Therefore, the total
area of the surface of new phase is reduced. Investigation of surface reactions between molten
solder and metal has shown that ripening of scallop-type intermetallide phase at the surface
proceeds simultaneously with scallop growth. Since the volume of intermediate phase increases
with time, the type of coarsening is referred to as non-conservative. The driving force of this
process is the increase of free energy of intermediate phase growth.

Assuming scallops to have a hemispherical shape (which appears to be realistic until the
reaction zone becomes about 10 microns thick and if composition of liquid solder is close to
eutectic), we consider the total area of the intermediate phase as not changing with time in the
process of growth. The scallop growth is observed at the reaction between eutectic solder
SnPb and Cu, and also between Pb-free solders (for example, SnAg) and Cu, and between
pure tin and copper. It was experimentally shown that as the layers of reaction products grow
the ripening of scallops takes place, the corresponding model that describes this phenomenon
was proposed as well. In [8] Gusak and Tu proposed the kinetic theory for the new type of
coarsening grounding upon (a) conservation of the interface area at increasing volume and (b)
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dominating role of channels between the scallops. This phenomenon was called a flux-driven
ripening (FDR).

Solder reactions typically occur at 200-250°C, lasting anywhere from a few seconds to
several minutes. In case of pure Sn or Cu the reaction temperature is typically around 250°C.
In these reactions, CusSn 1 CueSns intermetallic compounds (IMCs) are formed at the
interfaces. The CueSns is the dominant growth phase 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 between eutectic SnPb and Cu. The radius of scallops was found to obey an
approximately 7> dependence of growth. The number of scallops decreases at an
approximately 3 dependence. The activation energy of the growth, measured from the
growth rates occurring from 200 to 240°C during the reaction between eutectic SnPb and Cu,
is about 0.2-0.3 eV/atom. 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 is thermodynamically stable at the presence of molten solder. Indeed,
the molten eutectic solder SnPb quickly wets the grain boundaries of CusSns. The channels
serve as fast diffusion paths supplying copper to the molten solder and activating the scallop
growth. According to the data of scanning electron microscopy, the channels are less than 20
nm wide, which, however, exceeds the usual grain boundary Widthri(Fig. 1).

Fig. 1. Scallop-like morphology of CusSns during wetting reactions between molten
eutectic SnPb solder and Cu: (a) — top view of CueSns scallops after 1 minute reflow at
200°C; (b) — cross-sectional image of CugSns scallops after 10 minute reflow at 200°C
(channels indicated by arrows). Figure 1b is taken by one of authors from his paper [8].

Aim of this paper is to present the simple models of phase formation and competition
during soldering.

Basic approximations

The scallops have a shape of a hemisphere (Fig. 2). Designating the area between the
scallops and copper as S take into account that the total surface area between
hemispherical scallops and molten solder is equal to double §":

N
2 2
Sscallops/melt — z 27TRI — 22 7TRI- :2Stotal = const
i=l1
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Fig. 2. Schematic diagram of the cross section of an array of scallops on Cu.
Jin 1s an in-flux of copper directed from the substrate into the melt via channels (serving for
the growth of scallops), J,. is an out-flux of copper which was not used for building up the
intermetallic compound. For small solder bumps this out-flux quickly tends to zero after their
saturation. Thus, while the phase growth contributes into the total volume increase, the total
area of scallops doesn’t change.

v

Alternatively, Schmitz et al suggested [11] that channels are not totally liquid but
instead they are the grooves, transforming (near the substrate) into prewetted grain boundaries
of CueSns phase (also with high permittivity for copper). Last observations of John-ook Suh
and K.N.Tu [10] demonstrate that actually the situation might be intermediate:
crystallographic orientation of the CusSns scallops is not fully chaotic. There exist some
agglomerates of scallops, within which orientations are close, but misorientation between
agglomerates is far from being close. Since the wetting condition depends on the
grainboundary tension, and this tension depends on misorientation, one can expect that the
grainboundaries between scallops of the same agglomerate are not wetted, but boundaries
between agglomerates (with large misorientations) are wetted by liquid solder and are
transformed into liquid channels.

All copper coming from the substrate is utilized for scallop growth, so one may neglect
the out-flux of copper from the ripening region into the volume. It is fair for at least small
solder bumps, since, say, a 100-micron bump becomes saturated with copper in 10 seconds.

Interfacial diffusion of copper along the scallop/copper interface is not a rate-limiting factor.

Since a growth of a scallop must occur at the expense of its neighbors, it is a ripening
process. In this process, there are two important constraints. The first (geometrical) constraint
is that the interface of the reaction is constant. The second is a conservation of mass, in which
all the in-flux of Cu is consumed by scallop growth.

Simple model for monosize hemispheres

Strictly speaking, the monosize distribution is not compatible with scallop growth since
scallop growth is competitive and realized by growth of some scallops due to the shrinkage of
neighboring scallops. Therefore, the initial monosize distribution should be inevitably
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transformed into a widersized distribution. Yet, the monosize approximation is good for a
rough estimate of average values.
According to the first constraint that the interface between the scallops and Cu be
occupied completely by scallops except the thin channels, we have
NrR* = 8" = const, (1)
where N is the number of scallops. The free surface (the cross-sectional area of channels at the
bottom) for the supply of Cu from the substrate is
S/ = Nz;zRé _9
2 R
where 0 is the channel width. So the free surface decreases during the scallop growth as 1/R.
The volume of the reaction product of IMC scallops is equal to

Stotal , (2)

— 2_77'- 3:% total
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Fig. 3. Schematic dependence of the Gibbs free energy vs composition. The Cu
quasiequilibrium concentration in the melt in the vicinity of the substrate (C”), in the
intermetallic compound CueSns or # phase (C;), and in the melt for stable equilibrium with
planar 5 phase (C°).

According to the second constraint that all influx of Cu atoms from the substrate is
consumed by growing IMC scallops due to conservation of mass, we have
dv, ,
niq_zz‘]lnsfree. (4)
dt
Here n; is atomic density in IMC’s, i.e., the number of atoms per unit volume, and C; is

atomic fraction of Cu in IMC’s, which is 6/11 in CusSns. The influx is taken approximately as

(ce +‘;‘J el
J" = enD e (5)

where n is the atomic density or number of atoms per unit volume in the melt or molten
solder, a = C°2)Q0/R,T in which y is the isotropic surface tension at the IMC/melt interface, Q
is the molar volume, R is the gas constant, and 7 is the temperature. C° is the equilibrium
concentration (atomic fraction) of copper in solder at the planar interface between CusSns and
molten solder; C’ is equilibrium concentration of Cu in molten solder at the interface between
substrate and solder at the channel’s bottom (see Fig. 2). In our case 2)Q/R,T ~4.4-107 cm

and C° = 0.003. We consider the case when a /R << C® - C®, so that
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b _ e
J" =nD c-c . (6)
Then, substituting Egs. (6), (2), and (3) into the balance equation (4), one obtains
2 b~

nG2se &R _pC G (ES’”"”], (7)

3 dt R R

which immediately gives
R’ =kt, (8a)
D(C’"-C*)s
k= giu. (8b)
2n C.

1

Note that the surface tension is absent in the expression for the rate constant, despite the
“‘ripeninglike’’ time law.

If we take n/n. ~1, C, :%, D~10"m*/s,5~10°*m, and C*—C* =0.01, where the

concentration C” is taken for equilibrium of melt with the CusSn phase, the rate constant
k~8-10""m’ /s. For example, for annealing time =300 s, it gives R~6-10"°m, which
agrees very well with experimental data.

According to the approximate equation (8a) and geometrical constraint (1), the number
of scallops should depend on time as t?'®, as observed experimentally. It seems astonishing
that such a naive and simple model can fit the experimental data very well. The reason for this
is an incoming flux being a rate-controlling step, determining the ripening rate during FDR.

We can understand now the crucial difference between the classical coarsening
described by LSW theory and the flux-driven ripening described here. In the former the phase
volume is almost constant at a sufficiently long time, and it is simply redistributed between
grains. The driving force is a decrease of Gibbs free energy due to the decrease of total

surface of the phase. In our case the surface is constant (the total surface of hemispheres).
Indeed,

Sscallups/melt — N27Z'R2 — 2St0ta1 = const. (9)

Thus, in our case, the constant interfacial area is a constraint of the reaction. The driving
force is the gain of Gibbs free energy from the increase of phase volume. This increase is
possible owing to ‘‘influx’’ of Cu from the substrate. Therefore, we have flux-driven ripening
in open systems. We should note that, of course, we are not the first to treat ripening in open
systems. Slezov [14] treated ripening of voids by taking into account the vacancy flux moving
towards the external boundaries in the theory of caking. Yet in that case there were no two-
dimensional constraints, and the coarsening, even in nonhomogeneous conditions, proceeded
due to a decrease of surface energy.

Evidently, the monosize model is oversimplified, since the growth of scallops cannot
proceed without the shrinking of neighboring scallops. Thus, we should take the size
distribution into account. This was accurately done in [8], and we will not repeat it here.

Model for simultaneous growth of two phases during soldering

In the case of solid-state aging (simultaneous growth of both phase layers between sold
copper and tin, the growth kinetics is well described by the set of ordinary differential
equations for two thicknesses [15]:

(10.a)

&

dAX,7 B 1 g D,7AC,7 B D,AC,
dt C, —C,7 C,7 AX " AX
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DAC, 1-C
dAX, 1 {_ AC, 1-C, DSACSJ 10h)

i C,-C,| Ax, 1-C, AX,

The main differences for soldering (in comparison with solid state aging) can be reduced
to two issues:

1. Wagner integrated diffusivity of eta-phase 1s changed by the product

melt
%(C” e ’7), where C''¢,C"'" - tin concentrations (mole fractions) of the melt in local
equilibrium with epsilon-phase (at the bottom of the channel) and with eta-phase, R is a grain
lateral size of eta-phase (in the model — radius of semispherical scallop).

2. Lateral size R of the grain is approximately equal or proportional to eta-phase
thickness H (with constant in time aspect ratio), meaning that the phase growth proceeds
simultaneously with lateral grain coarsening.

Then the basic kinetic equations for simultaneous growth of both phases are:

dxCu/s D(S)Aceq

(1-c,)
dr Ax,
el/n melt D(S)A eq
(C-¢,) =2 () -2
dr H Ax, (11)
de/Sn 5Dm:lt l/e 1/
(CU_O) a ch (C -C 7)
Equations for phase thicknesses are:
melt () A neq
(c,-0) | Lo L 18P (cve_cimy__ 1L D" A (12a)
! dr ¢, C.-C | H C.-C, A,
dax, (1 1 DA SDp" ( i _ c”S) (12b)
& (c-C, 1-C,) A, (C,-C,)H

From experiment we know that epsilon-phase during soldering grows slowly.
Let us use a steady-state approximation for the epsilon phase:

( 1 1 ]D(S)Ac:"_ S

+ (Cz/n _Cl/s)z0:>
C-C 1-C. | Ax (Cc.-¢,)H*
s~ i € l € & n (13)
& e melt
— D( )Acsq ~ géDC;J (Cl/ry _CI/S)
Ax, ¢, H
Then, substituting eq. (13) into eq. (12a), one obtains
ﬁz 1 5Dg:lt (C]/g _Cl/n) (14)
&t C,(1-¢,) H’
Simple integration gives
1/3
melt
HatCusubstrate —R= 35Dcu (Cl/e _Cl/ly)t ) (15)
c,(1-¢,)
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Cu3Sn suppression criterion

Formation and growth of 7-CusSns and &-Cu3Sn IMCs greatly affects the physical
properties and especially the mechanical properties of the joints. Indeed, because of the
inherent brittle nature and the tendency to generate structural defects [16], very thick IMC
layer at the solder/Cu interface may degrade the reliability of solder joints. Numerous studies
indicated that excessive growth of IMCs may promote the brittle failure through weakening
the solder joint strength, and hence affect the long term solder joint reliability [17].

Moreover, studies of intermetallic formation between Cu and Sn-based solders have
shown that micro-voids can form at the Cu-Cus;Sn interface and in the CusSn layer during
annealing and aging of solder joints [18, 19]. Development of such micro-voids in one of the
solder joints is shown in Fig. 4.

solder

A

micro-voids

Micro-voids developed at Cu/e-Cu3Sn interface and in the &-CusSn layer during annealing of
solder joint at 180°C for 7 days.

Given the fact that these Kirkendall voids are reported as a damaging factor leading to
the weakening of the joint, initiating failures notably during thermal aging, it would be
advisable to avoid their formation. It is very important to underline that in almost all studies,
the Kirkendall voids formed in Sn based solders/Cu substrate system is related to the
formation of the &-CuszSn compound.

In the case of solid state interactions between Sn-based solders and Cu substrate, the
thickness of ¢-Cu3Sn layer is comparable to that of 7-CusSns phase [20, 21].

On the contrary, in liquid Sn-based solder/Cu systems the thickness of Cu3;Sn phase is
much lower than that of CusSns phase [22]. This last observation is due to the fact that during
the reaction between molten solder and copper, the growth of CusSns scallops takes place at
the solder/metal interface by rapid liquid state diffusion through nanometric liquid channels
between CugSns scallops, leading thus to a rapid growth rate of this phase. Moreover, it is
generally accepted that the first phase that forms and grows at the liquid solder/Cu interface is
n-CueSns phase and it is only afterwards that the growth of the &-Cu3;Sn phase occurs at
Cu/CueSns interface. However, the conditions under which the &-CuszSn phase starts to grow
are not well known. We think that the growth conditions of the &-Cu;Sn are strongly related to
the mass flux balance at Cu/CusSns interface and so to the thickness of the first n phase
growing at this interface. In [23] we tried to evaluate, from thermodynamic and kinetic
considerations, the average thickness of the 1-CusSns phase above which &-CusSn starts to
grow as a continuous layer at Cu/CueSns interface during liquid Sn/solid Cu interaction.
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In our case diffusion through the Cu/Cu;sSn interface is not a growth rate controlling
process. As a first approximation, we assume that liquid channels with average thickness o
exist between the mono-sized hemispherical scallops (with radius R) of growing #-CusSns
phase (see Fig.5). Also we assume that e-phase layer of some minimal constant thickness /.,
(say I, = 2 nm) has just formed by nucleation and lateral growth and now is trying to grow
normally between #-phase and Cu. It seems physically evident that e-phase (as any other
phase) cannot be thinner than, say, one nanometer (due to nucleation issues or/and due to
existence of minimal size of elementary cell with the structure of Cu3Sn;.

Here we shall not discuss the details of nucleation and lateral growth of e-phase since
the voiding in this phase seems to become a problem only after formation of continuous layer.
All what we need now at what conditions the minimally possible layer of this phase is stopped
to be kinetically suppressed by the fast-growing #-phase?

We want to evaluate the crossover scallop size R = R’ of n-phase at which e-phase
layer will start to grow.

4 ]

g-];:u35n solid Cu

Fig. 5. Model system.

We assume that the liquid is homogeneous in concentration and already saturated by
copper for x > R and a constant concentration gradient exists in the liquid phase (channels)
from the top of the eta/liquid interface to the epsilon/liquid interface at the bottom of channels
(see Fig. 6).

~

Cu
C“1cu & mliquid-channels) liquid
1
CcE=3/4
? Cn=6/11
cls C"]
xP  xen XM distance (x)
Fig. 6 Schematic presentation of variation of Cu concentration through the solid
Cu/liquid Sn system.
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For the fluxes of Cu atoms through both intermetallic phases (evidently, through e-phase
layer and liquid channels) we can use the following expressions:

qe - DUAC! (16a)
L
lle _ lin qfree
Q](n) — Dguelt c RC gmml _ %Dguelt (cl/s _ cl/n) (16b)

here D' is the interdiffusion coefficient in & — phase, D! is the diffusion coefficient of Cu

in liquid Sn-Cu solution, ¢'’* and ¢''” are the equilibrium concentration of Cu at the
liquid/e — phase and liquid/y — phase interface correspondingly (see Fig.7).

(a) (b)
G°i o
0 sn(liq) G Cu(sol)
GDI' o . -1000 -
i 0 0
0
o R | )
— | ) . 1250 0 G - Gu (i)
= -2, (]
-1500 -
(=) 1 Cu,_Sn fliq
= 1! — L
(© P @ 1750 4
=44 1 ! [=}
(o]
2 ' £ 000 ] 0
o 1! < Cu ( sol)
£ . 3 2250
. B J
S =
= [ - -2500
- 1! G} 0
ED 8 1 : 1 2750 J G ( s0l)
: | : Cu,Sn, 0
L] " -3000 16° s cusn
| I 1 Sn (| )
-10 1! 1 L T n :q) T T T T T T T T T
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. ¢(Cu)
— mole fraction Cu (C)

Fig. 7. Gibbs free energy formation of (Cu,Sn) liquid phase and Cuz;Sn and CueSns
compounds (reference states were G-HSER: FCC_A1 (Cu), BCT_AS (Sn)) [24]

At that, both planar solid interfaces Cu/e, ¢/n and averaged nonplanar (scallop-like)
interface 7/melt will shift accordingly to the growth laws of eqs (11).
Eventually, the growth rate of e-phase layer could be found as the difference in the

Axs dxs /n dxCu/s

velocities of two interfaces ( ):
dt dt
¢ NE) A Leq melt
dAx / :( 81 . lst gAcs _ 81 ]5DC2M (s =) (17)
de " \c"=c" l-c I c“=c" R
Finally, growth condition of the e-phase layer:
1 1 il e n 1-c" D@ A
————8D" =)< e, 18
R2 et =" Cu ( ) (cg —CUXI—CS) lfr ( )
. lle _ lin _ L€ Dmelt
R>R = (C ¢ Xl ¢ )~ __§5.[° . (19)
1-c¢” DAt

For estimation of exact values we need to find values of ¢'*, ¢'7, D" and D'*'Ac* .

It is generally accepted that D/ =107 m’ /s .
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In their recent work Paul et al. [20] measured experimentally the value of integrated
diffusion coefficients for e-phase (the product B(S)ch”) in the range 498 — 623 K. At 523 K:

2
D¥Ac =0.87x107
S

To find equilibrium concentration of Cu at the liquid/e — phase and liquid/# — phase
interface we used CALPHAD data to build the Gi(c) dependence (in J/mole) on the Fig.7 in
the form of G-HSER [23].

At T'=523 K we found

G" =-30412.3J / mole,

G° =-29784.2J / mole.

By simple calculation using common tangent rule (see Fig. 7b) we found the values
¢"? =0.03152 and ¢""=0.02277.

After substitution of all parameters into Eq. (6) we can build the dependence R*(é) (see
Fig.8). According to Jong-Ook Suh et al.[10] the width of the channel was estimated to be
2.54 nm which gives the value R"=0.553 pm.

In principle, details of the channel parameters should be found from the conditions of
optimal non-equilibrium steady-state wetting in open system under competition between
tendency to complete wetting and tendency to transform the liquid channel into intermetallic
phase by reaction. We hope to solve this problem elsewhere.

1,0 -

0,5

=
=3
*.\
x

O,O T T T T T T T T T T
0 2 4 6 8 10

0, NIM

Fig.8. Dependence of the scallop mean radius R
on the the width of the liquid channels o

So, our crude evaluations predict that e-phase layer can overcome suppression by 1-
phase after mean size of scallops exceeds about 1 micron. Immediately after this we can
expect beginning of voiding due to the difference of mobilities in e-phase.

Theoretical Prediction of the Liquid Channel Width in Soldering Reactions of
Copper

Formation of the scallop-like n-phase CusSns during reaction of copper substrate with
liquid tin-based solder (with a little higher than eutectic one) proceeds much (by several
orders of magnitude) faster than the same phase growth in reaction with solid solder under

12
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temperature just a little lower than 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 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 [1,2,8-10], 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 scallop and
liquid solder:

Yn > 2V 001 (20)
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 CuzSn.
2. According to [11], wetting of grain-boundaries by the liquid solder is not full:
Yun <27,,- In this case the easy paths are the grooved grainboundaries between scallops.

3. There is also a compromise possibility [10]: scallops growing at the base of the same
copper grain, have close orientations, so that grain boundaries between them have low
tension, condition (2) 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, condition (1) is satisfied.

Cases (1) and (3) mean the existence of the liquid channels. As shown in [8], the growth
and coarsening kinetics of soldering reaction is determined, first of all, by the width of these
channels. To measure this width (may be, a few nanometers) directly, in situ, under condition
of molten solder, seems to be not possible. After freezing the morphology changes (no full
wetting anymore).

Thus, it is of major importance to make some reasonable theoretical predictions for the
width of channels. 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 (20)

Let us consider the channel of some width & dividing the two parallel walls of 7-

compound grains, based on the substrate of ¢ -phase. In this configuration the bottom of the
channel presents the contact of liquid tin-based solution and ¢ -phase, so that in usual free
contact one might expect emergence of 7-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 77 -phase containing grain-boundary instead of two preexisting 7 -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 presence of copper necessary to form
“sheet” of n -phase from the tin-based liquid.

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

the “continuations” of the two neighboring grains. Exact position of grain-boundary (and
related ratio 6,/6, does not influence the energy and therefore is not important).

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

13
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Ag g+solder—r 1 2 1 2
AG(R’é) = (_T]] ' 5 EﬂR + (7/77/17 - 27/17/11'quid ) EﬂR (21)

+ yrtiguia " TR J +(7,7/s - 75/1iquid)'2R'5
The first term is a “bulk” one. The second term corresponds to change from two
solid/liquid interfaces to one grain-boundary. The third term corresponds to side semicircle.
The last, fourth term, corresponds to change of 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:

Agsﬂ'olderﬂl 1
AG(R’é) :(7/77/17 _27/17/11'quid - Q : 5]57TR2
(22)

2
One can easily see that the R-dependence of Gibbs free energy can

Vi3
+(_7/n/liquid T Vnre = Veriiquia ] 6-2R

=2y
(1) can have typical barrier type at 6 > MQ

gs +solder—n
or

=2y
(2) can be monotonically increasing at o < MQ .

gs+solder%17

Thus, there exists some “critical” channel width, UNDER WHICH further filling of the
liquid channel by eta-phase is IMPOSSIBLE.

S = Vam _27/17/11'qu1'd 0 (23)
Ags+solder—>77
If §>0 then nucleation is not even needed, and channel will proceed becoming
narrower by normal movement of walls till the width reaches the mentioned critical value.
Thus, our simple model PREDICTS the operating width of the liquid channels.

Possibility to take into account the aspect ratio evolution of scallops

In model approximations the scallops of CusSns phase have the parallelepiped shape
with changing aspect ratio (see fig. 9).

Chemical potentials of top and side facets are defined as:

Hy = :uq/l + p;_q 2M(L+L]

ff @), (24)
:u2::uq/l-i-l?—-i_q_;/£2
g q

there s 1s the volume chemical potential, p and g are the mass parts of tin and copper, Q2 1s
the atomic volume, y is the surface energy, H; is the height of i-scallop, a; — is the width of the
top facet of the i-scallop.

In the mean-field approximation the velocity of normal and lateral growth of scallops is
defined as the product of Onsager effective coefficient and the difference between mean
chemical potential of liquid phase, which surrounds the scallop and the chemical potential of
the growing facet. Thereby, lateral and normal growth velocities are defined as:
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da; ) +q L
E_L {ﬂ {,un/, 27’9( T D}
. (25 a,b)
E:L-{ﬁ (un/l+p+q 47@ }

where L is the Onsager effective coefficient.

~

n

-

N 4

Fig. 9. The model approximation for the scallop shape.

We use two conservation laws:

da,
Conservation of total area of the top facets: Zai M _g (26)

dt
. q
1) Conservation of total mass:
. p+q Z di ~ p+q Z[
The total flux of copper atoms is defined as:

1 E Dmeltu _E
J, == 2a,5 £ , 28
o Qz( CkT H, ] )

there 07 is the effective liquid channel width, Cc, 1s the equilibrium concentration of copper in

da
—L42a H, 27
dt] (27)

liquid phase, k is the Bolzman constant, 7T is the temperature. The whole flux of copper atoms
is consumed for the growth of scallops, thereby with use of eq (26) we derive:

C Dmelt‘u — q da
2a,6 e/l = —L 4+ 2a H, 29
Z( “CTur A, ] Z( dr] @

i p + q i
We substitute eq.(25a,b) in the equation (29):
¢. D™ . q _ p+q 4/
25 Sau L= a’l|l m— + — |+
(:us/l ) kT IZ H p + q - i |::u :un/l q a.

1 1

L Pty 1
> 2aHL[E-p,,+ p 2;@(}[1 —ﬂ

pPtq
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so that

E Dmelt a.
_ )26 S G _
(:us/l u) T ZH,-

(30)
(ﬁ—un/,)L%(Z(af +2Hl.al.)+4}/QLZ(ai)+47£2LZ(ai +Hl.)]
prq\ i i
If we take that the average number of scallops is MM then we can write down:
a, a
S ()
a’ +2H,a;, |= MM a’)+2(Ha
Z( ’ ) (< > < >) (31a,b,c,d)

Zj:(ai):MM<a>
>(a,+H,)=MM{a+H)

1

Then, after simple but long algebra, we derive the final formulas for the lateral and
normal growth velocity of scallops:

da, —L-P—W@{<i>+1-<“—>-@}

dt q <a> H H, aq, (32.b)
dH, p+q 279{<a> 2<a>}
=L- —)+1-—
dt q <a> H a

Results of simulations of the scallop growth and redistribution by solving numerically

the equations (32) are following:
The distribution of the lateral sizes a is well fitted well by the Weibull distribution with

parameters dyeibun = 5,26° 107 and byeibun = 3,36.

3,54
3,0
2,51
2,0 4
1,5 -

1,0 1

Probability density

0,5 1

0 3 4 5 6 7 8 9
a, m-10-7

Fig. 10. The distribution of the shape parameter fitted by Weibull distribution.
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Summary

Growth kinetics of intermediate phases during soldering is described by equations (13-
15). Criteria of epsilon-phase growth after initial suppression by eta-phase is described by eq.
(19). Optimal width of liquid channels between scallops of eta-phase can be rougly estimated
by eq. (23). Self-consistent description of growth kinetics, aspect ratio and size distribution of
scallops is given by the set of equations (32)
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Anorauis. AM. I'ycax, O.10. Jlawmenko, @. OQoasrc. Moodeni gpopmyeanus, pocmy i
KOHKypeHuii ¢az y npouyeci nailku — oeaki Ho8i pezyarvmamu. Y pooomi npedcmasneni
npocmi eHOMeHONI02IUHI MOOeNi HopMYBaHHs, KOHKYPEHYIi ma pocmy NpOMIXCHUX (a3 y
npoyeci natiku. byna 3pobnena nepwa cnpoba oyinumu wupuHy pIiOKUX KAHANI8 MIdHC
seprHamu ¢pazu CugsSns. Taxooc b6yno nodbyoosano mooenv pocmy gazu CugSns, epaxosyouu
3MIHY ghopmu 3epen (napamempy ghopmu).

Kurouosi cnoBa: nudysis, npoMbkHi a3y, KIHETHKa POCTY, JIOTI HA OCHOBI OJIOBa,
3MOYYyBaHHS T'PAHMIIb 3¢PEH.

Annoranusi. A.M. I'ycax, O.10. Jlawmenko, @. Ooaxc. Mooenu ¢hopmuposanus,
pocma u KOHKypeHuuu paz 6 npouecce naiKu — HeKOmMopvle HOble pe3yivmamsl. B
pabome  npedcmasieHvl  npocmvle  (EHOMEHONocUYecKue  Mooeiu  HopMuUposanus,
KOHKYDEHYUU U POCMA NPOMENCYMOUHbIX (hasz 6 npoyecce naiiku. bvina npeonpunsma nepeas
NONBIMKA OYEHUMb WUPUHY HCUOKUX KaHaloe medncoy 3epramu ¢azvl CusSns. Taxoce oOvina
nocmpoena mooenv pocma gaszvlt CugSns ¢ yuemom usmenenus hopmwvl 3eper (napamempa
dopmbi).

KuaroueBble cioBa: nuddysus, npoMexyTouHble (as3bl, KHHETUKA POCTa, MPUIIOU Ha
OCHOBE 0JIOBA, CMAaUWBaHUE I'PAaHUI] 3epEH.
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