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Kinetic analysis of the soldering reaction between eutectic SnPb alloy
and Cu accompanied by ripening
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The wetting reaction of molten eutectic SnPb on Cu leads to Cu-Sn intermetallic compound formation, but
not compounds of Cu-Pb since they do not exist. Cu-Sn compounds do not form layered structures between the
solder and Cu, rather the g2ns phase has grown as scalloplike grains into the molten solder. The scalloplike
grains grow larger but fewer with time, indicating that a ripening reaction has occurred among them. However,
the ripening is not a constant volume process since it is accompanied by the soldering reaction. Between the
scallop grains, there are molten solder channels extending nearly all the way to the Cu interface. In aging, these
channels serve as fast diffusion and dissolution paths of Cu in the solder to feed the reaction. A kinetic analysis
of the soldering reaction accompanied by the ripening reaction is given. In the analysis, the growth of the
scalloplike grains is supplied by two fluxes: the flux of interfacial reaction and the flux of ripening. The latter
was formulated by the Gibbs-Thomson equation. The former was obtained by measuring the rate of consump-
tion of Cu in the reaction. The measurement was carried out by determining the change of the total volume of
scalloplike grains(and in turn, the Cu content in the grainas a function of time and temperature. A
reasonable agreement has been obtained between the calculated scallop-grain growth based on kinetic analysis
and the experimentally measured values. A discussion of the Cu consumption rate is given, since it is important
for applications in electronic packaging technolofy0163-182€26)00823-5

I. INTRODUCTION grains in soldering reactions. It is not a layered growth which
is typical for interfacial compound formation. Rather the
Owing to the advance in very large-scale integration techCu-Sn compound growth has a scallop-type appearance, and
nology, there is a critical need for a large number of input/is accompanied by a ripening reaction among the scallops.
output (I/0) connections in packaging the Si cHipt To  No kinetic analysis of such nonlayered compound growth
achieve a high density of /0O connections, the trend is tdhas been given. Besides the eutectic SnPb/Cu reaction, we
move from peripheral wire bonds to area array solder bump£bserved similar scallop-type morphology in reaction be-
In optoelectronic technology, solder bumps are beingtween eutectic SnB] an(_j Cu, and also between eutectic SnAg
adopted for automatic alignment in joining waveguides and"d CU, as shown in Fig. 1. It is rather general. ,
laser chipg:® Therefore there is a renewed interest in solder. In this paper, we present a kinetic model to describe the

technology for small interconnections, and a concern abOLJr{:t::ﬁ]CIalv\r/Za:ﬂgn fi?sr:ng;.ge ffC?QSi% v?/r'?r:zs ?gmcl(t)rrlnr%%r:ler?olby
their performance and reliability. P 9 y 9 P

At present, solder technology is based on SnPb aIons(.)gy'

The Pb-bearing solder has nevertheless caused environmen-
tal concerns, due to toxic effects on underground water by Il. SCALLOP-TYPE GRAIN GROWTH
land filling of discarded electronic products. There are four AT SOLDER INTERFACE

anti-Pb bills in Congress, and one was submitted by the En- Experimentally, the eutectic SnPb/Cu sample was pre-
vironmental Protection Agency to remove Pb from electronicyared by melting the eutecti®3Sn37Pb, wt %SnPb alloy
packaging applicatior$In anticipation, the electronic indus- on a Cu plate in mildly activated rosin fluRMA). The
try is conducting a concerted effort in searching for Pb-freergsin flux was used to improve the wettability of molten
solders. Consequently, the science of soldering reactionsplder by removing the surface oxide on the Cu plate. The
with and without Pb, has received much attention lately.  electropolished C(199.95% purity plate was fully immersed
The essence of the soldering reaction is the formation oin the heated flux at a given temperature witB °C control,
Cu-Sn intermetallic compounds. This is because there are rand then a smal{(~2.0 mg solder ball was placed on the
Cu-Pb compound$so the only compound formation is that plate. The solder ball melted and spread out to wet the metal
of Cu-Sn when we solder Cu electrodes. We might then askurface, forming a cap with a stable wetting angle of 11° at
what is the purpose of adding Pb to the solder, and what is itR00 °C. Then it was solidified by cooling after a given reflow
effect on the soldering reaction? These questions have led tisne. To study the intermetallic compound formation at the
to perform a systematic study of the interfacial reaction besolder joints, two kinds of the eutectic SnPb/Cu samples
tween molten eutectic SnPb solder and solid Cu substrateyere prepared: cross-sectional samples and top-polished
and to understand the kinetics of Cu-Sn compound formasamples. We use a selective Pb etching to remove the solder
tion. In our preliminary stud§,we have observed a very in order to reveal the morphology of the interfacial Cu-Sn
unusual morphology of the growth of Cu-Sn compoundcompounds.
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FIG. 1. Scallop-type morphology of Cu-Sn in-
termetallic compounds at the interface of solder/
Cu. (a) Eutectic SnPb/Cu at 200 °C for 10 min.
(b) Eutectic SnBi/Cu at 160 °C for 5 miffic) Eu-
tectic SnAg/Cu at 240 °C for 5 mind) Pure
Sn/Cu at 250 °C for 5 min.

At the solder interface, two Cu-Sn compounds arereaction and the flux of ripening. To consider the flux of Cu
formed: a scalloplike GyBry phase and a thin layered §3n  atoms due to the ripening reaction between scalloplike
phase. The CGysn; phase grew as scalloplike grains into the CusSn; grains, it is assumed that the grain is a hemisphere of
molten solder, and resulted in a very rough interfacial morradiusr. Due to the Gibbs-Thomson effettt? the concen-
phology between the compound and the solder. Threerations of Cu in the molten solder at the surface of the grain,
dimensional morphology of the scalloplike grain has beerc_ will be
presented to report the nature of the ripening rea&is. '
shown in Figs. £a) and 2b), the scalloplike grains grow 270
larger but fewer with time, indicating that a ripening reaction C,=Coexp< —) @
has occurred among them. The grain growth of®y has rRT
an exponent of the usual bulk value of one-tHifEhis shows nd
that the CySn; grains dispersed at the interface grow by a
ripening process controlled by volume diffusion in the mol-

2yQ)| . 2vyQ
ten solder. . C,=Cy| 1+ —==| if —==<1, (]
Between the Cybny and Cu, a thin layer of the G8n rRT rRT

compound grows. However, the thickness of the layer is ) o ) .
much smaller than the size of the scalloplike;Sw, grain.  WhereCo is equilibrium concentration of Cu in the solder,
The thickness of the G8n layer are 0.29 and 0.5#m after IS interfacial energy per unit area betweens8&w and mol-
10- and 40-min reflows at 200 °C, as compared to sizes dn solder,(} is the molar volume of ¢4n, R is a gas
5.6 and 10.3um, respectively, of CgSns. Between the constant, and is the temperature. Due to the curvature dif-
CusSn, grains, there are molten solder channels extending aference, the concentration gradient of Cu is set up in the
the way to the CyBn/Cu interface. Since the gn com- Molten solder between grains with different radius. That
pound layer is so thin, these channels serve as fast diffusigffuses the ripening flux of Cu atoms going from the small
and dissolution paths of Cu in the solder to feed the interfagrain to the larger grain, which permits the large grains to
cial reaction. Figure @) shows that the ripening is not a 9row while the small ones shrink and disappear.
constant volume process, since it is accompanied by an in- 1N the present case, the £3n; grains are close together,
terfacial reaction between the solder and Cu. The nonconsef"d the mean separatigrbetween grains is smaller than the
vative ripening growth is associated with the Cu supplymean grain radius. Therefore, the diffusion flux fields of
through the channels. However, the ripening affects the rat@djacent grains will overlap, and the growth rate of grains
of interfacial reaction. The reduction of the channel area byVill be 3dependent upon the grain-to-grain separation
ripening growth might control the consumption rate of cudistance’ _ o
during the reflow; it decreases with the time of reflow. In order to obtain the ripening flux of Cu atoms between
We propose a kinetic model for the grain growth of closer grains, we consider thth CySn; grain and its near-
CuSns. In the model, we describe grain growth by the cou-€st nelghbor_s. Since the diffusion fields of Cu atoms be_tween
pling of two distinct processes: the ripening growth con-adjacent grains overlap each other, the tendency for dissolu-

trolled by volume diffusion and the interfacial reaction tion or growth is determined mainly by the surrounding
growth. grains. For simplicity, we consider the ripening between the

ith CySry grain and one neighboring grain with mean cur-
Ill. KINETIC ANALYSIS vature. Figure 3 shows the concentration variation between
the ith CuSns grain and the mean grain. Although the
CusSns grains grow in spherical symmetry, the grains are
In the analysis, the growth of the scalloplike grains isdispersed only at the interface of solder and Cu in two di-
supplied by two fluxes of Cu atoms: the flux of interfacial mensions. Therefore, we assumed a linear geometry of the

A. Ripening flux
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FIG. 2. For the CgSns compound grains at the interface of
eutectic SnPb/Cu(@ The mean grain radius Wseaction timg'/
(the thickness of the G8n layer is indicated by ©” after 10 and
40 min at 200 °Q. (b) The number of grains per unit interfacial area
vs reaction time(c) Total volume of grains vs reaction time.
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FIG. 3. Schematic representation of the concentration variation
between theth grain and a mean grain of different radius.
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Equation(5) can be simplified if we relate the mean separa-
tion & to the mean grain size. Since the mean separation
between grains is smaller than the mean grain radiss;,
we taked=Lr, where <L <1,

111 1

r r_ I '

Furthermore, since the flux has a maximum at" in the

distribution of grains we use"®for r and assume the larg-
max__

RT

-D

c¢ 5)
S5

(6

est sizer"™=3r for a typical valué?
gmaxe 272DCo 111 _274DG 1 )
LRT T " 3LRT 1%

Then the flux of ripening between théh CuySn; grain and
the mean grain with radius per unit area and unit time is

2yQDC, 1

R:
3LRT r?

8

system to determine the ripening flux. Later, in the Appen-

dix, we present the solution for ripening flux in spherical

symmetry.

Using the quasi-steady-state approximation, the flux of Cyq

atoms due to the concentration gradient is

dC —C;
J=-D—=-D-——", 3
dx 1)
whereD is the diffusivity of Cu in the molten solder.
From Eq.(2),
— 2yQCy |1 1
C-Ci=—x7 [=:FJ’ 4

B. Interfacial reaction flux

The ripening reaction between the Suas grains is not a
nstant volume process because it is accompanied by the
interfacial reaction between the solder alloy and Cu. Be-
tween the CgSn; grains, there are molten solder channels
extending nearly all the way to the solder/Cu interface.
While a thin layer of CgSn compound forms between the
solder and Cu, the thickness of the layer is only 029
after 10 min at 200 °C. Therefore, Cu atoms can diffuse
through the CySn and dissolve quickly into the molten sol-
der through the channels between the;&y grain rather
than through the Gg8n; grains themselves. During the reac-
tion, these channels serve as fast diffusion and dissolution
paths of Cu in molten solder. This kind of fast diffusion path
has been reported in the literatdfeHowever, because the
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CusSry is not a layered compound, we cannot use a layered dQcy 1dVv 212 dr
model to determine the flux of the interfacial reaction. —7=6NA 5 57 =6Nas —— =, (14
. . ) . dt Q dt QO dt
In order to determine the interfacial reaction flux of Cu
atoms, we assume that the total loss of Cu from the substratghereV=3=r? is the volume of a hemispherical grain with
is equal to the total amount of Cu dissolved through chana radius ofr.
nels, From the continuity equation; (V-J")V=dQYdt, then
the growth rate of the G&n; grain with radius ofr is

m
pAAh=—fJ'Tdt, 9) dr  Q [2yQDC, pNpAw(t) ] 1
Na —= + —, (15
dt 6N, | 3LRT  2amNp(t) | r

where p is the density of CuA is the total area of the

solder/Cu interfaceAh is the consumed thickness of Cu, oy Q 29yQDCy  pNpAw(t)
AAh is the consumed volume of Cm is the atomic mass of redr= 6N, 3LRT | 27#mNa()
Cu, N, is Avogadro’s number, andl" is the total flux of Cu o
atoms through channels. Then the total interfacial reactior] hus the growth equation is

fluxis 3_f 4Q2DCy  pAQu(t)
=) BNART T 2mmne(n /O

)dt. (16)

N 17
IT=p =2 Ay, (10)

m The growth of the scalloplike G&n; grains in the solder-
ing reaction of eutectic SnPb on Cu consists of fluxes of
interfacial and ripening reactions. The first term on the right-
hand side of Eq(17) is the ripening term, and the second
term is the interfacial reaction term.

where v=dh/dt is the consumption rate of Cu in the reac-
tion. If we assume thal'" is uniformly distributed over all
the surfaces of hemispherical £2n; grains, the atomic flux
of Cu diffusing into a surface element of grain of mean ra-
diusr is
IV. RESULTS AND DISCUSSION
| IT pNaAR(Y) 1

J'= _ s (11) A. Morphology of interfacial compound formation
2mr°Np  27rmNp(t) 12’

Solid-state interdiffusion typically leads to the formation

where 277 2 is the surface area of a hemispherical,Su of layered structures. This is generally true in reacting a bi-
grain, andNp(t) is the total number of grains at interface. !2Yer of metals or a metal on semiconducttrs The inter-
This shows that we can calculateby measuringdNp(t) and metallic compounds between the reactants become diffusion

«(t) in the reaction. We note that boti-(t) and »(t) are barriers, resulting in a diffusion-controlled layer growth. In
time dependent. certain cases, interfacial-controlled layer growth can take

place. Kinetic analysis of these growths has been ghVéf,
but not the ripening of scallop-type growth as presented here.
It is interesting to ask why this kind of growth occurs. The
The growth of scalloplike GySns grains occurs through solder reaction is a liquid-solid reaction, where the solubility
combined kinetic processes of ripening and interfacial reacand diffusivity in the liquid state are usually large. The fac-
tion. Using Gauss’ theorem, for a g3n; grain of radiusr,  tors may enhance the ripening rate. It is a ternary system in
the total number of Cu atoms/s diffusing into a hemisphericalvhich the Pb does not react with Cu to form compounds.
CusSns grain is While Pb does not react with Cu, it controls the melting
temperature, limits the Cu-Sn reaction, retards the growth of
Sn whiskers, and lends ductility to the joirtsAlso, Pb has
(V-Jv= fA(J' n)ydA, a lower surface tension than ShTherefore, Pb lowers the
(12) surface tension in Sn-Pb alloys, and it improves the wetta-
bility of solders. However, due to the selective reaction of
Cu-Sn, the Pb must be expelled into the molten solder when

C. Total flux

(V-IHV={V-(IR+IH}Vv

Cu reacts with Sn. The Pb keeps the channel molten. In the
= j {(IF7=r+3'[+=r)n}dA case of eutectic SnBi/Cu and eutectic SnAg/Cu, Cu also does
A not react with Bi and Ad.In both cases, therefore, we ob-

L[ 27QDCo 1 pNaAK() 1 served similar scallop-type intermetallic compounds at the
=- —+ 1. i . i in Fi
ar r 3LRT 12 2amNa(l) 12 interface. In comparison, we found, as shown in Figl)1

that when pure molten Sn reacts with Cu, a layered Cu-Sn

If the number of moles of G$ns in a hemispherical grain compound tends to form, rather than the scallops.

with radius ofr is Q, then the number of Cu atom@,‘:”, is ) ) )
B. Comparison of model with experimental results
To evaluate the growth equation given by E7), we
Cu— —
Q™'=6NAQ=6Nj4 Q' 13 take the experimental data from our measurement:
A=9.16x10% cn?, »=2.736<10 %t %% cm/s, and
and Np=1.484x 10°t " ***grains at 200 °C! Material constants
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= 9 e measured = : FIG. 5. The flux of Cu atoms in the reaction of eutectic SnPb/Cu
=] — calculated L=01 -
= 8 - ] at 200 °C forL=0.15 andCy=0.3 wt % of Cu.
s 7t
A~ i . -
s g ] The solder reaction on the Cu sheet has an unlimited Cu
g al source; the results might be different from the solder reaction
= 3 on Cu thin-film metallization in electronic devices, where the
% i (b) | u source is finite. Consequently, the ripening reaction wi
§ 2 C finite. C tly, th t I
(1) | } k ‘ k . ] become a constant volume process. The reaction between the
0 2 4 6 g8 10 12 14 solder and the thin-film metallization needs to be studied.

(Reflow Time)l/3 (secl/3)
C. Activation energy of Cu consumption
FIG. 4. The mean grain radius ¥&me)' for eutectic SnPb/Cu

(@) for L=0.15, and(b) for Co=0.3 Wt % of Cu. The flux of the interfacial reaction in the above analysis

was obtained by measuring the rate of consumption of Cu in
the reaction. The measurement was carried out by determin-
are gived®® as 0=117.87 crimole of CySn; pc,=8.96  ing the change of the total volume of scalloplike grains, and
g/en®, peysn=8.27 glcm, and ps,pi=8.46 glcni. The eu-  in turn the Cu content in the grains, as a function of time and
tectic SnPb solder is molten at 200 °C, and in the liquid statéemperaturé! The Cu consumption rate is itself an impor-
the diffusion coefficient is not very sensitive to temperaturetant information for electronic packaging technology. The
so we takeD=10"° cm?/s2?* Since there are no data rate of Cu consumption during soldering must be under con-
available  for  ycysnsoiden  WE  take  Yousolder trol, so that some unreacted Cu should be available for re-

=9x107° J/cnf for the yeysn ssolder-> AlSO, there is an work without dewetting. ,
S o . Since the solubility of Cu in molten SnPb solder was de-
uncertainty in the solubility of Cu in molten solder and the

separation constarit. Therefore, we use a range of their termined from our analysis to be 0.3 wt% at 200 °C, we
values in our evaluation€,=0.15 Wt %—-0.5 wt % of Cu assume that the total loss of Cu from the Cu substrate is

atoms in solderl. =0.1-0.25 for the separation constant. equal to the sum of Cu in the Cu-Sn compounds and in the

In Fig. 4, the calculated value of the grain size using quiquid solder. Using cross-sectional and top-polished
(17), and the measured value at 200 °C, are plotted to chec amples, we have measured the total volume of Cu-Sn inter-

the kinetic analysis combining the ripening and interfacial etallic compounds. From the mass balance of*Cue
. y 9 P 9 deduced the thickness of Cu consumed. The consumed thick-
reactions. From the results, we see that0.15 andC,=0.3

. ) X ness and the consumption rate are summarized in Table 1.
Wt % are a pair of the better-fitted values to the expenmenta\INe note that it is difficult to measure the submicron thick-

data for intermetallic compound growth at 200 °C. Althoughness changes of the Cu directly, except to use tedious cross-

the experimental data have some deviation from tHe sectional transmission electron microscopy. This is the rea-

growth, the agreement seems reasonable. Using the set &n why very little data for the consumption rate of Cu are

better-fitted values, we calculated the two fluxes of the rip'available in the literature

nant n the reaction. Figure § shows that he ripening fie s, T M and temperature dependence of the Cu con-
: ) . sumption reaction can be described by the kinetic equation
dominant, about one order of magnitude greater than the in-
terfacial reaction flux. -Q
Since the diffusion of Cu atoms through the So phase Ah=A exp( W)t”, (18
can limit the dissolution of Cu, we have used the interdiffu-
sion coefficient in CySn phaseD=7x10"1 cn?/s?%?"to  whereAh is the consumed thickness of QQ,is the activa-
calculate the atomic flux of Cu. After 10 min at 200 °C, thetion energy,k is the Boltzmann constant, is the reaction
atomic flux deduced from th® value is about X10'*  temperaturet is the reaction time, and andn are param-
atoms/cm's, and it has the same order as the interfacial reeters. The values af have been found to be 0.37, 0.34, and
action flux of the kinetic model shown in Fig. 5. This means0.32 for the reactions at 200, 220, and 240 °C, respectively.
that the CySn is not a diffusion-barrier limiting soldering The activation energ® for the Cu consumption was de-
reaction. termined using an Arrhenius plot based upon the equation
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TABLE |. Copper consumption data during reflow with eutectic SnPb solder.

200 °C 220°C 240°C
time (s) Ah (um) dh/dtx10® Ah (um) dh/dtx10® Ah (um) dh/dtx10®
(umis) (um/s) (umis)
10 0.26 7.85 0.35 9.75 0.42 12.04
60 0.48 2.97 0.62 341 0.73 3.84
300 0.90 1.24 1.08 1.33 1.23 1.38
600 1.21 0.85 1.38 0.89 1.56 0.89
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240 °C. As a comparison, in the liquid Sn/Cu reaction, the
activation energy for the diffusion of Cu into liquid Sn was

. . APPENDIX: RIPENING FLUX
gigerTégegcby Ma and Swafifito be 0.18 eV in the range of IN SPHERICAL COORDINATES

The hemispherical GS$ny gains are dispersed in two di-
mensions at the interface only; however, they grow in spheri-
cal symmetry. Therefore, we considered a dispersed system

The kinetics of the wetting reaction of a molten eutecticin spherical coordinates, where thté grain centered at ori-
SnPb alloy on Cu has been studied. We have observed tf#n and the nearest neighbors with mean curvature dispersed
very unusual morphology of the growth of Cu-Sn compoundonly at the interface. Figure 7 shows the geometry of the
grains at the interface of solder/Cu. The,St grain growth ~ dispersed system.
has a Sca”op_type appearance, and is accompanied by ripen_ Let us consider the volume diffusion of Cu atoms in
ing. A kinetic model is given to describe the growth of the spherical coordinates (r,6,¢), where G6<6<2m and
scalloplike CySn; grains by combining the interfacial reac- 0=¢=/2. Since the concentration of Cu is independent of
tion and the ripening. From the results of calculation, thef: Fick's second law in spherical coordinates at a steady state
model is better fitted to the experimental data when0.15 IS
andC,=0.3 wt % for compound growth at 200 °C.

The activation energy for Cu consumption in the solder- d | ,dC 1 49 (
ing reaction was determined. The activation energies mea- ar ar + sing d¢ sing X3 =0, (A1)
sured for the consumption of 0.5- anduln thicknesses of
Cu are equal to 0.29 and 0.19 eV, respectively, in the temwherer is the distance from the center of thi grain, and
perature range between 200 and 240 °C. C(r,¢) is the local concentration of Cu atoms. By the
method of separating variables, we can solve (B4.). Sub-
stituting a solution of the forn€(r,$)=G(r)H(¢) into Eq.
(A1), we obtain

V. SUMMARY

aC

Temperature (°C)

200 220 240
: . — ‘ :
S Q=0.19 eV forl um 7 zA
_____________________ A__‘_“_“.‘
1 e a C(r,
= c )
e
E 4t Q=0.29 eV for 0.5 um TN nl . G CR1)
7 ) N
C(R,m/2)
66 67 68 69 70 71 ith mean
1/nkT (eV-1) grain grain

FIG. 6. Arrhenius plot of Cu consumption to determine activa- FIG. 7. The geometry of the dispersed system of a hemispheri-
tion energies. calith grain and its nearest mean grain in spherical symmetry.
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1d dG “ P, (cosp)
2 —
Gar (r W) K (A2) 2, B~ =Ci~Co. (A1)
and Since Eq.(A11) is the generalized Fourier series ©f—C

in terms of Legendre polynomials, we have

—1 d ing 41 kH=0 A3
sing dg | S dg) TKH=0. (A3) 2+l [ |
. Bin=—7%—Ti f (Ci—Co)Py(cosp)sing de.
wherek is a constant. 0
The solutions of the former equation aré and 1f"*?, (A12)

and the latter equation has solutions of the Legendre polynq-ase |1: We consider the mean grain only at the nearest-
mials Pn(cqs¢), wheren are .integers. Thus we can write the neighbor distance. Since the grains are dispersed at the inter-
concentrationC(r,¢) as a linear combination of the Leg- face only as shown in Fig. 7, we divide the boundary into
endre polynomials, two regions: G¢<d, for the region of no neighbors, and

;1 =<¢=<m/2 for the region having neighbors.

C(r,¢)=n§0 Anr“Pn(cogﬁ)Jrngo B, —P”(Co‘c‘ﬁ) (A4) For p,<¢=<m/2, and¢,=sin (a/\Ja’+r ),

rn-%—l '
) Ci(R,¢)=C whenr=R, (A13)
wheren are integers, and\, and B,, are constants. N@
dependence appears because of the axial symmetry of théhereR is the distance from the origin to the surface of a
problem. mean grain,R=a sing+\a’sirf¢—(a®—r?), a is the dis-
Now we use boundary conditions to determine the untance between the origin and the center of mean grain with a
known A, andB,, of the series solution. At infinity, the con- radius ofr, andC is the concentration of Cu induced by the

centration will be the equilibrium valu€,, and Gibbs-Thomson effect at the surface of the mean grain. In
this region, the concentration of Cu due to a nearest mean
limC(r,¢)=C, whenr—oo, (A5) grain, for O<¢<m/2, is
r—o
- ilibri - - . Py(cosp)
whereC, is the equilibrium concentration of Cu in the sol- Ci(r.d)=Cnt B n Al4
der. From this infinity condition and E¢A4), we have (1 ¢)=Co nZO in 0+l (A14)
Ao=Co, and A,=0 for n=1, For Eq.(A14) to satisfy condition(A13), we must have
then Eq.(A4) will be * P.(cosp) —
Ci(Rip)=Co+ 2, Byjp —=nrr—=C,  (A15)
” P, (cos ¢) n=0 R
n
C(r,¢)=Cot 2, By — e (A6) }
- Pn(cosp) —
In this analysis, we consider thith and its nearest-neighbor nzo Biin R1 =C=Co. (A16)

grains only. Since the local concentration of @(r, ¢), is
set up by the contribution of thih grain and its nearest- 1hen we have

neighbor grains, we assume that 2+t

w2
_ n+1 _ ;
C(r,$)=C(r.$)+Cy(r. ), (A7) Bin="5 R le (C=Co)Pn(cosp)sing d¢.

whereC,(r,¢) is the concentration due to thth grain, and (AL7)
C, (r,¢) is that due to the mean grain of nearest neighborsCase Ill: We consider théth grain and its nearest neighbor

Case |:We consider théth grain only for G=p=</2, together. By the superposition of two concentration terms of
C(r,¢) andC,(r,¢), we can derive the equation for the Cu
Ci(Ri,#)=C; whenr=r;, (A8)  concentration in the system. Sin€g is the equilibrium con-

centration of Cu in the molten solder, using Ed&7),

wherer; is the radius of theth grain centered at the origin, (A12), and(A17) we have the solution

and C; is the concentration of Cu induced by the Gibbs-
Thomson effect at the surface of thté grain. In this region, ®

tat . : Pn(cosp)
;[/Ciﬁ ggncentratlon is dependent only on thie grain, and it C(r,)=Co+ rgo (Bin+Byn) nr”—“ (A18)
o with coefficients
Pn(cosp)
Ci(r,$)=Cot 2, Bin — a1 (A9)

2n+1 ., (72 )
o Bin=——%—Ti f (Ci—Co)Pn(cosp)sing de,
and from condition(A8), 0

- 2n+1 w2 —
Ci(ry ,¢)=Co+nzo Bin %S:L&ﬁ)z(:i . (A10) Biin= > RnHL’l (C—Cy)Py(cosp)sing deé.
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This is the concentration equation of Cu in the molten solder
at a position of(r,¢) between theth grain and nearest mean

grain.
In a diffusion problem, the flux of atoms is given by

dc
J=-D ——

T (A19)

where D is the diffusion coefficient of atoms. At a fixed

value ofr;, using Eq.(A18), the flux equation of ripening
between thath grain and the mean grain is

(n+1)P,(cosp)

+
e

0

:DnE

aC
R _p—
J D or

[(Bln+Blln)

(A20)

If we user"™>=3r,
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(n+1)P,(cosp)

(%)n+2r_n+2 (A21)

J=D > | (Bin+Byn)

This is the flux equation for ripening of thegh grain in
spherical coordinates.

Since |P,(cosp)|<1 and Py(cosp)=1, we consider Eq.
(A21) for n=0, and then

1

JRocr——z for n=0. (A22)

Therefore, we have reduced E#?21) to Eq.(8), having the
same(1/r 2 dependence, and this indicates that our linear
assumption in the ripening flux is well matched to the spheri-
cal model forn=0.
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