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Characterization of Linear Viscoelastic Behavior of
Epoxy Molding Compound Subjected to Uniaxial
Compression and Hydrostatic Pressure

Hyun Seop Lee, Yong Sun, Changsu Kim, and Bongtae Han

Abstract— The linear viscoelastic properties of epoxy molding
compound (EMC) are measured by an embedded fiber Bragg
grating (FBG) sensor. A single cylindrical EMC specimen is
fabricated, and it is subjected to constant uniaxial compression
and hydrostatic pressure at various temperatures. The FBG
embedded in the specimen records strain histories as a function
of time. Two linear viscoelastic properties (Young’s modulus and
bulk modulus) are determined from the strain histories. The
master curves of two properties are produced, and the corre-
sponding shift factors are determined using a piecewise function.
The validity of three major assumptions associated with the
linear viscoelasticity—thermorheological simplicity, Boltzmann
superposition, and linearity—is verified by supplementary exper-
iments. The accuracy of the measured properties is corroborated
by the warpage measurement of a bimaterial specimen subjected
to a temperature cycle. The effect of the time-dependent bulk
modulus on the warpage is also discussed.

Index Terms— Bulk modulus, epoxy molding
compound (EMC), hydrostatic pressure, linear viscoelasticity,
master curve, shift function, uniaxial compression, warpage
prediction, Young’s modulus.

I. INTRODUCTION

POXY molding compound (EMC) is a thermosetting

polymer filled with inorganic fillers such as fused silica.
EMC has been used extensively as a protection layer in
various semiconductor packages. The warpage and the residual
stress of packages are directly related to the thermomechanical
properties of EMC. As the size of the semiconductor packages
continues to shrink, the prediction of the warpage and residual
stress becomes increasingly important [ 1]—[3]. The viscoelastic
properties of EMC are the most critical input data required for
accurate prediction.

The constitutive law of the linear viscoelasticity is [4]

sij(t) = Z/G(t - T)Mdf

0
f'»'kk(T)dT
T

Gkk(f)=3/K(f—T) (1)
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where s;; and e;; are the deviatoric stress and strain tensors,
respectively, G(t) and K(t) are the time-dependent shear
modulus and bulk modulus, respectively, and oy; and e are
the dilatational stress and strain tensors, respectively.

In the linear viscoelasticity regime, two elastic constants
in (1) have the following relationships with two other elastic
constants as [5]:

K() = E()G()

W
=560 —3eq) °®

2(14v() )

where E(t) and v(¢) are the time-dependent Young’s modulus
and Poisson’s ratio, respectively. For predictive modeling, two
of the four constants in (2) have to be measured experimen-
tally.

Young’s modulus is relatively easy to measure using stan-
dard testing apparatuses. There have been several attempts
to measure another constant; these include strain gauge [5]
and Moiré interferometry [6] for Poisson’s ratio measurement,
the dilatometer using a fluid pressure [7], [8] for bulk modulus
measurement, and dynamic mechanical analyzer (DMA) [9]
for shear modulus measurement.

DMA has been most widely used for EMC property
measurements. The frequency—temperature sweep can be
implemented to measure the temperature- and time-dependent
modulus [10]-[12]. Although it is time-consuming, this proce-
dure can be routinely practiced using commercial equipment,
but it is usually difficult to obtain elastic constants other than
Young’s modulus.

Due to the complexity involved in measuring elastic con-
stants other than Young’s modulus, it has often been assumed
that the bulk modulus is “time-independent” [13]-[15]. This
assumption is based on the fact that the viscosity only affects
the shear motion of the solid [14]. With this assumption,
only Young’s modulus has to be measured for viscoelastic
modeling. If Poisson’s ratio at room temperature (20 °C) is
known, the bulk modulus can be approximated as

E(0)|r=20°C
3(1 = 2v(0)|7=20°c)

It is important to note that the assumption of “time-
independent” bulk modulus implies that the bulk modulus
becomes temperature-independent if the EMC behavior fol-
lows the thermorheological simplicity (TRS) [16], [17]. Using
the constant K value, the time-dependent shear modulus can

K(t)y~ K = 3)
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be calculated as
3K - E(1)
9K — E(t)’

It has been observed that the assumption of a time-
independent bulk modulus is not valid for EMC over a wide
temperature range [5], [6], [18], [19]. This poses challenges
in predicting the warpage of packages at the solder melting
temperature, which is much higher than the glass transition
temperature of EMC. This issue becomes more critical as the
package-on-package (PoP) [20], [21] is more widely used,
which is subjected to several reflow cycles during the assembly
process.

A fiber Bragg grating (FBG) sensor has been used effec-
tively to characterize the thermomechanical properties of poly-
mers [18], [22]-[26]. In the method, an FBG is embedded at
the center of a cylindrical specimen, and it deforms together
with the specimen. Then, the properties are determined from
the Bragg wavelength (BW) change documented during load-
ing [22], [26].

In this paper, the FBG sensor method is employed to
determine the linear viscoelastic properties of EMC. After
briefly reviewing the FBG sensor method in Section II,
the results obtained from uniaxial compression and hydrostatic
pressure are presented in Section III. The validity of three
major assumptions associated with the linear viscoelasticity
is verified by supplementary experiments in Section IV. The
accuracy of the measured properties is corroborated by the
warpage measurement in Section V.

G(@t) = “)

II. BACKGROUND: FBG SENSOR METHOD

The FBG sensor method was originally developed to char-
acterize the curing behavior of advanced semiconductor pack-
aging materials [18], [22]-[25]. More recently, the method was
implemented to measure the temperature-dependent elastic
properties of EMC [18]. This section reviews the basic concept
of the method, the procedure to prepare the EMC specimen,
and the test setups for two mechanical loadings—uniaxial
compression and hydrostatic pressure.

A. Governing Equation

The specimen configuration and the general loading condi-
tion are shown in Fig. 1. An FBG is embedded at the center
of a cylindrical-shaped EMC specimen, and the assembly is
subjected to an axial pressure P; and a radial pressure Ps.
An analytical solution for the stress distribution in the fiber
and polymer under the generalized plane strain condition is
available in the literature, and the detailed description of the
solution can be found in [18].

The embedded FBG serves as a strain sensor. The BW shift
occurs when the FBG is subjected to stresses. The BW shift
and the stress relation can be expressed as [22]

1 n’
A= E_f Hl -5 (P2 — (P2 + P11)Vf)] o/,

2
_ I:Zl)f—i-%((]—l)f)P]] + (1—3vf)P12)] O'rfr]ii
Q)
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Fig. 1. Specimen configuration and general loading condition.

where AA is the BW shift, A; is the initial BW, n is the
effective refractive index, and P;; are the strain optic con-
stants [27], [28]. Substituting the stress terms into (5), the BW
shift can take the following form [18]:

AL =T (Ep,vp, B) (6)

where f = (rp/ry), which is referred to as “configuration,”
E, and v, are Young’s modulus and Poisson’s ratio of the
polymer, respectively, and II is a nonlinear function that can
be expressed explicitly as a function of the configuration and
the properties of polymer and fiber [18].

For a given configuration f, the BW shift is a function
of any two of four elastic constants of the polymer. Two
constants can be determined from the BW shifts measured
from two independent experiments. In order to avoid the
complex nonlinear regression with two unknown parameters,
a sequential procedure was proposed in [18], where Young’s
modulus was determined first from the results of uniaxial
testing, and the bulk modulus was subsequently determined
from the results of hydrostatic pressure testing.

The time-dependent properties can be determined from the
BW shift measured as a function of time from the following
inverse functions:

Ep(t) =T (AL(D), B), Kp(t) =TT (AL, B) (7)

where E, and K, are Young’s modulus and bulk modulus
of the polymer, respectively. The descriptions of the inverse
functions can be found in [18].

B. EMC Specimen Fabrication

The specimen is fabricated using a custom-designed stain-
less steel mold assembly, which is shown schematically
in Fig. 2 [18]. The inset shows a plunger that applies the
required pressure to the specimen. The optical fiber (diameter
of 125 um) is inserted through a small through-hole drilled
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Fig. 2. Mold assembly to fabricate the EMC specimen.

in the center of an EMC pellet. The vertical position of the
Bragg grating is adjusted until it is placed in the middle of
the pellet. The internal surfaces of the mold are treated with a
release agent and thermal grease. The pellet is wrapped with
a very thin Teflon tape before the curing process starts. This
preprocessing ensures easy separation after curing as well as
no constraint from the mold walls during curing.

A large mechanical pressure has to be applied during curing.
The required pressure (7 MPa) is achieved by the mechanical
plunger. As illustrated in Fig. 2 (inset), the plunger is con-
nected to the piston of a pneumatic cylinder. The diameter
of the cylinder (31.75 mm) is much larger than the diameter
of the plunger (8.9 mm). In this way, the curing pressure is
achieved only by an air pressure of 0.54 MPa (78 psi), which
is readily available in laboratories.

The complete system is shown in Fig. 3. The mold (with the
pellet) is mounted on a high-precision hot/cold plate (HCP304:
Instec), which provides temperature control with a resolution
of £0.05 °C. The compressed air line is connected to the
pressure regulator (ER3000: Tescom), which is controlled by
a PC to produce a desired air pressure to the air cylinder.

After the specimen temperature reaches the curing temper-
ature (175 °C), the curing pressure is applied and maintained
during curing. The specimen is released from the mold after
5-min curing time, and it is subsequently subjected to a post-
mold curing process (for 2 h at the same temperature without
the pressure). More detailed procedure for EMC specimen
preparation including the curing pressure application can be
found in [18].

C. Uniaxial Compression Test

The uniaxial compression test setup is identical to the one
shown in Fig. 2, except that the diameter of the cylindrical
chamber is slightly larger than the diameter of the specimen
allowing the specimen to deform freely in the radial direction
during compressive loading. The maximum pressure provided
by the compressed air line is 0.69 MPa (100 psi), and the
corresponding maximum compressive loading that the plunger
can apply to the specimen is 10.9 MPa.

The specimen and mold subassembly are mounted on the
same high-precision hot/cold plate. The bottom end of the fiber
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Fig. 4. Setup for the hydrostatic test.

is connected to an FBG interrogator (sm125: Micro Optics),
and the interrogator is connected to the PC to collect data from
the FBG sensor.

D. Hydrostatic Pressure Test

A higher gas pressure is required for hydrostatic pressure
testing simply because it is more difficult to deform the
specimen under hydrostatic pressure. A small test chamber
is designed to accommodate the required high gas pressure.
As shown in Fig. 4, the specimen is placed inside the chamber,
which has a slightly larger internal area than the specimen
does.

The chamber has to be sealed completely while allowing
the fiber to be connected to the interrogator. A special sealing
system is used to achieve the requirement. The compressive
sealing subassembly is shown schematically in Fig. 5. The
fiber passes through the system, which utilizes a deformable
(Teflon) sealant to seal the fiber (see the inset of Fig. 5). The
chamber is mounted on the same heating stage shown in Fig. 3.
The gas inlet of the chamber is connected to a regulator and
a helium tank.

The helium tank provides a gas pressure of approximately
15.2 MPa. The output gas from the tank passes through a main
regulator (26-2015: Tescom). The main regulator is controlled
by a pilot controller (ER3000: Tescom) with a transducer
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Fig. 5. Compression sealing for the optical fiber.

(100-1500: Tescom) that provides a feedback to the computer.
The output pressure to the test chamber can be controlled with
an accuracy of ~6.9 KPa, and the target pressure is reached
within 1 s. The maximum pressure output to the test chamber
is 6.9 MPa.

It should be noted that the heat is generated immediately
after the target pressure is applied to the test chamber since the
gas present (i.e., air) in the chamber is suddenly compressed.
This undesired heat causes the thermal expansion of the
specimen, which offsets the hydrostatic strain of the specimen.
The effect of the heat generation is virtually negated by making
the net gas volume smaller than 900 mm? [18].

III. RESULTS AND ANALYSIS

Two time-dependent properties (Young’s modulus and bulk
modulus) are presented in Section III-A. The time—temperature
superposition is discussed in Section III-B.

A. Relaxation Moduli

The specimen was tested from 25 °C to 235 °C. The
temperature interval between measurements was 20 °C below
and above the glass transition temperature (130 °C) and 5 °C
over the glass transition range. After the first measurement
was conducted at room temperature, the mold was heated
to the next target temperature. The BW increased with the
temperature due to the thermal expansion of the EMC as well
as the intrinsic thermal expansion of the fiber. The BW was
monitored until it became stabilized. Then, the predetermined
loading was applied, and the BW change was recorded as a
function of time.

In the uniaxial compression test, three different stresses of
4.98, 1.8, and 0.18 MPa were used for the temperatures below,
near, and above the glass transition temperature, respectively,
in order to incorporate the strong temperature-dependent initial
modulus; the corresponding air cylinder pressures were 344.7,
137.9, 13.8 KPa, respectively.

The representative data obtained from compressive creep
testing at two different temperatures are shown in Fig. 6,
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Fig. 7. Relaxation Young’s modulus at various temperatures.

where the BW changes (ABW) are normalized by the applied
stresses. The constant BW before loading confirms the tem-
perature stability of the specimen achieved during testing. The
initial strains ranged from 50 to 155 ue, and the maximum
strains at the end of the tests ranged from 50 to 255 ue.

The relaxation Young’s modulus was calculated from the
data using (7), and the results are shown in Fig. 7. As expected,
Young’s modulus changes rapidly with time over the glass
transition range. However, at temperatures below and above
the glass transition range, Young’s modulus has negligible
time-dependent behavior.

Creep testing under hydrostatic pressure was conducted at
the same temperatures. Two different pressures of 6.9 and
1.4 MPa were applied for the temperatures below and above
the glass transition temperature, respectively. The represen-
tative data obtained from hydrostatic creep testing at two
different temperatures are shown in Fig. 8, where the BW
changes (ABW) are normalized by the applied stresses.
The initial strain ranged from 50 to 140 ue, and the maximum
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stain at the end of the tests was approximately 215 ue. The
corresponding relaxation bulk modulus are shown in Fig. 9.
A similar time-dependent behavior was observed.

The measurements were repeated at representative tem-
peratures to evaluate the measurement accuracy. The results
showed that an accuracy of 3 pm was routinely achievable
over the temperature range considered in the test, which
established some guideline on the accuracy of two properties.

B. Time—Temperature Superposition: Shift Factors

Based on the well-known “TRS” assumption, the time-
dependent properties (relaxation moduli) at different tempera-
tures can be shifted and combined using the time—temperature
superposition principle [5], [10], [29].

The relaxation Young’s modulus obtained at various tem-
peratures was shifted and overlapped to form a master curve
of Young’s modulus. The shift factors and the master curve
of Young’s modulus are shown in Figs. 10 and 11, where
the reference temperature is 130 °C. Using the same shift
factors, the master curve of the bulk modulus was produced,
and it is also presented in Fig. 11. The results indicate that the
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material has only one relaxation mechanism, which confirms
the validity of the TRS assumption. The TRS assumption will
be validated more quantitatively later.

In the finite-element method (FEM) modeling, the shear
modulus and bulk modulus are needed as an input data. The
shear modulus can be calculated from Young’s modulus and
bulk modulus. All three moduli and Poisson’s ratio are plotted
in Fig. 11. The bulk modulus and shear modulus are fit by the
Prony series [5], [10]

20
K@) = Koo +ZKi exp (—i)

i=1 ti
20 ¢

G(t) = Goo+ D Giexp (—?). )
i=1 !

A single shift function to fit the whole set of shift factors is
difficult, especially when a very large temperature range is to
be considered. The small discrepancy between the experimen-
tally obtained shift factors and the fit value can cause a large
error in the implementation since the time axis of the master
curve is in the log scale.
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The Williams—Landel-Ferry (WLF) model is the most
widely used function for the shift factors [30]. It is based on
the free-volume theory; it has been known that the WLF func-
tion is more effective for the temperature around 7, [31]-[33].

In this paper, a piecewise shift function is proposed to fit the
shift factors. The WLF function is used for the temperatures
in the glass transition range. Polynomial functions are used
to accommodate the temperatures below and above glass
transition temperature. The piecewise shift function can be
expressed as

logal!(T) = ap + a1 (T — 115) 4+ ax(T — 115)°
+a3(T — 115)° for T < 115 °C

C1(T—130
loga) ™ (1) = __G@-130 for 115 °C < T <145 °C
C> + (T —130)
logal>(T) = by + by (T — 145) 4 ba(T — 145)°
+b3(T — 145)° for T > 145 °C 9)

where loga?' and log afz are the polynomial shift functions
for the temperatures below and above the glass transition
range, respectively, and log a¥VLF is the WLF function for the
temperatures of the glass transition range. It is to be noted
that ap = logayLF (115) and by = logayLF (145), which
makes the piecewise shift function continuous. The function
is empirical but can accommodate more than one temperature
range. The constants of (9) are

a; = —4.18-107%; ax =4.87-107% a3 =2.94.107°
C; =3.71-10% C,=1.49-10*

by = —1.17-107" by =1.20-1073; b3 = —4.78 - 107°.

The results of the piecewise shift function are shown in
Fig. 10. The shift factors over the entire temperature range
are represented accurately by the piecewise shift function. A
single WLF function that represents the entire shift factors is
also shown in Fig. 10. It is evident that a single WLF function
should not be used for the entire temperature range. Otherwise,
it would be prone to large errors in shift factor calculations.

IV. VALIDITY OF LINEAR VISCOELASTICITY

The validity of three major assumptions associated with the
linear viscoelasticity is verified by supplementary experiments.
The assumptions to be examined include TRS, Boltzmann
superposition, and linearity.

A. Thermorheological Simplicity

The time—temperature superposition process is based on
the TRS [34]. The assumption states that the shapes of the
master curve are the same in the log-time scale at different
temperatures. This assumption is not always valid for poly-
meric materials [35], [36]. An extra long-term creep test was
conducted to verify the validity of the assumption.

The long-term test was conducted at 125 °C for approx-
imately 4 h. The temperature was chosen to obtain the
strong viscoelastic behavior. The raw data of the long-term
test are shown in Fig. 12(a). The time-dependent Young’s
modulus obtained from the long-term creep test is plotted
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Fig. 12. (a) Raw data of a long-term test at 125 °C. (b) Comparison with

the master curve in the log-time scale.

in the log-time scale, and it is compared with the master
curve in Fig. 12(b). The long-term creep data overlaps with
the master curve very well, which confirms that the TRS
assumption is valid for the EMC material tested in the study.

B. Boltzmann Superposition Principle

The Boltzmann superposition principle (BSP) states that “in
the linear viscoelastic regime, the strain response to successive
stress is additive” [37]. It is the key to develop the linear
viscoelastic constitutive law. In order to verify its validity, a
supplementary experiment was conducted at 130 °C with a
two-step loading. An initial loading of 0.07 MPa was applied
at ¢+ = 0, and an additional loading of 0.07 MPa was applied
suddenly at r = 100 s. The BW change measured during the
whole process was documented.
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Based on the BSP, the strain change due to the step loading
can be calculated from the following equation:

eM)=J@) o+ J(t—1) Ao (10)

where ¢(r) is the strain change as a function of time, J(¢)
is the time-dependent compliance, which can be determined
from the time-dependent Young’s modulus, ¢ is the applied
stresses, and Ao is the stress increment.

The BW change under the same loading condition can be
calculated from the strain (7). The measured BW changes are
compared with the predicted values in Fig. 13. The measured
values match very well with the predicted values, indicating
the validity of the BSP for the material.

C. Strain-Independent Relaxation Modulus

In the domain of linear viscoelasticity, the time-dependent
(or relaxation) modulus should be independent of the applied
stress (or strain) level. Three independent tests were conducted
at 120 °C to verify the validity. The BW changes obtained
from three applied stresses (0.5, 1, and 2 MPa) are shown
in Fig. 14(a).

The relaxation modulus is calculated from the BW, and
they are shown in Fig. 14(b). It is evident that the relaxation
modulus is independent of the applied stresses, confirming that
the linear viscoelasticity is valid for the material. It is worth
noting that the maximum strain level applied during this test
was smaller than 400 ue, which ensured that the tests were
conducted within the linear viscoelasticity domain.

V. VERIFICATION OF NUMERICAL MODELING APPROACH
A. Shift Factors and Prony Series

The user-defined subroutine was developed to accommodate
the piecewise shift function in ANSYS. A unit stress was
applied to the model at a given temperature, and the modulus
was determined from the strain response predicted by the FEM
model.

The predicted Young’s modulus and bulk modulus at four
different temperatures (below the glass transition, within the
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Fig. 14. Time-dependent behavior at different stress levels.

(a) BW. (b) Young’s modulus.

glass transition, and above the glass transition) are compared
with the experimental data in Fig. 15. The plot shows a
very good agreement between the predicted results and the
experimental data, confirming that the measured properties
are accurately represented by the master curve and the shift
functions.

B. Experimental Verification

The bimaterial specimen with a layer of the silicon chip
and EMC is used for the warpage measurement at different
temperatures [Fig. 16(a)]. The width and length of the speci-
men are 2 and 20 mm, respectively, and the thicknesses of the
EMC and the chip are 0.2 and 0.6 mm, respectively.
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Fig. 15. Comparison between the prediction and experimental data.

(a) Young’s modulus. (b) Bulk modulus.

Twyman—Green (T/G) interferometry is a classical interfer-
ometry, which utilizes the interference of coherent light to
document the surface topography of a specular surface [38].
The optical setup used in the paper is illustrated in Fig. 16(b).
A coherent light source (usually a laser) is collimated by
a collimating lens and then passes through a beam splitter.
The beams from the reference path (the mirror) and the
active path (the specimen) are combined to produce a fringe
pattern seen by the camera. The fringe pattern represents the
contour map of out-of-plane displacement (or warpage). With
this configuration, the warpage of the bimaterial W can be
determined by

A (11)
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Fig. 16. (a) Bimaterial specimen. (b) T/G interferometry setup for warpage
measurement.

Glass cover
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Fig. 17.

Temperature-dependent fringes.

where N is the order of fringes, and A is the wavelength of
the laser. A He—Ne laser with 4 = 633 nm was employed in
the experiment, and the contour interval was 0.316 ym/fringe.
The specimen was placed on the conduction heater covered
by a small glass chamber to eliminate the air flow. The
specimen was cooled from 175 °C (EMC curing temperature)
to 25 °C with a cooling rate of 20 °C/min. A thermocouple
was attached to the heater close to the specimen to accurately
monitor the specimen temperature. The representative fringe
patterns of the right half of the specimen, obtained at 175 °C,
135 °C, 115 °C, 55 °C, and 25 °C, are shown in Fig. 17.
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An FEM model was created to verify the viscoelastic
behavior of the material. The coefficient of thermal expansion
(CTE) of the EMC was measured separately by thermome-
chanical analyzer: CTE below and above 7, were 8 and
40 ppm/°C, respectively. The input properties for the chip were
Esi = 112 GPa, vs; = 0.28, CTE; = 2.6 ppm/°C. The same
temperature loading (cooling from 175 °C with a cooling rate
of 20 °C/min) was applied to the model.

The results are compared in Fig. 18. The numerical predic-
tions match very well to the experimental data, corroborating
the validity of the measured properties. The model prediction
using the time-independent bulk modulus was also conducted.
The results indicate that the time-impendent bulk modulus
assumption overestimated the warpage at room temperature
approximately by 15%.

VI. CONCLUSION

Two linear viscoelastic properties of an EMC material were
measured by the FBG-based method from a single cylindrical
specimen configuration. The EMC specimen was subjected to
constant uniaxial compression and hydrostatic pressure at var-
ious temperatures. Two master curves of Young’s modulus and
bulk modulus, as well as the corresponding shift factors, were
determined from the experimental data. The validity of three
major assumptions associated with the linear viscoelasticity
was verified quantitatively. The results showed that the linear
viscoelasticity described the behavior of the EMC very well
as long as the maximum strain was in the linear domain. The
measured properties were also verified by using the warpage
data obtained from of a bimaterial specimen subjected to a
temperature cycle. The results corroborated the accuracy of
the measured properties.
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