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Exothermic Reaction Induced Eutectic Pb–Sn Solder
Ball Melting in the Underfill Curing Process

Woon-Seong Kwon, Se-Young Jang, and Kyung-Wook Paik, Member, IEEE

Abstract—The effects of exothermic heat generated during
underfill curing on the integrity of the solder bumped package,
which is an important issue for the package reliability, have
been overlooked. In this study, theoretical exotherm of underfill
materials during underfill curing has been calculated using a
differential scanning calorimeter (DSC) at cure temperature
range from 100 C to 200 C. The calculated exotherm was
compared with the exotherm profile measured at the typical cure
temperature. The effects of cure temperature, amount of underfill,
and initial underfill curing temperature on the exotherm profile
of underfill materials have been investigated.

Index Terms—Exotherm, flip chip, solder ball melting, underfill.

I. INTRODUCTION

FOR SOLDER flip chip interconnection, it is necessary to
use underfill materials to improve the package reliability

[1]–[4]. During the underfill cure, exothermic reaction is gen-
erated due to the energy release by the curing reaction of the
epoxy groups. In the curing reaction of underfills, the heat, if
liberated during a short period of time, will result in a substan-
tial increase of temperature at underfill area. This temperature
increase, which is measured by a thermocouple, is referred to
as exotherm [5]. Until now, this exotherm phenomenon during
the underfill curing was overlooked during flip chip assembly
process.

In our test-vehicle, eutectic Pb–Sn solder ball melting phe-
nomena were observed during the underfill curing at 165 C
for 30 min. It is considered that this unexpected solder ball
remelting phenomenon is due to the high exotherm during un-
derfill curing. The real package with the good heat dissipation
may effectively distribute the exothermic heat during the under-
fill cure process into the outside of the package, but nevertheless
instantaneous exothermic heat at the early stage of crosslinking
reaction can potentially deteriorate the functional devices on the
active surface of package. Accordingly, the fundamental under-
standing of exothermic reaction during underfill curewill pro-
vide the solution to avoid the high peak exotherm by optimizing
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the underfill cure conditions such as underfill amount and curing
temperature.

The objective of this study is to investigate the exothermic re-
action effect during underfill curing process. In particular, dis-
cussion will be focused on the effect of underfill cure variables
on underfill exotherm during the underfill cure.

II. EUTECTIC Pb–Sn SOLDER BALL MELTING DURING

UNDERFILL CURING

Test-vehicles were Duroid organic substrates which origi-
nally fabricated to investigate the high frequency behavior of
flip chip structure with eutectic Pb–Sn solder ball. Schematic
figure of test vehicle was shown in Fig. 1. The Duroid test-ve-
hicle structure consists of solder ball with various ball pitches
and ground vias as shown in Fig. 1. After the solder ball (300,
500, and 760 in diameter) attachment on pads of bottom
test-vehicles and the flip chip bonding on the other substrate,
the cure process of commercial underfill was performed at
165 C for 30 min, which was supplied by vendor as shown
in Table I. This situation of organic PCB package solder-ball
interconnected on another organic substrate is similar as the
plastic BGA packages assembled on organic board using
underfill between them. Typical BGA and CSP packages are
assembled on organic substrate such as FR-4 board using
underfill material to increase drop shock reliability. Unexpect-
edly, some small solder balls were found on the top side of
test-vehicle after underfill curing as shown in Fig. 2. It is found
that solder ball remelting occurs during the progress of underfill
cure, and the remelted solder climbs up through the ground
via close to solder ball pad. Accordingly, one can imagine that
the exothermic reaction of underfill material during the cure
process results in the temperature rise over eutectic Pb–Sn
solder ball meting temperature, 183 C.

III. CALCULATION OF EXOTHERM DUE TO THE

UNDERFILL CURE

The temperature rise experienced by the exothermic reaction
during underfill curing can be expressed by

C
C (1)

In this expression, heat of reaction and specific heat
were experimentally determined by a differential scan-

ning calorimeter (Perkin-Elmer DSC-7) equipped with DSC-7
kinetics software over a temperature range from 50 to 200 C
with a heating rate of 10 C . The underfill samples
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Fig. 1. Schematics of test-vehicle consisting of solder balls and ground vias.

TABLE I
SOME PROPERTIES OF UNDERFILL MATERIAL SUPPLIED BY VENDOR

Fig. 2. (a) Schematic picture and (b) SEM photograph of eutectic Pb–Sn solder
ball melting phenomena after underfill curing process.

(50 wt% silica filler) were poured into an aluminum cup, and
then weighed before the introduction into the DSC. gas was
continuously purged into the sample chamber to prevent any
possibility of oxidation. The total heat of reaction
of underfill including silica filler was estimated by drawing a
line connecting the baseline before and after the exothermic
peak and then integrating the enclosed area. Assume that the
heat curing systems (epoxy-based resin + curing agent) occupy
50 wt% fraction in the underfill compound because underfill
is filled with 50 wt% silica filler. Therefore, the heat of curing

Fig. 3. DSC scan results of underfill material. (a) DSC dynamic scan of
underfill materials. (b) Specific heat of cured underfill materials.

reaction for underfill materials should be calculated by
dividing the total heat of reaction by 0.5. Based on
the DSC dynamic scan of cured underfill and blank sample,
the specific heat was calculated using DSC-7 kinetics
software. A blank run was made of the every measurement of
the specimens. Fig. 3(a) and (b) show the dynamic scan and

measurement results for the exotherm calculation of the
underfill material respectively. From these measurements, we
have obtained is 178.22 J/g and is 1.32 C for the
tested underfill material. The calculation result based on (1) for
the exotherm of the underfill material is described as

C
C

C
C

This is indicative of the total heat given off during the under-
fill cure and is a large temperature rise enough to remelt the eu-
tectic Pb–Sn solder ball. This calculated temperature rise due to
exotherm, of course, would represent the adiabatic temperature
rise that would be experienced only if the underfill is reacted in
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Fig. 4. The typical exotherm profile of underfill materials cured at 165 C
oven temperature. Test runs were made with 370-mg underfill material.

a perfectly insulated container. In actual assembly, however, the
underfill is continuously losing heat to the surroundings such
as silicon chips, substrates, and the air. In addition, the specific
heat probably increases gradually as the temperature rises, fur-
ther tending to limit the temperature finally reached. The mea-
sured exotherm profile of the underfill material at 165 C oven
temperature is shown in Fig. 4. The temperature was measured
by inserting a thermocouple wire in the underfill material. The
peak exotherm reach almost 230 C after 200 s, and it is held
about 100 s above the melting point of eutectic Pb–Sn solder.
Accordingly, even though the cure reaction of underfills in this
experiment does not experience an adiabatic exotherm, some
detrimental effects, such as remelting of solder, can be experi-
enced by this high exotherm.

One of the reasons for high exotherm in this case is because of
the thermal conductivity of organic package substrate flip chip
assembled on another organic substrate is quite low. However,
this case is quite similar as BGA or CSP packages using organic
interposer with solder balls assembled on organic board for the
cellular phone applications.

IV. IN-SITU ELECTRICAL RESISTANCE MEASUREMENT

OF EUTECTIC Pb–Sn SOLDER INTERCONNECTS DURING

UNDERFILL CURING

The resistance changes of eutectic Pb–Sn solder ball inter-
connect were monitored during underfill cure. The Asymtek
Flip-Chip Calculator software was used to determine the exact
amount of underfill materials. The calculated underfill amount
for test-device is 113.67 mg. Flip chip assembly before and after
the underfill dispensing were weighed. As a result, the actual un-
derfill amount was about 102 mg. Fig. 5 shows the monitored
results of resistance change during the underfill cure.

To investigate the effect of high exotherm during underfill
curing on the in-situ electrical resistance change, electrical resis-
tances of solder balls without and with underfill materials were
measured under the 165 C cure temperature profile, respec-
tively. Fig. 5 shows the electrical resistance changes of eutectic
Pb–Sn solder interconnects without and with underfill materials.

Fig. 5. In-situ measurement results of electrical resistance changes of eutectic
Pb–Sn solder bump joint. (a) Resistance change without and with underfill
materials. (b) Underfill exotherm and joint electrical resistance changes during
underfill curing at 165 C oven.

In the assembly with underfill materials, the abrupt electrical re-
sistance increase was observed. And abrupt resistance increase
peak was exactly corresponded to the peak exotherm position of
the temperature profile as shown in Fig. 5. This abrupt electrical
resistance increase could be originated from either the temper-
ature increase or solder joint remelting. In practice, however, it
is difficult to distinguish these two issues experimentally, since
both of them contribute to the resistance increase during the un-
derfill cure. On the other hand, joint electrical resistance after
underfill cure process showed 15–20% increase when compared
with that of the assembly before underfill cure. Therefore, it
is expected that this increase in electrical resistance is origi-
nated from detrimental effects such as solder remelting or in-
termetallic compound formation during underfill curing.

V. EFFECTS OF VARIOUS CURE CONDITIONS ON

EXOTHERM PROFILE

The underfill sample (50 wt% silica filler) was poured into
an aluminum cup, and then weighed before introducing into a
curing oven. And a thermo-couple was plugged into the poured
underfill material for the exact measurement of exotherm pro-
file during curing. Curing oven temperature was held at target
temperatures of 125 C, 145 C, and 165 C within C.

A. Effect of Curing Temperature on Exotherm Profile

Underfill curing at elevated temperature has an advantage of
obtaining higher degree of cure for a shorter time. However,
with the consideration of exothermic phenomena of underfill
curing, curing temperature must be carefully selected.

Fig. 6 shows the effect of oven curing temperatures on peak
exotherm of underfill curing. With increasing curing oven tem-
perature, peak exotherm increases, and time to reach the peak
temperature decreases. In other words, curing becomes faster at
higher curing temperature. If the underfills are cured at higher
temperature to obtain high degree of cure for a short period of
time, then more amounts of exothermic heat were generated
during shorter curing time resulting in a higher temperature rise
and less time for heat dissipation to surrounding. Accordingly,
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Fig. 6. Effect of curing oven temperature on peak exotherm of 370 mg of
underfill materials measured in aluminum cups.

temperature rises as an adiabatic condition. If using a very
fast cure underfill material called “snap cure,” it can be quite
possible for the center of underfills to reach temperature rise
as a theoretical adiabatic condition. Therefore, higher peak
exotherm at higher curing temperature can lead to detrimental
phenomena such as eutectic Pb–Sn solder ball remelting or
additional intermetallic compound formation. To avoid these
effects due to higher peak exotherm, it is necessary for the
underfill materials to be cured at lower temperature to dissipate
the heat for a longer period time. However, lower underfill
curing temperature causes longer curing times to reach the
ultimate degree of cure. Therefore curing temperature should
be carefully optimized.

B. Effect of Underfill Amount on Exotherm Profile

From BGA/CSP to flip chip packages, the required underfill
amount is dependent upon the die size, fillet size, solder bump
diameter, solder bump height, and number of bumps (I/O).

Fig. 7 shows the effect of the underfill amount on exotherm
profile at 165 C curing oven temperature. When large
amount of underfill was cured, peak exotherm decreased with
decreasing the cure temperature. In the meanwhile, when
underfill was cured at high cure temperature (165 C), peak
exotherm decreased with decreasing the underfill amount. This
is due to total amount heat generated become less with smaller
amount of underfill material. In viewpoint of thermal conduc-
tivity, when curing large amount of underfill materials, the
exothermic heat at the center cannot be effectively transferred
to the outer environment presumably resulting in a higher
temperature than the surrounding temperature. As mentioned
above, if using a large amount of snap cure, the center of
underfills possibly reaches quite high temperature approaching
theoretical adiabatic. In the real flip chip assembly, the underfill
amount required for flip chip application is small and the
heat conduction through the Si chip is efficient, therefore,
detrimental effects such as eutectic Pb–Sn solder remelting
can be reduced. However, in case of CSP or BGA packages
assembled on another organic board, high exotherm can be

Fig. 7. Effect of underfill amount on peak exotherm cured at 165 C oven
temperature.

Fig. 8. Effect of initial underfill dispensing temperature on peak exotherm of
370 mg of underfill materials.

occurred due to the large amount of underfill materials and
poor thermal conductivity of organic interposers of CSP and
BGA packages. Therefore, it is necessary to optimize curing
condition, such as curing temperature, underfill amount, and
proper geometry design.

C. Effect of Initial Underfill Dispensing Temperature on
Exotherm Profile

In general, underfills are dispensed on C heating
stage to lower the underfill viscosity and so enable them to wet
the various surfaces and subsequently flow under the flip chip
device. It is necessary to investigate the effect of preheating
on the exothermic reaction. In this experiment, underfills were
heated for 10 min in an oven of 90 C and then moved to 165 C
cure oven.

Fig. 8 shows the effect of initial underfill dispensing tem-
perature on exotherm profile of 370 mg of underfill materials.
Exotherm profile was not affected by initial underfill dispensing
temperature, because curing reaction does not start at 86.9 C.
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VI. CONCLUSION

In our test-devices of organic substrate interposers assem-
bled on another organic substrate with solder bump joint
and underfill materials, eutectic Pb–Sn solder ball remelting
phenomena were observed during the underfill curing, because
of exothermic reaction of underfill curing. Solder ball remelting
is not desirable in reliability view. In this study theoretical
exotherm of underfill materials during underfill curing was
calculated, and the various effects of underfill curing conditions
on the exotherm profile of underfill materials were investigated.
At higher underfill cure temperature, peak exotherms increase
and approach almost the calculated value under adiabatic con-
ditions. When curing smaller amount of underfill at the same
curing temperature (165 C), peak exotherm was significantly
lowered than that of larger amount of underfill because of less
exothermic heat generation and good dissipation. Exothermic
profile was not affected by initial underfill dispensing tempera-
ture. In flip chip assembled samples with underfill, the abrupt
electrical resistance increase was observed during isothermal
underfill curing. And it was exactly corresponded to the peak
exotherm of the temperature profile. As a summary, abrupt
electrical resistance increase is due to detrimental effects
such as solder remelting or intermetallic compound formation
during underfill curing. It is recommended that underfill curing
parameters such as curing temperature, underfill amount, and
flip chip assembly geometry, should be properly optimized to
prevent unexpected overheating during underfill curing.
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