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Abstract— This paper presents three-dimensional (3D) fluid
structure interaction (FSI) technique; using Mesh based Parallel
Code Coupling Interface (MpCCI), for the visualization of wire
sweep during encapsulation of plastic ball grid array (PBGA)
package. The effect of number of mold cavity vents on the melt
flow behavior, wire sweep, and pressure and stress distributions,
are mainly studied. The 3D model of mold and wires are created
using GAMBIT, and the fluid flow and structure are simulated
using FLUENT and ABAQUS, integrated with MpCCI. The
Castro-Macosko model is used to incorporate the polymer
rheology and Volume of Fluid (VOF) technique is applied for
melt front tracking. User-defined functions (UDFs) are
incorporated to allow for curing kinetics. Wire sweep profiles
and pressure distribution around wires region within the mold
are presented. The numerical results of melt front patterns and
filled volume are compared with the previous experimental
results and found in good agreement. It is observed that the
number of vents significantly influence the pressure force
developed inside the mold cavity and the eventual wire sweep; as
the number of vents increases, wire sweep decreases.
Keywords— fluid structure interaction; mesh based parallel
code coupling interface; Castro-Macosko model; Epoxy molding
compound; Volume of fluid; Wire sweep.

I.

INTRODUCTION

The continuous reduction of chip size in the modern
electronic industry has a significant impact on circuit design
and assembly process of IC packages. Reduced chip size with
increased I/O counts result in serious wire deflection during
transfer molding process. If the deformation of wire is too
large, it can cause a short circuit due to touching of adjacent
wires or open circuit due to wire breakage [1]. Wire sweep has
been recognized as one of the major defects in the
encapsulation of microelectronic chips by the transfer molding
process [2], [3]. The prediction of wire sweep during
encapsulation involves coupled solution of mold flow and
structural deformation of wires, making it a typical fluidstructure interaction (FSI) problem [4], [5]. Many researchers
have focused on this issue using various computational
Computer-aided engineering (CAE) techniques.
In all the previous works on wire sweep prediction, the
fluid and structural solvers were run separately and coupled
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manually. As a promising breakthrough in the FSI analysis, the
Mesh based parallel Code Coupling Interface (MpCCI)
technique has recently been introduced for the simultaneous
real time coupling of fluid and structural solvers. The use of a
finite volume flow solver and a finite element structural solver,
coupled through MpCCI was reported for variety of
engineering problems [6] – [8]. However, as far as the authors
are aware, the use of MpCCI for wire sweep analysis and the
study on the effect of number of vents on wire deformation
during the encapsulation of plastic ball grid array (PBGA)
package have not been reported so far. To address this
problem, the finite-volume flow solver FLUENT and the finiteelement structural solver ABAQUS are interfaced by MpCCI.
Polymer rheology model with curing effect (Castro-Macosko
model) is used in the fluid flow model and VOF technique is
applied for melt front tracking of the EMC. The numerical
analysis uses User-defined functions (UDFs) to account for
curing kinetics. Keeping one gate, three configurations of mold
cavity with 2, 4 and 6 vents are simulated. Melt front profiles,
wire sweep, pressure field, and stress distribution on wires, are
analyzed for each case. The proposed model is well validated
by the published experimental results of Yang et al., (2000) [9].
II.

MATHEMATICAL MODEL

A. Fluid Flow Analysis
In the simulation model, the encapsulation process material
and air are assumed incompressible and the governing
equations describing the fluid flow are conservation of mass,
conservation of momentum, and conservation of energy [10].
FLUENT normally solves the governing equations using
Cartesian spatial coordinates and velocity components.
The conservation of mass or continuity equation is:
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑖𝑖𝑖𝑖

(𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 ) = 0

(1)

Eq. (1) is the general form of the mass conservation equation
and is valid for incompressible and compressible flows.
Conservation of momentum in ith direction in an inertial (non
accelerating) reference frame is described by:
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𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 ) +

𝜕𝜕𝜕𝜕

�𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 𝑢𝑢𝑢𝑢𝑗𝑗𝑗𝑗 � = −

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑖𝑖𝑖𝑖

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑖𝑖𝑖𝑖

+

𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏 𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑗𝑗𝑗𝑗

+ 𝜕𝜕𝜕𝜕g 𝑖𝑖𝑖𝑖 + 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖

(2)

where, P is the static pressure, τij is the viscous stress tensor
and gi and Fi are the gravitational acceleration and external
body force in the i direction, respectively.
The energy equation cast in terms of h (static enthalpy) can
be written as,
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(𝜕𝜕𝜕𝜕ℎ) +

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑖𝑖𝑖𝑖

(𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 ℎ) =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑗𝑗𝑗𝑗

(𝑘𝑘𝑘𝑘

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝑖𝑖𝑖𝑖

) + 𝜂𝜂𝜂𝜂𝛾𝛾𝛾𝛾̇

(3)

where T is the temperature, k is the thermal conductivity, η is
the viscosity and γ̇ is the shear rate. The molding compound
was assumed to be a generalized Newtonian fluid (GNF).
Several models have been used to predict the relationship
between viscosity and the degree of polymerization. The
Castro–Macosko model has been applied in encapsulation
process [8] and is selected to use in this simulation. It can be
described as follows:
𝜇𝜇𝜇𝜇(𝜕𝜕𝜕𝜕, 𝛾𝛾𝛾𝛾̇) =

𝛼𝛼𝛼𝛼 g 𝐶𝐶𝐶𝐶 +𝐶𝐶𝐶𝐶 𝛼𝛼𝛼𝛼
𝜇𝜇𝜇𝜇 0 (𝜕𝜕𝜕𝜕)
(
)1 2
𝜇𝜇𝜇𝜇 (𝜕𝜕𝜕𝜕)𝛾𝛾𝛾𝛾̇
1+( 0 ∗ )1−𝑛𝑛𝑛𝑛 𝛼𝛼𝛼𝛼 g −𝛼𝛼𝛼𝛼
𝜏𝜏𝜏𝜏

(4)

where n is the power law index, μ0 the zero shear rate
viscosity, τ* is the parameter that describes the transition
region between zero shear rates and the power law region of
the viscosity curve, γ˙ is the shear rate, α is the conversion, αg
is the conversion at the gel point and C1 and C2 are fitting
constants.
𝜕𝜕𝜕𝜕

𝜇𝜇𝜇𝜇𝑜𝑜𝑜𝑜 (𝜕𝜕𝜕𝜕) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑥𝑥𝑥𝑥𝐵𝐵𝐵𝐵 � 𝑏𝑏𝑏𝑏 �

(5)

𝜕𝜕𝜕𝜕

B is an exponential-fitted constant and Tb is a temperature
fitted-constant. In addition, Kamal curing kinetics is coupled
together with Castro–Macosko model. This model predicts the
rate of chemical conversion of the compound as follows:
𝑑𝑑𝑑𝑑𝛼𝛼𝛼𝛼
𝑑𝑑𝑑𝑑𝜕𝜕𝜕𝜕

and

= (𝑘𝑘𝑘𝑘1 + 𝑘𝑘𝑘𝑘2 𝛼𝛼𝛼𝛼 𝑚𝑚𝑚𝑚 1 )(1 − 𝛼𝛼𝛼𝛼)𝑚𝑚𝑚𝑚 2
𝐸𝐸𝐸𝐸

(7)

𝐸𝐸𝐸𝐸

(8)

𝑘𝑘𝑘𝑘1 = 𝐴𝐴𝐴𝐴1 exp(− 1 )
𝜕𝜕𝜕𝜕

𝑘𝑘𝑘𝑘2 = 𝐴𝐴𝐴𝐴2 exp
(− 2 )
𝜕𝜕𝜕𝜕

(6)

where α is the conversion, A1 and A2 are the Arrhenius preexponential factors, E1 and E2 are the activation energies, m1
and m2 are the reaction orders and T is the absolute
temperature. TABLE I summarized the material properties of
the EMC considered in the current study.
The basic idea of the VOF scheme is to locate and evolve
the distribution of, say, the liquid phase by assigning for each
cell in the computational grid a scalar, f, which specifies the
fraction of the cell's volume occupied by liquid. Thus, f takes

the value of 1 (f = 1) in cell which contains only resin, the
value 0 (f = 0) in cells which are void of resin, and a value
between 0 and 1 (0 < f < 1) in “interface” cells or referred as
the resin melt front. The equation of melt front over time is
governed by the following transport equation:
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

=

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝑢𝑢𝑢𝑢𝜕𝜕𝜕𝜕) = 0

(9)

TABLE I. EMC MATERIAL PROPERTIES [11].
Parameter
Value
Unit
Castro Macosko
αg
0.17
B
Model
0.000381
Kg/m/s
Tb
5230
K
0.7773
n
0.0001
N/m2
τ
1.03
C1
1.50
C2
Curing Kinetics

1.21
1.57
33530
30540000
7161
8589
0.05
2000
1079

1/s
1/s
K
K
Kg/m3
J/Kg-K

-

0.97

W/m-K

T

298

K

m1
m2
A1
A2
E1
E2
α
ρ
Cp

Density
Specific Heat
Thermal
Conductivity
Reference
Temperature

B. Wire Sweep Analysis
To calculate the drag force exerted on the wires by the resin
flow, the value of velocities and viscosities have to be
determined from the mold filling simulation. The effect of wire
density on the resin flow is considered according to their
occupied volume in the three dimensional filling simulation.
Then, the Lamb’s model is utilized to calculate the drag force
as follows [1]:
𝐷𝐷𝐷𝐷 =

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝜕𝜕𝜕𝜕 𝑈𝑈𝑈𝑈 2 𝑑𝑑𝑑𝑑
2

(10)

where D is the drag force per unit length, ρ is the fluid density,
U is the undistributed upstream velocity, d is the wire
diameter and CD is the drag coefficient, which can be written
as:
𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 =

8𝜋𝜋𝜋𝜋

(11)

𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵 [2.002 −ln (𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵)]

where Re is the Reynold number, which can be defined as:
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵 =

𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑
𝜂𝜂𝜂𝜂

(12)

where η is the fluid viscosity.
Wire sweep deflection δ can be written as [12]:
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𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻 3

𝛿𝛿𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥 = 𝑆𝑆𝑆𝑆 ∗ 𝐷𝐷𝐷𝐷 �𝜕𝜕𝜕𝜕𝐵𝐵𝐵𝐵 � �
𝐿𝐿𝐿𝐿

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝐻𝐻𝐻𝐻

+ 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 � �
𝐿𝐿𝐿𝐿

𝐿𝐿𝐿𝐿3

𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵

�

(13)

where S is the length of the wire bond, fB is the bending
geometry factor for the bending moment, fT is the twisting
geometry factor for the twisting moment, H is the height of
wire, L is the length of wire span, G is the shear modulus of
wire, E is the elastic modulus of wire, I is the momentum of
inertia of the wire, Ip is the polar momentum of inertia of the
wire.
III.

SIMULATION MODEL

A. Simulation Model and Boundary Conditions in FLUENT
The volume of fluid (VOF) model in FLUENT 6.3.26 is
utilized to simulate the process [13] – [15]. In the VOF model,
a single set of momentum equations is shared by the fluids,
and the volume fraction of each of the fluids in each
computational cell is tracked throughout the domain [15]. Air
and EMC are defined as the phases in the analysis. Implicit
solution and time dependent formulation are applied for the
volume fraction in every time step. The volume fraction of the
encapsulation material is defined as one and zero value for air
phase.
The Castro-Macosko viscosity model with curing effect
was written into C language using Microsoft VISUAL Studio
2005 and compiled as UDF in FLUENT. The mold cavity
package models with different number of vents, and its
boundary conditions are shown in Fig. 1. The dimension of
mold cavity is 100 mm × 100 mm × 5 mm, die is 30 mm × 30
mm × 1mm and inlet is 8 mm × 8 mm [16]. The flow direction
is diagonal of x and z direction to the un-deformed wire axis
and the properties are approximately the same as those used in
ref. [16]. The model is created by using GAMBIT software and
average 395,000 tetrahedral elements are generated for
simulation (Fig. 2) in terms of accuracy and computational
cost. Besides, time step size is also tested and 0.001 s is found
to be the optimum. The governing equations are discretized by
the first order upwind scheme, and solved by SIMPLE
algorithm.

Fig. 1 (b)

Fig. 1 (c)
Fig. 1. Mold cavity models with: (a) 2 vents (b) 4 vents and (c)
6 vents.

Fig. 2. Meshed model with 2 vents for FLUENT analysis.
The boundary and initial conditions used in the calculation are
as follows [15]:
𝜕𝜕𝜕𝜕𝐵𝐵𝐵𝐵
(a) On wall : u = v = w = 0; T = Tw, = 0
(b) On centre line :

𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

=

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

=

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(c) On melt front : p = 0
(d) At inlet : u = uin(x,y,z); T = Tin

=

𝜕𝜕𝜕𝜕𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

=0

Fig. 1 (a)
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The mold temperature was considered as 175oC and the
package inlet velocity was 0.6 m/s. The simulation is
performed on an Intel Core 2 Duo processor E7500, 2.93 GHz
with 2 GB of RAM; it took around 74 hours for each case to
complete 15,000 iterations in time steps of 0.001s.

B. The computational domain and boundary conditions in
ABAQUS
Commercial FEM based software; ABAQUS is use in this
study to calculate the wire deformation. The structures of the
wires are imported from GAMBIT in ACIS ‘.sat’ format. The
dimensions of the gold wire used in this study are chosen
according to the model of Yang et al., (2000). The wire (Fig.
3) has a span, L = 20 mm, height H = 3.5 mm and diameter d
= 0.14 mm. The wire is divided into 10,191 tetrahedral
elements as shown in Fig. 4. The shape of the wire is also
classified as typical Q-auto loop wire [17]. The ball bond
boundary conditions of wire are set as fixed in ABAQUS and
shown in Fig. 5. The wire mechanical properties are as
follows: elastic modulus, E=50 GPa [18], density, ρ=1800
kg/m3, Poisson’s ratio, ν = 0.42 and reference temperature,
T=175°C.

are changed only moderately when they are prepared for
coupling via MpCCI (Fig. 6).

Fig. 5. Boundary condition of wires in ABAQUS [19].

Fig. 6. FLUENT and ABAQUS coupling simulation process
[20].
IV.
Fig. 3. Wire specifications.

Fig. 4. Meshed wire for ABAQUS analysis.
C. Mesh based Parallel Coupling Code Interface (MpCCI)
MpCCI is a software library which enables the exchange
of data defined on meshes of two or more simulation codes in
the coupling region. Since the meshes need not match point by
point, MpCCI performs an interpolation and, in case of
parallel codes, keeps track of the distribution of the domains
onto different processes [7]. In this way, the intricate details of
the data exchange are hidden behind the concise interface of
MpCCI. As a consequence, the simulation codes themselves

RESULT AND DISCUSSION

A. Model Validation
The present simulation results of fluid flow (for 2 vents
case) are validated with the experimental results of Yang et
al., (2000) [9] who investigated the flow behavior of epoxy
resin (D.E.R.331, Dow Chemical).
Fig. 6 shows the
comparison of predicted and experimental flow profiles of the
PBGA encapsulation process from 4 to 10 s of filling. The
simulation results show separate profiles for wire sweep and
EMC filling, at various stages of filling. The predicted EMC
flow profiles show good agreement with the experimental
results, at all time steps. Wire displacement phenomenon is
observed when the EMC flow around the wire region. The
EMC volume versus filling time for the simulation and the
experiment is also plotted and compared as in Fig. 7; the
maximum discrepancy is found about 6.7 %.
Further, the wire deformation is validated with analytical
method proposed by Kung et al. (2006) [21]. The comparison
of simulation and analytical results [21] of wire deformation
for wire 4 in x-direction is shown in Fig. 8. The analytical
calculation refers to eq. (13) with fB = 0.165, fT = 0.00165 and
H/L = 0.175. The average deviation at maximum displacement
(after 9 s) is found to be 6.5 %. The results demonstrate good
quantitative agreement.

B. Melt Front Profile
First of all the effect of number of vents on the melt front
profile is visualized for various stages of filling, as presented
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in Fig. 9. It is observed that the melt flow pattern follows
almost similar trend in all the cases; this indicates that the melt
front advancement is not significantly influenced by the
number of vents.

Fig. 8: Comparison simulation and analytical results [21] of
wire deformation for wire 4 in x-direction (2 vents case).

Fig. 6. Comparison of simulation and experiment [9] for wire
deformation and EMC flow profiles (2 vents case).

Fig. 9. Melt front profiles of three cases at various filling
stages.

Fig. 7. Comparison of EMC filled volume for experiment [9]
and simulation (2 vents case).
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C. Wire sweep
Fig. 10 illustrates the phenomenon of wire deformation,
predicted by ABAQUS. The magnitude of wire deformation
for each wire is also estimated and plotted as shown in Fig. 11.
It is clear that the wires 1 and 4 are significantly deformed
compared to wires 2 and 3, in all the cases. At the same time,
it is worth noting that, as the number of vents increases, the
sweep tendency decreases, presumably due the reduced
pressure force inside the cavity.

Proceeding of the 15th International Conference on QIR (Quality in Research) ISSN 1411-1284

a)

2 vents

D. Void occurrence
It has been shown in the previous sections that increasing
the number of vents could reduce the wire sweep. However, it
would be interesting to study the limiting factors of increasing
the vents for a given mold cavity and number of gate. Thus in
the present study, an attempt is also made to observe how the
number of vents influence the development of voids during the
encapsulation process. Fig. 12 shows the melt front profiles
showing the void locations for various cases, and Fig. 17
shows the graphical comparison of the respective percentages
of voids. It is observed that, as the number of vents increases,
the void formation increases significantly; this apparently
imposes restriction on the number of vents. However, as is
clear from Fig. 16, since the voids are situated near the walls,
and the wire zone is not affected, the increased number of
vents does not presumably pose significant threat on the
quality of mold filling.

b) 4 vents

c) 6 vents
Fig. 10: Illustration of wire sweep predicted by ABAQUS.

Fig. 12: Mold filling contours for various cases after 15s,
showing voids.

V.

Fig. 11. Comparison of deformation of wires 1-4 for all the
cases.

CONGCLUTION

The coupled three dimensional FLUENT-ABAQUSMpCCI facility was successfully employed to study the effect
of number of vents on wire sweep during the encapsulation of
a typical PBGA package. The major contributions in this work
are the use of MpCCI, and the investigation of the effect of
number of vents on wire sweep. Unlike the conventional
manual coupling of flow and structural simulations, the
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MpCCI made the present FSI analysis more effective, userfriendly and accurate. The wire sweep and melt front profiles
were compared with the previous experimental results and
found in good agreement. It was observed that the number of
vents had crucial influence on wire sweep which decreased
with increase of vents. Further, the analysis of Von-Mises
stress showed that the potential fracture of wires due to
excessive stresses could be eliminated by the increase of
number of vents. This study may be improved by considering
the optimization of number of gates and vents, and their
locations. Precise experiment on realistic packaging
environment is also recommended to substantiate the present
predictions.
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Fig. 17: Voids percentage in various cases after 15s.
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