
424 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY—PART B, VOL. 20, NO. 4, NOVEMBER 1997

Analysis of the Flow of Encapsulant During
Underfill Encapsulation of Flip-Chips

Sejin Han and K. K. Wang

Abstract—In this paper, the flow of encapsulant during the
underfill encapsulation of flip-chips has been studied. Analytical
as well as numerical methods have been developed to analyze
the flow. For capillary-driven encapsulation (by dispensing), the
capillary force at the melt-front has been calculated based on a
model for the melt-front shape. A model has also been developed
for the analysis of forced-injection encapsulation. The numerical
analysis uses a finite-element method based on a generalized
Hele–Shaw method for solving the flow field.

Experiments have been performed to investigate the flow be-
havior using actual chips and encapsulants. Short-shot runs
have been performed to observe the melt-front advancement
at different flow times. In addition, measurements have been
made of the material properties of the encapsulant, namely
its viscosity, curing kinetics and surface-tension coefficient. The
experimental and simulation results have been compared in terms
of the flow-front shapes and times at different fill fractions. Such
comparisons indicate that the model developed in this study is
adequate to approximately simulate the flow during encapsulation
of flip chips.

Index Terms—Dispensing, flip chip, injection, simulation, un-
derfill encapsulation.

I. INTRODUCTION

T HE use of flip chips has inherent advantages over other
methods for high-density electronic packaging because

it provides an area array which interconnects the chip and
substrate [1]. The current process most commonly uses solder
to connect the chip to the board. In that case, the difference
in the thermal-expansion coefficients between the chip and the
substrate can cause significant shear strain on the interconnects
during temperature cycling, ultimately resulting in fatigue
cracking and electrical failure [2]. This is particularly true as
the size of the chip increases because the thermal stress in the
interconnect increases with the distance from the neutral point
of the chip. However, this problem can be significantly reduced
by filling the space between the solder joints with encapsulant
to provide mechanical reinforcement [2]–[5]. Because such
encapsulation is provided mainly under the chip, it is called
underfill encapsulation.

Currently, most flip chips are encapsulated by dispensing the
encapsulant along the periphery of one or two sides of the chip.
Capillary action (i.e., surface tension) drives the encapsulant
through the space between the chip and the board. After filling
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is complete, the board is taken to an oven where it is cured.
Because the current process fills the cavity (space between the
chip and the board) by capillary action, it is very slow and
could be incomplete, resulting in voids [6], [7]. The filling
problem becomes even more serious as the chip size increases.
Reference [8] has shown that the fill time is proportional to the
square of the length of the chip. Such slow filling is detrimental
to mass production. Substantial efforts are therefore being
made toward speeding up the encapsulation process.

A pressurized underfill process can also be used for flip-chip
encapsulation [9]. This process injects the encapsulant under
pressure into the mold which surrounds and seals the chip. In
this case, the flow is due to the pressure gradient from the inlet
rather than the surface tension at the melt-front.

In either case, a flow analysis will help in developing an
optimal encapsulation process or encapsulant. The objective of
this study is to develop such an analytical/numerical capability
for the underfill encapsulation process by either the capillary-
driven or the pressurized-injection method.

Some experiments have been performed to verify the anal-
ysis results. Short-shot experiments either with the dispensing
(capillary-driven) or injection process have been performed to
compare with the flow behavior obtained from the analysis.
Material-property measurements needed in the flow analysis
have also been performed.

II. A NALYSIS

A. Analytical Solutions

If we treat the flow in the chip cavity as one-dimensional
(neglecting complications from the solder in the cavity),
Newtonian and isothermal, we can develop analytical solutions
for the flow during the encapsulation process. The geometry
for this problem is shown in Fig. 1, for which the pressure
drop can be calculated from the following equation (for fully-
developed channel flow)

(1)

where is the pressure drop from the flow entrance to the
current location of the melt front (), is the viscosity of
the fluid, is the average velocity, andis the gap thickness
of the cavity.

In the case of encapsulation based upon the injection
process, will be controlled by the injection mechanism.
Typically, will be maintained constant or else varied in
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Fig. 1. Schematic of encapsulant flow in the cavity between chip and board.

order to maintain a constant flow rate. On the other hand, in
the case of dispensing, the driving force is due to the surface
tension at the melt front which is given by

(2)

where is the coefficient of surface tension, is the radius
of curvature of the melt front, and is the contact angle.

If (or ) is constant in time, (1) can be solved
for to yield

(3)

where is the time measured from the start of the flow at
the entrance. This equation shows that the advancement of
melt front is proportional to the square root of time. This is
consistent with the experimental results from [8], where the
melt-advancement distance is measured versus time. From (3),
we can calculate the fill time required to encapsulate a chip
of length , namely

(4)

It can be seen from this equation that fill time is proportional
to the square of chip length, proportional to the viscosity
and inversely proportional to the pressure drop (or surface
tension). Further, the fill time is inversely proportional to the
square of cavity thickness in the injection case and inversely
proportional to the cavity thickness in the dispensing case.

The above equation assumes that, for the dispensing case,
the contact angle is constant (that is, the contact angle es-
tablishes an equilibrium value as soon as the encapsulant
enters the gap in the chip and keeps that value throughout the
flow). However, Schonhornet al., [10] measured the contact
angle versus time using several polymers on various substrates
and found that the contact angle starts from some initial
angle (typically close to 90) and slowly develops toward an
equilibrium value. In particular, Newman [11] suggested the
following equation to describe the time dependence of contact
angle

(5)

where

(6)

(7)

in which is the contact angle at time, is the initial
contact angle, is the equilibrium contact angle, and is
a constant which depends on the surfaces in contact with the
encapsulant. Using this time-dependent contact angle, the fill
time can be calculated by

(8)

which has to be solved iteratively due to the nonlinear depen-
dence on .

In addition, the shear rate at the wall for Newtonian flow
in a rectangular cavity can be calculated from the following
equation (neglecting side walls and assuming constant flow
rate)

(9)

where is the volumetric flow rate and is the width of the
rectangular cavity.

B. Numerical Analysis

For a rigorous and more accurate analysis (taking into
account such complicating factors as non-Newtonian flow,
nonisothermal effects and the existence of solder in the cavity),
we need to employ a numerical simulation for the flow in the
cavity. In current industrial practice, the particle size in the
encapsulant (typically 20 m) is not negligible compared to
the cavity thickness (typically 100m). Therefore, it would be
more accurate to model the physics in terms of suspension or
granular flow [12] which, however, would greatly complicate
the analysis when applied to the encapsulation process. As
a compromise and simplifying approximation, we propose
to use the following continuum approach based on viscosity
measured under comparable flow conditions. In particular, if
the thickness of the cavity is very small compared to the width,
and the inertia effect is small compared to the viscous effect,
we can use the Hele–Shaw approximation [13], [14]. This will
be appropriate as long as the distance between adjacent solder
locations is large compared to the cavity thickness. Under these
assumptions, we obtain

(10)

(11)

(12)

(13)
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where , and are the velocity components in the ,
and directions, respectively (wherecorresponds to the gap
direction). Also, is the pressure, the temperature, andthe
degree of cure. Further, is the density, the heat capacity,

the thermal conductivity, and the heat generation due to
curing. In the above equations, (10) is the continuity equation,
(11) and (12) are the force balance in theand the directions,
and (13) is the energy equation. These equations have to be
solved together with a curing-kinetics equation. One example
of such curing kinetics is that due to Kamal [15] which will
be described later. The above equations are solved as in [14].

Together with the above equations, appropriate boundary
conditions have to be used. In the case of capillary-driven
flow, the boundary conditions on pressure will be

At the inlet:

(14)

At the melt-front:

(15)

where is atmospheric pressure. In the above equation,
can be assumed to be constant or else variable as in (5).

In the case of injection encapsulation, the driving force due to
capillary force is typically negligible compared to that due to
applied pressure, and the boundary conditions on pressure are

At the inlet:

(applied pressure) (16)

At the melt-front:

(17)

At the solid boundaries in the – plane, the boundary
condition on pressure will be

(18)

which corresponds to zero normal velocity (i.e., impermeable
boundary). Boundary conditions on the temperature and degree
of cure are given by prescribed values at the entrance. The
mold wall is given a fixed temperature. No conditions at other
boundaries will be enforced on the temperature or degree of
cure.

III. EXPERIMENT

A. Material Characterization

Some material properties of the encapsulant are needed to
analyze the flow. Material properties tested in this paper are
viscosity, curing kinetics and surface tension. The encapsulant
used in the present investigation is Hysol FP4510 from Dexter
Corporation, Industry, CA.

1) Viscosity: The rheology of the encapsulant has been
measured with a Rheometrics mechanical spectrometer (RMS)
as a function of temperature, shear rate, degree of cure and gap
thickness. Parallel plates with a diameter of 50 mm were used
in the oscillatory mode. Because the cavity thickness between
the chip and the board is very small (about 100m), and the

(a)

(b)

Fig. 2. (a) Viscosity versus shear rate measured for Hysol FP4510 at three
temperatures, (b) yield stress and factor K in (19) obtained from (a) at three
temperatures.

typical particle size (diameter) in an encapsulant is about 20
m, the gap thickness in the rheological measurement should

be comparable to the actual cavity thickness in the chip. The
measured rheological results are shown in Fig. 2. Fig. 2(a)
shows the viscosity dependence on shear rate at different
temperatures. The gap thickness is 0.2 mm with maximum
strain of 100%. The extended Cox–Merz relation [16] has
been used to convert the dynamic viscosity to the steady-shear
viscosity. This figure suggests that the material exhibits a yield
stress at low shear rates and a power-law behavior at high
shear rates. Therefore, the viscosity dependence on shear rate
can be represented by [17]

(19)

where is the viscosity, the shear rate, the shear stress,
the yield stress, and & are curve-fitting parameters.

The values of and at different temperatures are shown
in Fig. 2(b) which have been obtained from Fig. 2(a). In turn,
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(a)

(b)

Fig. 3. (a) Viscosity change when the sample is heated at 5�C/min, starting
at room temperature, with frequency of 25 rad/s and strain of 100% and (b)
same plot as (a) but with the x-axis changed to degree of cure as described
in text.

and can be related to temperature by

(20)

(21)

where , and are curve-fitting parame-
ters. (The values for these various parameters are listed later
in Table I.)

Fig. 3(a) shows the viscosity change with time when the
temperature of the sample increases linearly with time at 5
C/min, starting at room temperature. The shear rate used

was 25 s . This figure shows an initial decrease in viscosity
due to temperature rise until curing becomes important with
corresponding rise in viscosity. The viscosity in Fig. 3(a) can
be related to the degree of cure of the sample by using
the curing-kinetics data measured by differential-scanning
calorimetry as described below. The results thus obtained
are shown in Fig. 3(b). In turn, the cure dependence of the

(a)

(b)

Fig. 4. Viscosity versus shear rate measured with different gap thicknesses
at room temperature and maximum strain of 100% and (b) viscosity (Pa-s)
dependence on gap thickness at a fixed shear rate obtained from (a).

encapsulant viscosity can be fitted by the following equation
due to Macosko [18]

(22)

where is the degree of cure and are curve-
fitting parameters.

Fig. 4(a) shows the viscosity measured with different gap
thicknesses. These data were obtained at 27C and the
gap thickness was varied between 0.15 and 0.4 mm. These
results indicate that the viscosity decreases with decreasing
gap thickness (it will increase again when the gap thickness
approaches the particle size). Fig. 4(b) shows the viscosity
at a fixed shear rate and temperature at different thicknesses
obtained from Fig. 4(a). In turn, this suggests the following
relation between viscosities measured at different thicknesses

(23)

where is the viscosity at a reference thickness and
are constants. This equation should apply when the gap
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Fig. 5. Curing kinetics of Hysol FP4510 at two different constant heating
scanning rates, 5 and 10�C/min.

(a)

(b)

Fig. 6. (a) Contact angle and height of a drop on a substrate and (b) one
example of measured profile of an encapsulant drop on a ceramic substrate.

thickness is larger than the filler size and smaller than some
critical thickness (which is much larger than the filler size).
When the gap thickness is larger than the critical thickness,
the viscosity will be constant.

2) Curing Kinetics: The curing kinetics of the encapsulant
have been determined using a Differential Scanning Calorime-
ter (DSC). Corresponding results are presented in Fig. 5 which
shows the degree-of-cure of specimens measured under two
different scanning rates (5 and 10C/min), starting at 40 C.
The results, in turn, have been fitted using [15]

(24)

(25)

(26)

(a)

(b)

Fig. 7. (a) Contact angle and height of drop measured on ceramic substrate
at various temperatures and (b) surface tension of FP4510 on ceramic substrate
obtained from (28) based on measured contact angle and drop height.

3) Surface Tension:Surface-tension values were obtained
by measuring the equilibrium shape of encapsulant droplets
[see Fig. 6(a)]. In particular, a specimen of encapsulant was
dropped on a substrate surface. Once the drop reached equilib-
rium shape, the drop was cured in order to solidify the shape.
The profile of the drop was then determined by using a three-
dimensional (3-D) measurement system. One example of such
results is shown in Fig. 6(b). From this, the contact angle and
the height of the drop can be measured. Such results are shown
in Fig. 7 which corresponds to the case when the encapsulant
(Hysol FP4510) is dropped on the ceramic surface. The mea-
surements were done at different temperatures, as indicated.

The measured contact angles are shown in Fig. 7(a) from
which it is seen that the contact angle decreases with increase
in temperature. In turn, the contact angle can be fitted to the
temperature by a second-order polynomial

(27)

Corresponding measurements of the height of the drop are also
shown in Fig. 7(a). It is seen that the height also decreases
with increasing temperature.
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TABLE I
MATERIAL PROPERTIESMEASURED FOR HYSOL FP4510 RELATING TO (19)–(27) AND (29)

Viscosity n K00 [Pa-sn] CA CB (K) TG (K) C1 C2

0.916 153.6 18.44 199.6 250 3.671 0.591
�g �y0 [Pa] Ty [K] A B h0 [m]
0.649 0.001 38 2148.6 4.3343 0.3888 1.89E�4

Curing Kinetics H [J/kg] � � A1 [1/s] A2 [1/s] E1 [K] E2 [K]
95 000 1.35 1.36 4.31E5 5.30E7 7.59E3 9.02E3

Surface Tension �0 [N/m] Ã (1/K) �A (�) �B (�/K) �C (�=K2

0.1236 �3.80E-3 17.27 0.1760 �3.76E-4

The surface tension of the drop can be calculated from
the following equation using the measured height and contact
angle [1]

(28)

where is the density of the encapsulant,is the gravitational
constant of the earth, is the height of the drop, andis the
contact angle. The surface tension thus obtained at different
temperatures is shown in Fig. 7(b). In turn, the surface tension
versus temperature can be fitted to

(29)

where and Ã are constants. The fitted result is shown as
the dashed line in Fig. 7(b). Such measurements were also
done on a silicon surface, with similar results. It is noted that
the present encapsulation experiments were conducted with a
chip on a ceramic substrate such that one side of the cavity is
ceramic and the other side is silicon.

The resulting measured properties of Hysol FP4510 are
summarized in Table I (where the constants for the surface
tension are for the ceramic substrate).

B. Encapsulation Experiment

Experiments have been performed to investigate the flow
of encapsulant during the underfill encapsulation process. A
chip from IBM has been used for this purpose, with the
encapsulant being either dispensed or injected at the entrance.
In the injection case, a special mold was made. In both cases,
the encapsulation was conducted using the same grade material
as in Section III-A. Such flow was stopped after a specified
time. The chip was then placed in an oven at about 150C for
3 h to cure the encapsulant, after which the chip was ground
off to inspect the encapsulation layer.

1) Dispensing Encapsulation:
a) Fill-Time Measurement:The fill-time measurements

were conducted at various temperatures. In the actual exper-
iment, dispensing was applied for a certain time after which
all the encapsulant outside the chip cavity was removed. By
examining the melt-front location after curing the encapsulated
chip, the fraction of volume filled during the dispensing time
was determined. The measured fill fraction of volume as a
function of dispensing time is given in Table II.

b) Melt-Front Shapes:Fig. 8(a) shows the encapsulation
layer when the encapsulant was dispensed at the central point
of one edge of the chip (point gate). In this picture, the white
circles correspond to the solder joints whereas the black area

TABLE II
FRACTION OF VOLUME FILLED VERSUS DISPENSING TIME

Temperature (�C) Dispensing time (s) Fraction of volume filled
23 180 0.250
23 600 0.402
23 2700 0.646
50 180 0.676
80 60 0.926

is the encapsulated area. Although dispensed at one point, the
melt-front is seen to be almost flat. Fig. 9(a) shows the melt
front when the encapsulant is dispensed along one entire edge
of the chip (edge gate). In this case, the melt-front in the central
region is seen to lag behind the melt-front in the peripheral
zone.

2) Pressurized Encapsulation:Figs. 10(a) and 11(a) show
the encapsulation layer at different filling levels when the
encapsulant was injected from the central point of one edge of
the chip. By comparing Figs. 8(a) and 10(a), it can be seen that
flow in the solder region is enhanced relative to the peripheral
region in the injection case.

IV. COMPARISON OFEXPERIMENTAL AND ANALYSIS RESULTS

Simulation of the encapsulation process has been performed
using a code based on the methods described in Section II-B.
Fig. 12 shows the geometric model and finite-element mesh
used for the flow simulation of encapsulation of an IBM chip.
Fig. 12(a) shows the geometric model where every solder
insert in the cavity is exactly modeled. Note that there are 401
solders in the current chip. The length of the chip is about 7
mm, the thickness of the cavity is 0.1 mm, the solder diameter
is about 0.16 mm and the clearance between adjacent solder
joints is about 0.09 mm. Fig. 12(b) shows the finite-element
mesh generated based upon this geometric model. Triangular
elements have been used with a finer mesh near the solder
joints because of the complicated geometry in that region. The
total number of elements in this case is 7601 and the number of
nodes is 4439. In the dispensing simulation, the contact angle
at the melt front has been assumed to be either constant or else
dynamic as given by (5). Curvature in the– plane has been
neglected (that is, only the curvature in the thickness direction
has been considered). For the injection case, a constant flow
rate has been assumed.

The values of and for the dynamic-contact-angle
case [in (6) and (7)] have been determined by comparing the
simulated melt-front advancement and experimental melt-front
advancement for one specific run (dispensing experiment at
23 C). The values thus obtained are 17.1 and
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(a)

(b)

Fig. 8. (a) Experimental melt-front shape for dispensing from a point and
(b) corresponding melt-front shape and velocity field (vectors) obtained from
simulation.

1.48 radian (or 84.8), which will be used for the analysis of
other runs as well.

A. Fill-Time Comparison

Time to fill a certain volume fraction of the chip cavity
has been calculated by various methods for the dispensing
case. Table III compares the experimental and calculated fill
times. In the table, “Analytic: Constant” means the fill time has
been calculated using analytic equations with constant contact
angle (4) whereas “Analytic: Dynamic” means the fill time has
been calculated using analytic equations with dynamic contact
angle (8). “Numerical: Constant” is when the fill time has
been calculated using the numerical simulation with constant
contact angle whereas “Numerical: Dynamic” is when the fill
time has been calculated using the numerical simulation with
dynamic contact angle. The same results as in Table III are
shown in Fig. 13.

(a)

(b)

Fig. 9. (a) Experimental melt-front shape for dispensing along an edge
and (b) corresponding melt-front shape and velocity field obtained from
simulation.

It is noted that the fill-time calculation using analytic
equations has been performed in the following steps.

1) The contact angle and surface tension can be obtained
from (27) and (29), respectively, for given temperature.

2) Estimate the fill time.
3) Using this fill time, the shear rate can be calculated from

(9). With this shear rate and temperature, and assuming
zero degree of cure, the viscosity can be obtained from
(19)–(23).

4) With the surface tension obtained from step one and the
viscosity obtained from step three, calculate the fill time
using (4) for constant contact angle and (8) for dynamic
contact angle.

5) With the newly obtained fill time, go back to step three
and iterate steps three through five until convergence. In
the above steps, for partial filling case, use instead
of (where is the fill fraction).
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(a)

(b)

Fig. 10. (a) Experimental melt-front shape for injection from a point (47%
filled) and (b) corresponding melt-front shape and velocity field obtained from
simulation.

As can be seen from the results in Table III (or Fig. 13), the
dynamic-contact-angle assumption gives better results than the
constant-contact-angle assumption. Also, numerical simulation
results are better than the analytical solution results. Another
point that can be noted from this fill-time experiment is
that the fill time heavily depends on the temperature. For
example, between 23 and 50C, the fill time changes by
more than 15 times for a similar fill fraction. There are three
factors that cause this. One is the temperature dependence
of viscosity (viscosity increases with decreasing temperature).
The second is the shear-rate dependence of viscosity. As the
flow slows down with decreasing temperature, the shear rate
decreases which causes further increase in viscosity. This
dependence gets higher in the low-shear-rate range because of
the yielding phenomenon. The third factor is the dependence
of the dynamic-contact-angle development rate on tempera-
ture. As can be seen from (5)–(7), the dynamic-contact-angle

(a)

(b)

Fig. 11. (a) Experimental melt-front shape for injection from a point (78%
filled) and (b) corresponding melt-front shape and velocity field obtained from
simulation.

development rate depends on the factor “” which, in turn,
depends upon both surface tension and viscosity. However,
the viscosity changes more rapidly with temperature than
the surface tension such that “” decreases with decreasing
temperature (because of the increase in viscosity) which causes
a slower development of contact angle [as can be seen from
(5)], making the flow even slower.

B. Melt-Front Shapes

Fig. 8(b) shows the predicted melt-front shape and velocity-
distribution arrows when the encapsulant is dispensed from
one point. Compared with the experimental melt-front shape
shown in Fig. 8(a), which has the same fill fraction as
Fig. 8(b), it is seen that the melt-front advancement in
the solder region is slower in the experiment than in the
simulation.
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(a)

(b)

Fig. 12. (a) Geometric model of chip cavity and (b) finite-element mesh for
flow simulation in the chip cavity.

Fig. 9(b) shows the predicted melt-front shape and the
velocity distribution for the case when the dispensing is
done along one entire edge of the chip. Comparison of the
experimental melt front shown in Fig. 9(a) with this figure
indicates that the melt-front advancement in the solder region
is over-predicted in this case also.

Figs. 10(b) and 11(b) show predictions when the encapsu-
lation is done by injection from the center of one cavity edge.
These figures indicate the melt-front shape for different flow
times. The predicted melt-front shape is seen to be in rea-
sonably good agreement with the corresponding experimental
melt-front shapes shown in Figs. 10(a) and 11(a).

Because the clearance between the solder inserts (0.09 mm)
is comparable to the cavity thickness (0.1 mm), the pressure
calculated from the Hele–Shaw approximation could be inac-

Fig. 13. Experimental fill times and calculated fill times obtained by various
methods for dispensing case.

TABLE III
EXPERIMENTAL AND CALCULATED FILL TIMES OBTAINED BY VARIOUS METHODS

Temp.
(�C)

Fraction
of volume

filled

Measured
fill time

(s)

Analytic
Constant

(s)

Analytic
Dynamic

(s)

Numerical
Constant

(s)

Numerical
Dynamic

(s)
23 0.250 180 9.84 121.4 14.3 176.9
23 0.402 600 27.35 330.0 46.4 597.9
23 0.646 2700 77.47 835.1 161.5 1550
50 0.676 180 17.6 133.6 32.2 168.0
80 0.926 60 8.58 46.6 18.6 61.7

curate, underestimating the flow resistance in the solder joints.
However, the present results indicate that the Hele–Shaw
approach can still give reasonable melt-front predictions for
the injection case. The fact that the current simulation over-
predicts the melt-front advancement in the solder region for
the dispensing case may be due to an over-prediction in the
simulation of the surface tension in the solder region. One
possible reason for this is that the contact angle development
in the solder region may be slower than in the unobstructed
region. For accurate prediction of the surface tension in the
solder region, it would be required to accurately calculate
the curvature of the melt front in the planar and thickness
directions. This would require a 3-D flow analysis; however,
even if such an analysis were available, the complicated
geometry of the solder inserts would require a huge number
of elements, making the calculation intractable. Results from
the current study indicate that the analysis methods developed
in this study can be used to approximately analyze the flow
during the underfill encapsulation process.

V. CONCLUSION

The following can be concluded from this study.

1) The viscosity of encapsulant for flip-chip encapsulation
depends significantly on temperature, shear rate and
degree of cure. It also depends on gap thickness to a
lesser degree.

2) The surface tension of the encapsulant decreases slightly
with increase in temperature.
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3) Dynamic contact angle has to be used to analyze the
flow of encapsulant under dispensing.

4) Hele–Shaw model can be used to approximately analyze
the flow of encapsulant under dispensing or injection.
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