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Abstract

This paper presents the computational of two-way fluid structure interaction technigue by using
Mesh based Parallel Code Coupling Interface for the visualization of wiresweep in the electronics
packaging. Polymer rheology models with Castro-Macosko model have been used in the fluid flow model
and Volume of Fluid technique was applied to melt front tracking of the fluid. The numerical analysis used
User-Defined Function to allow curing kinetic model. Wiresweep profiles and pressure distribution within
the mold are presented. The numerical results of melt front patterns and filled volume were compared with
the previous experimental results and found in good agree ment.

Keywords: Fluid Structure Interaction, MpCCl, Castro-Macosco model, Epoxy Molding Compound,
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1. Etroduction

Nowadays, the electronics industry could offer their product in a compact size but also
give more functionality, better performance and lower cost. It is widely used in applications
Ekcluding computing, communications, biomedical, aut@hotive, military, and aerospace [1]. The
exposure to Eoisture and mechanical stresses in varying temperature and humidity
environments can be highly detrimental to electronic devices, whichhay lead to device failures.
Therefore, several encapsulation methods had been employed to protect the Elevice from
mechanical and chemical hazards, and thermal path for heat dissipation. Besides, it is essential
that the electronic devices be packaged for protection from their intended environment. The
design, fabrication and encapsulation of the package has become increasingly complex and
challenging owing to increased numbéf@f components and performance for miniaturization and
aimed at lowering costs [2-4]. Thus, it #¥éy lead to the unintended features or defects during the
encapsulation procgs, such as wire sweep.

Generally, wire bonding is the one of the principal ways to connect the sEfon chip to
the leadframe in the IC (Integrated Circuit) encapsulation process. Typically, the wire bonding
process uses gold or aluminum wire to connect the die pads with the leadframe. Other
packaging methods, such as flip chip, use tin-lead or lead free solder bump as an
interconnection between the chip and substrates. The purpose of this process is to establish
electrical interconnections for signal and power transfer. DuringEhe encapsulation process by
using the transfer molding method, the fragile gold wire bonds are subjected to floE)stresses
from the molding compound [5, 6]. The flow stress induced from molding compound can cause
the leadframe and the wire bon@}o permanently deform from their original geometry. The large
displacement of a bonding wire can result in a package failure; either short circuits [3, 5-7], due
to contact between adjacent wires or open circuit due to a broken wire [6]. Wire deformation can
{RAteriorate electrical connection [5] even if the displacement is not so severe. It also affects the
mechanical performance of the device, which will shorten its lifetime. Hence, it is crucial to
minimize the wire-sweep deformation during the encapsulation process. 39

Wire sweep is the displacement or deformation of the wire loop, which may lead defect
in plastic integrated circuit (IC) packages and becomes critical in high-density packages.
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Several factors such as h.igh resin viscosity [3, 8], high velocity [5, 6], unbalanced flows in the
cavities cause paddle or lead frame movement [5], loop profile (bond height, bon span) [3-5],
[7], [9-10], wire density [6-8], [11], wire diameter and mechanical properties [7] should be
concerned during the encapsulation process. In the industry, to minimize the wire sweep always
[Bolves modification of physical design (i.e., leadframe, mold, and device layout), selection of
molding compound and process parameter control based on experience and trial-and-error.
These are costly and time-consuming practices. Therefore, the computational simulation
method is essential, which could effectively resolve and minimize the problem [12] of wire
sweep.

Some studies had been conducted to predict and improve the wire deformation during
the molding process in a few years ago using software without considering online and real-time
simulation for both fluid and solid analysis; and so far, the usef§) MpCClI code coupling is still
lacking in wire deformation analysis. Yang et al. [13] developed two-way coupling computational
technique betw@Ed the separately computed flow and structural solution by using SIMPLEC
algorithm. The two-way coupling b&&een the flow field solution and the structural dynamic
solution established by applying tHfE®qual and opposite load imposed by the fluid on the beam,
and by the beam on the fluid. The case studied here represent{{E}12-leaded TO-220 component
with a heat spreader. S. Yigit et al. [14] investigated the efficiency and accuracy of grid
mofBhent methods for a typical fluid-structure interaction configuration, which used FASTES
for finite-volume flow §E¥er, and FEAP for finite-element structural solver and the coupling
interface MpCCI. The evaluation of efficiency and accuracy is based on computation times,
number offfbupling steps, structural displacements and swiveling frequencies. This method
applied to a thin elastic structure, including one rotational degree of freedom fixed in a laminar
channelpw.

Numerical simulation of fluid-structure interaction problem using MpCCl has been
reported by F. Thiriafai and P. Geuzaine [15], who developed a computationally efficient
methodology for the simulation of nonlinear FSI problem in order to perform aeroelastic
simulations. B. Gatzhammer et al. [16] presented the coupling environment precise code
interaction-coupling environment, which provides a black box solution for surface coupling to the
tasks, mentioned before and serves as a basis for the development of new coupling features.
This report showed FS| scenarios simulated with fixed-grid fluid solver. Basic idea,
implementation details and application of MpCCl as a tool for the coupling of different simulation
codes were reported by W.Joppich et al. [17] and A. Scheiber[18]. They described that, the
main goal of MpCCl is to deliver a library that is easy to use for more or less loosely coupled
simulation code. The program is executable and integrated into a new program with each of the
original main programs then used as a subroutine. In recent years, the wire sweep analysis in
the transfer molding and compression molding was reported by Han and Costa [19] based on
the industrial case. Besides, Ali et al. [20] investigated the wire sweep characteristics on various
wire locations, mold flow direction, wire length, wire pitches and wire angles on Low Quad Flat
Packages (LQFP). They found that wires around the corner region exhibited higher wire sweep
percentage.

The wire deformation phenomenon involves the interaction between fluid and solid wire.
Various methodologies for wire sweep analysis had been introduced to get better prediction and
matching the experimental results. A forementioned, major wire bonding analysis was carried
out separately for the fluid flow and the wire deformation analysis by using differefiJsoftware.
Therefore, in the present study, a real-time simulation analysis and validation haveEjeen
considered in PBGA [21] encapsulation process and prediction of wire sweep. A %e-
dimensional computational technique for wire sweep prediction in encapsulation process using

sh based Parallel Code Coupling Interface method was introduced. This method utilizes the
finite-volume flow solver FLUENT [22, 23] and the finite-element structural solver ABAQUS [24]
and which are coupling interfaced by MpCCIl. The coupling process was simulated online and
exchanged the node of mesh position in the software. This coupling simulation method
improves accuracy and provides the realistic behavior of fluid flow and wire sweep.
Therefore, the present study is expected to contribute the valuable information and reference to
the engineer in the microelectronic industry.
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2. Mathematical Model
2.1. FIJiEJAnalysis

In the simulation model, the encapsulation material and air are assumed
incompressible. The governing equations describing the fluid flow are conservation of mass,
conservation of momentum and conservation of mass, conservation of momentum and
conservation of energy. FLUENT normally solves the governing equations using Cartesian
spatial coorfflhates and velocity components [2].

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 appli§ll by W.R Jong et al. [11], Nguyen
et al. [23] and is selected to use in this simulation. Table 1 summarized the material properties
of the EMC considered in the current simulation.

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 the 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:

dF

ar
=TV (wF) =0 (1)

(10,
Table 1. Material properties of EMC used in the mold filling analysis [24]

Parameter Value Unit
Castro Macosko Model ty 017 -
B 0.000381 Kg/m/s
Ts 5230 K
n 0.7773 -
T 0.0001 N/im?
C, 1.03 -
1.50 -
Curing Kinetics my 1.21 -
m; 1.57 -
Ay 33530 /s
Az 30540000 /s
E, (10 K
E; 8580 K
a 0.05 -
Density ] 2000 Kg/m3
Specific Heat Cp 1079 JIKgK
Thermal Conductivity - 0.97 Wim-K
Reference Temperature T 298 K

2.2 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. Then, the Lamb’s model
is utilized to calculate the drag force as follows [6, 8 and 24]:

2
D= CDpZU d (2)

3
Where D is the drag force per unit length, p is the fluid density, U is the undistributed upstream
velocity, d is the wire diameter and Cj, is the drag coefficient, which can be written as:

8
Co = Fefamoz e ®

Where Re is the Reynold number, which can be defined as:

-
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The shape of the wire as also classified as typical Q-auto loop wire bond [3]. The wire
mechanical properties are as follows: elastic modulus, £=50 GPa [26], density, p=1800 kg/m”®,
Poisson's ratio, v = 0.42 and reference temperature, T=175°C.

3.3. Code Coupling with MpCCI

MpCCI nowadays is the most widely used software for the coupling of several codes.
The MpCCl works quite well for a fixed pair of codes [27]. MpCClI 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, MpCCl performs an
interpolation and, in case of parallel codes, keeps track of the distribution of the domains onto
different processes [15]. In this way, ¥ intricate details of the data exchange are hidden behind
the concise interface of MpCCI. The design of MpCCI was driven by the demand for creating a
general library for coupling of any simulation code to another [16]. The basic concepts of MpCCI
are [28]: loose coupling between codes, minimal source code changes, minimal knowledge of
the other codes, support for sequential, distributed, parallel execution, and portability.

The MpCCI library provides neighborhood search and various types of interpolation
[17]. All kinds of coupling areas such as lines, surfaces, and volumes are supported.For the
communication between the involved codes, message passing interface (MPI) is used [18]. For
parallel simulation codes MpCCI guarantees the separation of the internal and external code
communication. MpCCI offers easy to use concepts for implementation of different coupling
algorithms. Additionally, MpCCl provides useful control facilities like convergence checks,
debuggiif} and monitor facilities.

At the interface between fluid and structure have some mapping of data between two, in
general non-matching grid. In the MpCCI concept, this mapping is done directly from one solver
to the other with the help of either given library routines. This implies that each solver has to
know the grid of the other solver and, thus, inhibits the exchange of one solver without changing
the cod@Xl the other one.

Running a co-simulation with MpCCI require the process given in [29]. There are four
Eleps of the complete co-simulation. The first, preparation of model files, the second, the
definition of the coupling process, the third, running the co-simulation and the fourth, post
processing. The each domain modeled separately and created for each simulation code. The
models contain a definition of the coupling region. Simulation codes, corresponding model file
and the coupled region, quantities and a coupling algorithm must be selected. This step is
completely supported by the MpCCl GUI. After starting the MpCCI server, both coupled codes
are started. Each code computes its part of the problem while MpCCI controls the quantity
exchange. After the co-simulation, the results can be analyzed with the post-processing tools of
each simulation code, with the FLUENT and ABAQUS visualizer.

For the fluid structure coupling an implicit portioned approach is employed. After the
initializations the flow field is determined in the actual flow geometry. From this, the friction and
pressure forces on the interacting walls are computed, which are passed to the structural solver
as boundary conditions. The structural solver computes the deformations, with which then the
fluid mesh is modified, before the flow solver is started again.

4. Result and Discus&ion
The detail of melt front advancement for PBGA package has been simulated by
ENT 6.3, and the observation of wire deformation phenomena in the ABAQUS software
during the encapsulation process.The effect of multiple inlet gates was investigated in the
current study. Figure 5 shoff#§ the melt front profile of different inlet gates to the wire sweep in
the cavity. In Figure 5, the numbefEPf inlet gates influences the filling pattern of the
encapsulation flow. Increasing of the number of inlet gates is minimizing the filling time. As
reported byfP8hor et al. (2011) [30], increased of the inlet gate had raised the pressure
distribution within the cavity during the encapsulation process. Besides, the intdGbtion of two
separating flows also creates the knit line, which may increase the tendency of void formation
during the encapsulation process. In their studies, they only focused on the fluid flow analysis
for a Thin Quad Flat Packages (TQFP). Therefore, the multi-inlet gate was considered in the
current study by focusing on the wire sweep phenomenon to fill their research gap.
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All wires were deformed when the two inlet gates located opposite to each other. Table 2
summarizes the percentage difference of maximum wire deflection compared to one inlet gate
(case a) encapsulation process. From the analysis, the increase in inlet gate has raised the
maximum wire deflection around 43 to 120%. From the simulation results, more inlet gates
yielded shorter filling time, but caused higher wire deformation. In the manufacturing aspect,
shorter filling time may minimize the production cost, but with higher wire deflection may yield
higher product rejection rate. Therefore, to control the filling time without sgfififice the
reliability of the IC package, the design of IC package is significant to minimize the wire sweep
during the encapsulation process.

Table 2. Percentage difference (%) of maximum wire deflection
Percentage (%) difference

Case Number of inlet Maximum wire deflection compared to maximum deflection
gates (mm) for one inlet gate
(a) One 0.55 -
(b) Two (a) 1.25 77.78
(©) Two (b) 0.85 42.86
(d) Three 2.2 120.00

5. Model Validation

In the present finite volume method (FVM) sirfiilation, the fluid flow is validated with
experimental result of the previous work [18], which investigated the flow behavior and the
epoxy resin used is D.E.R.331 (Dow Chemical). The wire deformation is validated with
analytical methods, based on eq. (14), wliEh proposed, by Kung et al. [5]. The equation of
displacement indicated that displacement is tributed by the bending moment-induced and
the torsion or twisting moment- induced.The mold temperature was heated to 175°C and the
package inlet velocity was 0.6 m/s.

Figure 7 shows the comparison of the simulation results and experimental of plastic ball
grid array (PBGA) encapsulation process from 39.9% to 97.4% EMC volume. The simulation
results show the wire profile that presented in line contour, however EMC is presented in total
volume filled profile in different filling time. From the observation of both simulation and
experimentaffflesults, it was found the EMC shows the similar profile with the experimental
results. The wire displacement phenomenon is observed when the EMC flows around the wire
region.

The experffjent result and predicted flow front profiles show a good agreement at all
filing times. The EMC volume versus filling time for the simulation and the experiment of
encapsulation process is plotted in FigUgE8(a). The maximum deviation of the result is about
6.7 %. This demonstrated that the capability of the FLUENT software in solving the
encapsulation process that involvesiBolymer rheology.

Moreover, the comparison ulation and analytical results of wire deformation for wire
4 of x-direction is shown in Figure 8(b). The analyticfffcalculation refers to Equation (14), fs is
selected 0.165 and f is selected 0.00165@] for HIL = 0.175. The average deviation at
maximum displacement (after 9 s) was only 6.5 %. The results demonstrate good guantitative
agreement. This indicated that the prediction of the wire deformation using the ABAQUS
software is reliable and redific.

Figure 9 shows a detailed view of Von-Mises stress distribution for wire 1 in maximum
displacement. The result demonstrates that the biggest stress is around un-deformed fixed
boundary, especially §fJar to ball bond, which shown in red and green color. That means the
sweep displacement of wire bond is dominated by the twisting moment instead of the bending
moment [5].
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