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ABSTRACT: Polymeric encapsulants are applied in elec-
tronic packages to improve the mechanical/thermal perfor-
mance and the reliability of packaged devices. During the
curing process of encapsulating resin, large residual stresses
are generated due to the shrinkage of polymer and the
mismatches in the coefficient of thermal expansion (CTE)
between various package components. In addition, the rheo-
logical properties and curing kinetics of the resin also affect
the nature and distribution of residual stresses. In this work,
the rheological and curing behavior of encapsulating resins
are characterized using an oscillatory rheometer. The resin
viscosity is closely monitored against curing temperature
excursion, which is correlated to exothermic reaction and
weight loss as measured from the DSC and TGA analyses.

The evolution of residual stresses in encapsulating resin is
evaluated in a bimaterial strip bending experiment (BMSB)
in situ within a DMA chamber. The CTE values are then
calculated based on the thermomechanical analysis, which
are well compared with those determined from other
sources. A transition temperature, apart from the glass tran-
sition temperature, is identified from the study of the
changes in resin flexural modulus and residual stress pro-
files. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 96: 175–182,
2005
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INTRODUCTION

Polymeric encapsulant plays a critical role in inte-
grated circuit (IC) packaging. The encapsulant pro-
vides chemical and mechanical protection to the IC
chips, allowing higher reliability and longer lifetime of
the packaged device under the adverse service envi-
ronment. In recent years, the flip chip technology has
been developed to provide a solution to increasing
demands for miniaturization and weight reductions
for applications in many portable electronics. As sche-
matically illustrated in Figure 1, the technology en-
ables direct attachment of chips to printed circuit
boards through solder joints. The gap between the
chip and board is encapsulated with an underfill resin
to improve the mechanical, thermal, and structural
performance of the package, which in turn enhances
the reliability and service life of the electronic device.
During the curing process of underfill resin, large
residual stresses are generated, and thus significant
attention has been placed on understanding the nature
and sources of residual stresses in this emerging pack-
age type. Residual stresses arise primarily due to the
volumetric shrinkage of polymer, as a result of evap-

oration of solvents and volatile byproducts, cross-link-
ing reaction, and differential thermal shrinkage be-
tween different components upon cooling from pro-
cessing temperature,1 among which the CTE
mismatch is the major source. As shrinkage is con-
strained by adhesion between the components, resid-
ual stress fields are developed across the package,
depending on several factors, including the CTEs and
elastic modulus of the respective components.

Numerical methods have been widely employed to
evaluate the residual stress state in the package and
ultimately to optimize the CTEs of underfill resin for
improved package reliability.2,3 The presence of resid-
ual stresses has a detrimental effect on the interfacial
bond integrity as it allows premature delaminations.
Die cracking is another major concern arising from the
high stresses concentrated near the die corner. It was
proposed that a close match of CTEs between the
underfill resin and solder joint is beneficial.4 Lowering
the modulus, CTE, and glass transition temperature,
Tg, of underfill resin are found to reduce the residual
stress level significantly.5 A high cooling rate also
imparts an adverse effect on the generation of residual
stresses.6 However, as suggested previously,7 shrink-
age in encapsulant may have a beneficial effect of
preventing the penetration of water along the inter-
face, enhancing the device reliability against early cor-
rosion failure in the high humidity environment.
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Significant research has been made toward devel-
oping proper techniques to measure residual stresses
in electronic package components. These techniques
include the blind-hole drilling method,8 package
warpage measurement,9–11 Moire interferometry,12–14

and piezoresistive stress sensing IC device.15–17 The
first two techniques are capable of measuring the mac-
roscopic residual stresses in the package, whereas the
Moire interferometry and the stress chip method are
suitable for measuring the whole-field in-plane dis-
placements over the stresses device. However, wide
applications of the latter two techniques have been
hindered due to the difficulties involved in replicating
the grating on the sample surface at a stress-free ele-
vated temperature and the rigorous requirements in
calibrating the piezoresistors at high temperature, re-
spectively.

The present study is aimed to establish the correla-
tion between the curing process and the evolution of
process-induced residual stresses in flip chip on board
packages by means of several approaches, including
the bimaterial bending experiments and rheology
measurement. In the bending experiment of resin-
substrate bimaterial strips, the radius of curvature of
strip is continuously monitored as a function of tem-
perature to predict the generation of residual stresses
of chemical and thermal origins.

EXPERIMENTAL

A typical underfill resin (supplied by Dexter Elec-
tronic Materials) was employed throughout the study.
The resin contained a variety of constituents, includ-
ing bisphenol F epoxy resin with substituted phthalic
anhydride as curing agent and 50% fused silica parti-
cles to reduce the CTE of the epoxy. The recom-
mended curing cycle was 7 min at 160°C, and the glass
transition temperature of cured resin is reported to be
148°C. The viscosity of underfill resin during the ini-
tial stage of curing process was measured on a
Physica-UDS200 rheometer equipped with a temper-

ature chamber. The rheometer was operated in the
oscillatory parallel-plate geometry with a replaceable
aluminium disk. The strain amplitude was 5% at an
angular frequency of 100/s. The underfill resin was
heated from 40 to 250°C at 10°C/min while monitor-
ing the complex viscosity. In conjunction with the
rheology study, a differential scanning calorimeter
(Setaram DSC 92) and a thermogravimetric analyzer
(Perkin–Elmer TGA 7) were also employed to study
the curing kinetics of underfill resin for the identical
heating profile.

The bimaterial strip bending experiments (BMSB)
and flexural tests of cured resin were carried out in
situ within a dynamic mechanical analyzer (Perkin–
Elmer Pyris DMA7e). The DMA instrument was
equipped with a central core rod connecting to a high
sensitivity displacement detector (LVDT), a precise
linear high force motor, and a low mass, fast-response
furnace, as illustrated in Figure 2. Various approaches
have been used previously to measure the curvature
changes arising from the adhesive curing, for exam-
ple, optical/laser measurements,18 telescopic mea-

Figure 1 Flip chip on board (FCOB) package configuration.

Figure 2 Schematic drawing of the dynamic mechanical
analyzer (DMA).
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surement,19,20 strain gauge measurement,21 and probe
displacement measurement.22 A three-point bending
configuration was used in both experiments with a
span length l � 15 mm. In the bimaterial strip bending
experiment, a thin film of resin was applied onto a 150
�m thick � 18 mm wide � 8 mm long glass slide, as
shown in Figure 3. Different from a typical flip chip
device configuration as seen previously in Figure 1,
the bending of the BMSB specimen was merely due to
the differences in CTEs between the glass slide and the
epoxy. Hence, hereafter the strain of the epoxy layer in
this study is referred as the thermal strain of the epoxy
experiencing the temperature change from cure tem-
perature to lower temperature, while the stress in the
epoxy layer is induced due to the differences in di-
mensional changes between the glass slide and the
epoxy during thermal excursions. In this sense even
though the stress level in the epoxy layer is not di-
rectly corresponding to the actual condition in flip
chip package, the thermal strain of the epoxy is basi-
cally the same in any case, and the residual stress due
to the constraints by adhesion between components in
the package can then be predicted.

The resin was spin-coated at about 60°C to allow
easy spreading and uniform thickness across the
whole slide area. Glass was chosen as the substrate
material for its stability over the testing temperature
with a very low CTE value (5.87 ppm/°C). The resin
thickness was about 17 �m as measured using a pro-
filometer. The contact force applied by the displace-
ment probe over the glass surface was 20 mN, and the
probe displacement in the midspan of bimaterial strip
was continuously monitored against temperature
change. The heating and cooling rates used over the

whole experiment were both 10°C/min, which are the
same as in other thermo-mechanical experiments.

Three-point flexural tests were conducted on cured
underfill resin samples at a temperature range be-
tween 20 and 240°C to determine the temperature-
dependent flexural modulus of the resin. 2 mm thick
� 9 mm wide � 18 mm long samples were placed on
the bending platform in the DMA chamber to allow
temperature equilibrium in the sample before loading.
A linearly increasing load was applied from 0.5 to 1.2
N at a rate of 0.1 N/min. The flexural modulus was
determined from the linear region of the stress–strain
curve at temperatures ranging from 20 to 230°C. The
CTE of resin was also measured independently using
a thermomechanical analyzer (Mettler Toledo TMA/
SPTA 840), allowing direct comparison with that ob-
tained from the bimaterial strip bending experiment.

RESULTS AND DISCUSSION

Correlation between Viscosity and Curing
Characteristics of Underfill Resin

Figure 4 shows the change of viscosity with tempera-
ture at a temperature range between 50 and 250°C.
The viscosity decreased gradually until the tempera-

Figure 4 Comparisons of the results on curing the liquid
underfill resin by (a) rheometer, (b) DSC, and (c) TGA (heat-
ing rate: 10°C/min).

Figure 3 Bimaterial beam bending test configuration.
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ture reached about 182°C, followed by a rapid surge at
higher temperatures. The viscosity of underfill resin
depends on a number of factors, such as the formula-
tion of base resin, cure kinetics, as well as the silica
filler content and the amounts of volatile solvents. The
decrease in viscosity upon initial heating was due in
part to enhanced chain segment mobility of the resin
molecules.23–25 For the same reason, there was signif-
icant fluctuation of viscosity at temperatures between
130 and 165°C. On the other hand, the continuously
increasing temperature accelerated the reaction kinet-
ics of resin until extensive cross-linking was devel-
oped, as indicated by the jump in viscosity.24 The
curing process seems to have been almost completed
at about 210°C, where the viscosity became a constant
plateau value.

Several interesting features were revealed when the
viscosity measurements were compared with the DSC
and TGA results for the same temperature range. The
onset temperature for exothermic reaction (from DSC)
at approximately 85°C agreed well with the onset
temperature for weight loss (from TGA), which is
most likely attributed to the beginning of solvent
evaporation in the resin. The reaction rate was the
highest at about 150°C as suggested by the DSC result,
where the viscosity also showed significant fluctua-
tions. The resin started solidification at about 182°C, as
indicated by the viscosity jump in the rheology study,
which corresponded to the exit temperature for exo-
thermic reaction (from DSC). This temperature was
also equivalent roughly to the end of weight loss (from
TGA).

Evolution of Residual Stresses

Figure 5 plots the change of complex viscosity and the
corresponding probe displacement arising from
shrinkage of resin as measured from the bimaterial
strip bending experiments. When the resin was sub-
jected to a linear temperature increase at the initial
stage of the curing process, the viscosity decreased
due mainly to the evaporation of solvent. This is fol-
lowed by an almost constant minimum value with
some fluctuation between 130 and 160°C, as seen in
Figure 5. The viscosity increased rapidly after 2 min
of isothermal heating at 160°C as a result of acceler-
ated reaction kinetics24 and remained steady at over
105 Pa � s.

In contrast to the viscosity profile, there was no
appreciable increase in the corresponding probe dis-
placement even after isothermal curing at 160°C for 7
min: it started to pick up after the sample was cooled
down from the isothermal temperature. This suggests
that volume change due to the chemical shrinkage and
evaporation of volatiles of the resin were minute. It is
understood that, for epoxy resin, the chemical compo-
nent of shrinkage is normally much smaller than the

thermal origin.26 Further studies are warranted to
properly illustrate the evolution of shrinkage stresses
arising from chemical origin, including those due to
evaporation of solvent and cross-linking. The dis-
placement exhibited a rapid, linear increase at temper-
atures below about 115°C.

Based on the simple beam bending theory,27 the
residual stresses, �, in the resin layer for the bimaterial
strip is approximately given:28

�a �
1
�

Eshs

6�1 � m�m��1 �
6y
ha
�nm3 �

6y
ha

nm2 � 1� (1)

where E and h are the modulus and thickness; and the
subscripts s and a refer to the glass substrate and
underfill resin, respectively. m � ha/hs is the thickness
ratio, and n is the moduli ratio Es/Es. For a very thin

Figure 5 Changes of (a) viscosity and (b) probe displace-
ment with temperature upon isothermal curing and cooling.
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resin layer over the glass slide, i.e., ha��hs, the residual
stress in the resin layer can be further simplified:

�a �
1
�

�
Es � hs

2

6 � ha
(2)

The radius of curvature, �, of the bimaterial strip can
be obtained directly from the bending geometry as a
function of midspan displacement, �, as follow:

� �
l2

8�
�

�

2 �
l2

8�
(3)

where l is the span length of the bending platform, see
Figure 3. Therefore, substitution of eq. (3) into eq. (2)
gives:

�a �
4
3 �

Es � hs
2

hal2 � (4)

Figure 6 plots the variations of residual stress in the
resin layer as a function of temperature decrement,
�T, from the isothermal temperature. Table I summa-
rizes the material properties and specimen parameters
used for the residual stress calculation. While the gen-
eral trend of residual stress with temperature change
in Figure 6 looks basically similar to that for the probe
displacement [Fig. 5(b)], the stress profile showed ap-
proximately a bilinear variation at two distinct tem-
perature regions. At temperatures above about 115°C,
the residual stress increase was moderate due mainly
to the rubbery state of polymer where the elastic mod-

ulus is very low (although the CTE value may be even
higher than that below Tg). In contrast, the transition
from the rubbery to glassy state when the temperature
was well below 115°C induced a rapid increase in
residual stress.

The bending of the bimaterial strip upon cooling
from the isothermal temperature was mainly due to
the mismatches in CTE between the glass substrate, �s,
and resin layer, �a. The thermal mismatch stress in the
resin layer was predicted previously29 based on the
constitutive equations, which are further modified
taking into account the contributions by the substrate
material as shown in the Appendix:

�a �
Ea

�1 	 
a�
��a 	 �s��T (5)

Figure 7 Variation of flexural modulus of cured resin with
temperature.

Figure 6 Variation of residual stress in the resin layer as a
function of temperature decrement, �T, during cooling.

TABLE I
Material Parameters for the Internal Stress

Calculation for the Underfill Layer

Flexural modulus of glass slide (Esub): 41.23 GPa at room
temperature

Thickness of glass slide, hs: 150 �m
Thickness of resin layer, ha: 17 �m

s � 0.2; 
a � 0.35
CTE of glass, �s: 5.87 ppm/°C
Relationship between the residual stress, �a, and beam

deflection, �
� � 3.234 � 1011 � (Pa)
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where 
 is the Poisson ratio. By rearranging eq. (5), the
CTE of resin, �a, is given:

�a � �s 	
�a�1 	 
a�

Ea � �T (6)

To estimate the CTE of resin based on eq. (6), the
temperature-dependent elastic modulus of resin, Ea,
must be known. Thus, the elastic moduli of resin were
measured in three-point flexure tests of cured resin in
situ the DMA chamber and are plotted in Figure 7 on
a logarithmic scale. As expected, the flexural modulus
decreased characteristically as temperature increased.
It decreased rather slowly in a linear manner until the
temperature reached about 115°C. There was a transi-
tion region between temperatures 115 and 170°C
where the modulus changed parabolically. A glass
transition temperature, Tg 	 147°C, was determined at
approximately the midpoint of this temperature
range, which is exactly the same as Tg 	 147°C re-
ported by the material supplier. The flexural modulus
became almost a constant plateau value at above
170°C.

Coefficient of Thermal Expansion

The dimensional changes of the underfill resin ob-
tained from the TMA experiment is plotted as a func-
tion of temperature in Figure 8; and the CTE profile
calculated based on eq. (6) is given in Figure 9. There
are a few points of interest worth mentioning. The
“hill” and “valley” phenomenon was observed in the
TMA plot, which was thought to be associated with
the relaxation of residual stress–strain following the

collapse of the frozen-in excess free volume of the
polymer.14 The multiple displacement profiles shown
in Figure 8 represent those obtained in three consec-
utive temperature excursions in the TMA experi-
ments, with diminishing “hill” and “valley” fluctua-
tions in the later tests. It is remarkable to note that the
CTE values determined from all sources for the low
temperature range were essentially identical each oth-
er: �1 � 48 ppm/°C from the material supplier, 51
ppm/°C from the stress measurement, and 48
ppm/°C from the TMA. This confirms in part the
validity of the bimaterial strip bending test. While the
CTE is constant at temperatures below 70°C, it
reached a minimum value of 39 ppm/°C at about
115°C (Fig. 9). This anomaly reflects the sharp drop in
flexural modulus at a temperature corresponding to
the Tg of the underfill resin (see Fig. 7). There was an
irregular variation of CTE profile, with its value vary-
ing between 100 to 280 ppm/°C, at temperatures
above 140°C. This appears to be associated with the
equation used to calculate the residual stress, which
was based on the assumption of linear elastic material
properties, while the underfill resin actually is highly
viscous in nature when the temperature was above Tg.
In this regard, the residual stress and the CTE values
presented in this work may become accurate in the
high temperature range.

CONCLUSION

The rheology and curing characteristics of an underfill
resin were evaluated based on the rheometer, DSC,
and TGA analyses, and correlations were established
between the results obtained. The bimaterial bending

Figure 9 Coefficient of thermal expansion of resin with
temperature from BMSB test.

Figure 8 Variations of sample dimensions measured from
TMA.
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experiments were successfully carried out to monitor
in situ the evolution of residual stresses in the resin,
which is subjected to typical curing and cooling tem-
perature excursions. The CTEs were determined based
on the simple thermomechanical analysis of residual
stress profiles, which are compared with those ob-
tained from other sources. The following remarks can
be highlighted.

1. The results obtained from the DSC, TGA, and
rheology analyses were well correlated: the onset
of exothermic reaction corresponded to the be-
ginning of weight loss, while the sharp change in
viscosity corresponded to the completeness of
exothermic reaction.

2. The residual stress profile showed approximately
a bilinear variation at two distinct temperature
regions: at high temperatures above 115°C the
residual stress increased moderately due to the
rubbery state of polymer, and the glassy state of
polymer at temperatures below 115°C induced a
rapid increase in residual stress.

3. The CTE value for temperatures below about
70°C determined from the bimaterial strip bend-
ing experiment, �1 � 51 ppm/°C, is essentially
identical to those reported from the material sup-
plier, �1 � 48 ppm/°C, and the TMA result, �1
� 48 ppm/°C. This partly confirms the validity
of the bimaterial strip bending test employed in
this study.
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rendered by the EPack Lab, Materials Characterisation and
Preparation Facilities and Advanced Engineering Materials
Facilities, HKUST is also gratefully appreciated. Dexter Elec-
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APPENDIX: ANALYSIS OF RESIDUAL
STRESSES IN A BIMATERIAL STRIP

The bending of a bimaterial strip upon cooling from
the isothermal cure temperature in Figure A1 occurs
due to the mismatches in CTEs between the glass
substrate, �s, and resin layer, �a.

The generalized thermoelastic stress–strain rela-
tions for three-dimensional problems are:27

��x 	 ��T �
1
E ���x 	 
���y � ��z�� (A1a)

��y 	 ��T �
1
E ���y 	 
���x � ��z�� (A1b)

��z 	 ��T �
1
E ���z 	 
���x � ��y�� (A1c)

��xy �
�
xy

G ��yz �
�
yz

G ��xz �
�
xz

G (A1d)

Plane stress will occur in a thin plate when the tem-
perature does not vary through the thickness, there-
fore we may assume that ��z � �
xz � �
yz � 0. We
may also regard each element as free to expand in the
z direction. As suggested in the method of strain sup-
pression on a thin plate,27 thermal expansions are
considered only in the x and y directions with the
following relationships:

��x � ��y and �
xy � 0 (A2)

Hence, from eq. (A1),

��x � ��y �
��x

E �1 	 
� � ��T (A3)

The stress and strain in eq. (A3) should be interpreted
as quantities averaged through the thickness, of which
the case is referred to as generalized plane stress.27 For
small curvature, the compatibility condition requires
that �x in the adhesive layer and the substrate are the
same: [��x]a � [��x]s.

��x �
���x�s

Es
�1 	 
s� � �s�T �

���x�a

Ea
�1 	 
a� � �a�T

(A4)

where the subscripts s and a refer to the substrate and
adhesive, respectively. For force balance in the ab-
sence of the external stresses,29

ha���x�a � hs���x�s � 0 (A5a)

Figure A1 Bimaterial strip.
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Thus,

���x�s � 	
ha

hs
���x�a � 	 m���x�a (A5b)

where m � ha/hs. Therefore, combining eqs. (A4) and
(A5b) gives,

���x�a 
�1 	 
a� � mn�1 	 
s�� � Ea��s 	 �a��T (A6)

where n � Ea/Es. By approximation, mn 	 0, then

�a � �s 	
���x�a

Ea�T �1 	 
a� (A7)

It follows that once the residual stress [��x]a [which is
the same as �a in eq. (4)] is obtained from the curva-
ture measurement, and the temperature-dependent
elastic modulus of adhesive, Ea, is measured, the in
situ change of CTE of the adhesive layer �a can be
determined.
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