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Abstract We propose a novel experimental method, based on
a fiber Bragg grating (FBG) sensor, to measure the elastic
properties of epoxy molding compound (EMC) from a single
specimen configuration. The FBG sensor is embedded in the
center of a cylindrical EMC specimen, and deforms together
with the EMC. The Bragg wavelength (BW) shifts are docu-
mented during compressive and hydrostatic loadings. Young’s
modulus and bulk modulus are determined from the BW shifts
using the relationships between the elastic constants and the
BW shift. Two major developments to accommaodate the unique
requirements of EMC testing include: (1) a large mechanical
pressure to be applied during curing; and (2) a very high gas
pressure required for hydrostatic testing. The shear modulus
and Poisson’s ratio are calculated from the two measured con-
stants to provide a complete set of elastic properties of EMC.

Keywords Epoxy molding compound - Fiber Bragg grating -
Hydrostatic pressure - Young’s modulus - Bulk modulus -
Poisson’s ratio - Shear modulus

Introduction

Epoxy molding compounds (EMCs) are thermosetting poly-
mers filled with a large quantity of silica particles. They have
been widely used to protect active devices in semiconductor
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packaging. In the manufacturing process, EMCs are converted
to a highly viscous liquid form by heat and then injected into a
mold by applying a pressure.

The warpage and residual stresses, caused by the mismatch of
the coefficient of thermal expansion (CTE) between EMC and
adjacent materials, are two most important mechanical quantities
in assessing reliability of semiconductor packaging components.
The warpage of the components can cause an “opening” or
“short” of interconnections between the components and the
motherboard. Excessive residual stresses can cause delamination
and even chip cracking [1, 2]. Temperature-dependent mechan-
ical properties are crucial for the accurate prediction of the
thermo-mechanical behavior of semiconductor packages encap-
sulated by EMCs.

The elastic properties of the material have the following
relationships [3]:
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where E, G and K are the Young’s modulus, shear modulus
and bulk modulus, respectively; and v is the Poisson’s ratio.
At least two of the four constants have to be measured exper-
imentally for thermo-mechanical modeling.

There were several attempts to measure the two required
properties. In Ref. [3], Young’s modulus and Poisson’s ratio
were measured by strain gauges. The measurement was sim-
ple but the measured data contained some uncertainties caused
by the undesired reinforcement of the strain gauge, especially
at high temperatures where the modulus was relatively low.

A full-field displacement measurement technique called
moiré interferometry was employed to measure the axial and
transverse strains simultaneously [4], from which the Young’s
modulus and Poisson’s ratio were determined. The method
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provides high accuracy, but its practice has been limited due to
the complexity of the optical system and other stringent re-
quirements, such as a high frequency diffraction grating, a
vibration-free loading condition, etc.

The frequency-temperature sweep of a dynamic mechanical
analyzer (DMA) was implemented to measure the temperature
dependent modulus [5]. This technique can be routinely prac-
ticed using commercial equipment, but it is usually difficult to
fabricate coupons to obtain all elastic constants other than the
Young’s modulus. A comprehensive study about the time and
temperature-dependent Poisson’s ratio of viscoelastic materials is
presented in Ref[6].

The bulk modulus of polymers was measured in the past by
a dilatometer [7, 8] using a fluid pressure. The volume change
of the polymer was monitored as a function of time after the
pressure was applied, and the bulk compliance of the polymer
was determined from the volume change. As mentioned in Ref.
[8], when working at temperatures above 7, the weight of a
rod added undesired additional creep loading to the specimen,
which caused an underestimation of the true volume change.

The Fiber Bragg Grating (FBG) sensor has been proven an
effective method to characterize the thermo-mechanical proper-
ties of polymers [9—13]. In this method, an FBG is embedded at
the center of a cylindrical specimen, and deforms together with
the specimen. The properties are determined from the Bragg
wavelength (BW) shift using the relationship based on the gen-
eralized plane strain condition [9, 13].

In this paper, a novel experimental method, based on the fiber
Bragg grating (FBG) sensor, is proposed and implemented to
measure the elastic properties of EMC materials from a single
specimen configuration. Two major developments to accommo-
date the unique requirements of EMC testing include: (1) a large
mechanical pressure (7 MPa) to be applied during curing; and (2)
a very high gas pressure (10 MPa) required for hydrostatic test-
ing. A new governing equation for a general loading is presented
first. The two developments are described in detail and the results
obtained from advanced EMC materials are presented.

Governing Equations

The proposed method utilizes the basic characteristic of the fiber
Bragg grating (FBG). As illustrated in Fig. 1, the FBG is embed-
ded in a cylindrical specimen, and deforms together with the
specimen. The Bragg wavelength (BW) change is documented
during testing, and the mechanical properties of the specimen are
determined inversely from the relationship between the elastic
constants and the BW shift. A closed form solution of an annular
substrate encasing a circular fiber (axisymmetric problem) under
the generalized plane strain condition provides the relationship.

Let us consider the assembly subjected to an axial pressure,
Py, and a radial pressure, P, (Fig. 1). The stress distribution of the
fiber and polymer can be expressed as:
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where o,,, 0, and oy are the axial, radial and hoop stress com-
ponents, respectively; E, v and r are the Young’s modulus,
Poisson’s ratio and radius, where the subscripts, f'and p denote
the fiber and polymer; u(r) is the radial displacement; the coeffi-
cients Cy,,, Cyp, Cys Cyrand c are the unknown constants that can
be determined from the boundary conditions.

Applying the following boundary conditions,

u(0) =0
ur(ry) = up(ry)
ot (rp) = Py
Oi’rgrf) = a/,(rs) (3)
/ 20, (r)rdr
0 = — P
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the coefficients in Eq. (2) can be calculated as:
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The above closed-form solution was verified by a 2-D axi-
symmetric finite element model. The length of the assembly was
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Fig. 2 Comparison of the analytical solution with the numerical solution

15 mm, and the radius of the polymer and the fiber were 4.4 mm
and 62.5 um, respectively. The properties of the materials used in
the modeling were: E,=73 GPa, 14=0.17, E,=10 GPa, and
v, =0.35. The applied pressure was % = P, = P. The boundary
conditions of the model were identical to those shown in Fig. 1.
The radial stresses normalized by the applied pressure are com-
pared in Fig. 2. The results confirm the accuracy of the analytical
solution.

The embedded FBG serves as a strain sensor. The Bragg
wavelength (BW) shift occurs when the FBG is subjected to
stresses. The relationship between the BW shift and the stress
can be expressed as [9]:

A= L { [1"72 (Pr—~(Pr2 + Py, )yf)] ol ~ [2u,- + 5 (v Pu + (13u,-)P.2)} U-[,}Ai (6)
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where AN\ is the BW shift, ), is the initial BW, n is the effec-
tive refractive index, and P;; are strain optic constants [14, 15].

By substituting Egs. (1) and (2) into (6), the BW shift
can take the following form:

AN = 11 (Ep, vy, B) (7)

where (= ,r—‘; (will be referred to as “configuration”); E,

and v, are the Young’s modulus and Poisson’s ratio of the
polymer; and I7 is a nonlinear function that can be
expressed explicitly. More detailed procedures to obtain
Eq. (7) are shown in Appendix.

For a given configuration, (3, the BW shift is a function of
any two of four elastic constants of the polymer (Egs. (1) and

(7)). The two constants can be inversely determined from the
BW shifts measured from two independent experiments.
Although theoretically possible, determining two unknown
parameters from an extremely non-linear equation can be very
tricky. A special case arises for uniaxial loading, where the
effect of the polymer’s Poisson’s ratio becomes insignificant.
The following analysis provides a procedure to determine the
two required constants sequentially from two sets of experi-
mental data.

Uniaxial Loading

The loading condition for uniaxial compression is P; #0;
P, =0. The effect of Poisson’s ratio under this loading
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condition is analyzed numerically using the same axisymmet-
ric model and the result is shown in Fig. 3. The plot shows the
BW shifts as a function of configuration, where three
Poisson’s ratios (0.2, 0.3, 0.45) and three moduli (0.1 GPa,
0.5 GPa, 2.5 GPa) are considered. For each modulus, the
applied stress is adjusted to produce the same BW shift for
(=20. The plot clearly indicates that, for the same modulus,
the ABW is only a function of configuration; it remains the
same regardless of the Poisson’s ratios. Thus, by assuming a
typical value for Poisson’s ratio (e.g., 0.3), the Young’s mod-
ulus can be determined from the BW shifts obtained from a
uniaxial compression test by:

E,=1II""(AX B,v, = 0.3) (8)

Hydrostatic Loading

The loading condition of hydrostatic testing is P = P, #0. As
mentioned earlier, the BW shift for a given configuration can
be expressed in terms of any two elastic constants. With
Young’s modulus obtained from the compressive test, the bulk
modulus can be determined from the BW shifts obtained from
a hydrostatic test using:

K, = II"'(A\, B,E, = constant) 9)

where K, is the bulk modulus of the polymer. The form of the
inverse function is the same as the uniaxial case, but the initial
input values are different.
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Fig. 3 BW shifts as a function of configuration

SEM

Experiment

Fabrication of an EMC specimen requires a custom-designed
mold that maintains the optical fiber at the center of the mold
while curing EMC under a high pressure. The required high
pressure is achieved by a mechanical plunger driven by an air
cylinder. The air cylinder based apparatus is modified to con-
duct uniaxial compression testing. A special apparatus utiliz-
ing pressurized He gas is also developed to provide the much
higher pressure required for hydrostatic testing. This section
describes the test apparatuses and procedures.

Specimen Fabrication

The stainless-steel mold assembly to fabricate the specimens
is shown in Fig. 4a. The assembly consists of a bottom mold, a

Grating
Bottom mold

Side mold
Fiber

(a)

G/as input

Air cylinder
Air cylinder

Plunger

Plunger

(b)

Fig. 4 Mold assembly to fabricate the specimen: a mold and pellet and b
plunger and air cylinder
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symmetric top mold (not shown in the figure) and two side
molds. The uncured EMC pellet sits in the cylindrical cham-
ber of the mold, whose diameter is 8.8 mm.

A small through hole was drilled in the center of the EMC
pellet. The optical fiber (diameter of 125 um) was carefully
inserted through the hole (see the insert of Fig. 4a). The fiber
position was adjusted until the Bragg grating (5 mm long) was
placed in the middle of pellet; this was achieved by making a
mark on the fiber considering the length of the mold.

A mechanical plunger was also mounted on the mold and
was in direct contact with the pellet (Fig. 4b). A small notch
and a small through-hole (not shown) were machined on the
side and the bottom of the plunger, respectively. The fiber
went through the hole and the notch allowed the fiber to go
out of the plunger; the fiber was pulled to have a small amount
oftension during curing to maintain its straightness. As shown
in Fig. 4(b), the plunger was mechanically connected to the
piston of an air cylinder (SR121: BIMBA) to apply the pres-
sure to the specimen during curing.

The complete system is shown in Fig. 5. The mold (with
the pellet) was mounted on a high precision hot/cold plate
(HCP304: Instec), which provided temperature control with
a resolution of £0.05 °C. The compressed air line was con-
nected to the pressure regulator (ER3000: Tescom), which
was controlled by a PC to produce a desired air pressure to
the air cylinder. The bottom end of the fiber was connected to
the interrogator (sm125: Micro Optics) and the interrogator
was connected to the PC to collect data from the FBG sensor.

The schematic illustration of the assembly after pre-
processing is shown in Fig. 6. The internal surfaces of the
mold were treated with a release agent and the pellet was
wrapped with a very thin Teflon tape before the curing process
started. This pre-processing ensured (1) no constraint from the

Pressure regulator

Gas pipe

Air cylinder

—
Pressure source

Plunger

Mold

EMC
specimen

Heater

FBG interrogator FBG fiber

Fig. 5 Setup for specimen fabrication

Plunger

Fiber

Fig. 6 Schematic illustration of specimen assembly after pre-processing

mold walls (i.e., virtually zero-friction between the mold and
the EMC) and (2) easy separation after curing. A rubber gas-
ket was also placed between the plunger head and the speci-
men to eliminate the leakage during curing, especially after
the high pressure was applied.

After the specimen temperature reached the curing temper-
ature (175 °C), the required EMC curing pressure of 7 MPa
was applied and maintained during curing. The maximum
pressure of the compressed air line was only P, =
0.69 MPa. The required mechanical pressure was achieved
by the air cylinder whose piston diameter was much larger
than the diameter of the plunger (see Fig. 4b).

The diameter of the piston that can produce the required
pressure at Pg,,,.. can be determined as

P 7 MPa
Dyiston = € xD unger = | ——————— X 8.8 mm
piston = \[p 7 Tplmge = \[) 69 MPa

= 28.0 mm (10)

The air cylinder with D5, = 31.75 mm (1.25 inch) was
selected for the system. The air pressure to produce P, Was
then determined as:

2

D

o 'plunger

P source —— ( x P, curing
Dpiston

B < 8.8 mm

2
31.75 mm> X 7MPa

— 0.54 MPa (78 psi) (11)

The specimen was released from the mold after curing it for
5 minutes and was subsequently subjected to a post-mold
curing process (for 2 hours at the curing temperature) to en-
sure complete curing. The cured specimen is shown in Fig. 7.
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Cross
section

5 .- LI,

Fig. 7 Cured EMC specimen and its cross section

The diameter and the length of the cured EMC was 8.8 mm
and 15 mm.

The location and the straightness of the Bragg grating are
very important to obtain a correct signal from the specimen. It
was achieved by marking the relative position of the Bragg
grating and gently pulling the fiber during the initial stage of
curing. The cross-section of the cured specimen was examined
to confirm the fiber location. The cross section image of the
specimen is shown in Fig. 7. The result confirmed that the
fiber position was maintained at the center of the specimen
after curing. The straightness was also verified by several
cross-sections made along different positions.

Uniaxial Testing

The setup used to prepare the specimen was slightly modified
to measure temperature-dependent Young’s modulus. The set-
up was identical to the setup shown in Fig. 4 except that the
diameter of the cylindrical chamber was slightly larger than
the diameter of the specimen allowing the specimen to deform
freely in the radial direction during compressive loading. The
setup was mounted on the same heating stage shown in Fig. 5.

Hydrostatic Testing

Hydrostatic testing required a pressure much higher than the
pressure used in the curing setup. A small test chamber was
designed to accommodate a high gas pressure for hydrostatic
testing (Fig. 8). The chamber was fabricated from stainless
steel for tight tolerance required for sealing. The specimen
was placed freely inside the chamber. The fiber passed
through a small hole on the bottom side of the chamber. The
hole was also sealed by a thin layer of Teflon tape after placing
the fiber. The chamber was mounted on the same heating stage
shown in Fig. 5. The top of the chamber was connected to the
gas pipe.

The required pressure was provided by a custom-designed
high pressure system, illustrated schematically in Fig. 9. The

SEM

Connector to
gas pipe

Fig. 8 Chamber for hydrostatic test

Helium tank provided a gas pressure of approximately
15.2 MPa. The output gas from the tank passed through the
main regulator (26-2015: Tescom). The main regulator was
controlled by a pilot controller (ER3000: Tescom) with a
transducer (100—1500: Tescom) that provided the feedback
to the computer. The controller was connected to a PC, which
controlled and recorded the pressure. The output pressure to
the test chamber was controlled with the accuracy of around
6.9 KPa and the target pressure was reached within 1 s. The
maximum pressure output to the test chamber was 10.3 MPa.

It is to be noted that the heat can be 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.
The amount of heat generation can be estimated by [16]:

5 P\ ¢
¢ :zPl‘V((P,-) ‘1>

where Q is the heat generation in Joule, P; and P, are the initial
and applied pressure in MPa, and V is the volume of the gas

(12)

ER3000 regulator

Low pressure source

4

Output

N Gas pipe

Tank regulator Main regulator

Helium tank

Fig. 9 High pressure system used for hydrostatic testing
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inside the chamber in mm® (i.e., the chamber volume — the
specimen volume).

This undesired heat causes thermal expansion of the spec-
imen, which offsets the hydrostatic strain of the specimen. The
results obtained from the initial design of the chamber are
shown in Fig. 10, which shows the BW as a function of time.
The temperature was first maintained at a constant value and
the hydrostatic pressure of 3.5 MPa was applied suddenly
(=5 s). The BW continued to increase after its sudden drop
produced by the hydrostatic pressure. This gradual increase of
the BW was caused by the thermal expansion of the specimen.

In practice, the thermal strain caused by AT <0.1 °C
(within 1 micro-strain) is negligible compared to the hy-
drostatic strain (typically more than 100 micro-strain).
Considering the specific heat (=1 J/gK) and the thermal
conductivity (=1 W/mK) of the EMC [17], the heat gen-
eration should be smaller than 0.5 J. Using Eq. (12), the
corresponding air volume was determined to be
1000 mm® at the maximum pressure of 10.5 MPa. The
internal volume of the final chamber was around
1800 mm® and the volume of the specimen was
910 mm?>; the net air volume was 890 mm>. The effect
of the heat generation was virtually negated.

Results and Analysis

The temperature dependent Young’s modulus is determined
first from the uniaxial test data and the bulk modulus is sub-
sequently determined from the hydrostatic test data.

Experiment Data
The EMC specimen was tested from 25 °C to 235 °C with a

constant interval of 20 °C (at every 5 °C around the glass
transition temperature). The mold was heated to the target

temperature first. The BW increased with the temperature
due to the thermal expansion of the EMC as well as the intrin-
sic thermal expansion of the fiber. The BW was monitored
until it was stabilized, which confirmed the uniform tempera-
ture. A pre-determined pressure was applied and the BW
change was recorded.

Another important practical aspect to be considered was
the strong temperature-dependent modulus. Considering the
resolution of the FBG interrogator about 1 pm, the ABW
should be at least 100 pm to maintain the measurement uncer-
tainty within 1 %. For this reason, three different stresses of
4.98 MPa, 1.8 MPa and 0.18 MPa were applied for the tem-
peratures below, near and above the glass transition tempera-
ture, respectively; the corresponding air cylinder pressures
were 344.7 KPa, 137.9 KPa, 13.8 KPa.

The BW change (ABW) was documented for 100 sec-
onds after the pressure was applied. The representative
data obtained from compressive testing at 25 °C, 125 °C
and 175 °C are shown in Fig. 11, where the BW change
(ABW) is normalized by the applied pressure. The con-
stant BW before loading confirms the temperature stabil-
ity of the specimen achieved during testing. It is worth
noting that the stabilized BW increased with the temper-
ature, which was caused by the temperature—dependent
intrinsic property of FBG. The spectral response was also
recorded and examined to ensure no spectral distortion
during the loading.

It should be noted that, at temperatures 25 °C and 175 °C,
which were below and above glass transition temperature, re-
spectively, the BW remained constant after the pressure was
applied, which indicated that the modulus was virtually time-
independent. At 125 °C, which lies within the glass transition
range, however, the BW continued to decrease after the pres-
sure was applied due to the time-dependent behavior of the
EMC near the glass transition temperature.

The same specimen was subjected to hydrostatic pres-
sure. The representative data obtained at 25 °C, 125 °C
and 175 °C are shown in Fig. 12. Three different pres-
sures of 6.9 MPa, 5.5 MPa and 1.4 MPa were applied for
the temperatures below, near and above the glass transi-
tion temperature, respectively. As expected, a similar
time-dependent behavior was observed.

The material shows strong viscoelastic behavior in the
glass transition range. The temperature-dependent modulus
of the material is defined at a certain time (e.g., 1 s, 10s
[18]), which is known as the “isochronous modulus.” The
temperature-dependent isochronous Young’s modulus at 1 s
was calculated first using Eq. (8). After the Young’s modulus
was determined, the bulk modulus was calculated using
Eq. 9).

The results are shown in Fig. 13. The temperature-
dependent properties measured at 1 s demonstrated a stiffness
change of the material as a function of temperature. The glass
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Fig. 11 BW changes normalized by the applied compressive pressure at a 25 °C, b 125 °C and ¢ 175 °C

transition range of the material was around 110 °C to 140 °C
shown in the figure. As expected, both moduli decreased rap-
idly over the glass transition region and became stabilized
after the glass transition region.

The shear modulus and Poisson’s ratio at 1 s were
calculated from the two moduli using Eq. (1). All four
temperature-dependent properties are also shown in
Fig. 13. All three isochronous moduli decrease with the
temperature while Poisson’s ratio increases with the tem-
perature. The Young’s modulus is larger than the bulk
modulus before T, but it becomes smaller after T,. It is
caused by a much larger Poisson’s ratio after 7, (0.43
after T, compared to 0.21 before 7,). As expected, the
shear modulus is always smaller than the Young’s modu-
lus and the bulk modulus. The Poisson’s ratio increases as
a function of temperature. It is worth noting that there
have been discussions about the validity of Eq. (1) in
the viscoelastic regime [6]; more experimental measure-
ments are warranted to verify an applicable domain of

Eq. (1).

SEM

Time-Dependent Properties in the Glass Transition Range

As mentioned earlier, the EMC material shows significant
viscoelastic behavior in the glass transition range. The method
proposed in this paper was implemented to measure the time-
dependent properties in the glass transition range.

It should be noted that Eqs. (1)—(5) were derived
from the elastic solution. It is routinely practiced that
the elastic constants can be replaced by the correspond-
ing time-dependent relaxation moduli or creep compli-
ances. The accuracy of this approximation has been
confirmed by the results reported in the literature [19,
20].

The time-dependent properties were determined at three
temperatures within the glass transient range (115 °C,
125 °C, and 130 °C). The Young’s modulus and bulk modulus
were calculated first by replacing the elastic constant with the
time dependent properties in Egs. (8) and (9). Then, the cor-
responding shear modulus and Poisson’s ratio were deter-
mined from the two properties.
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Fig. 12 BW change normalized by applied hydrostatic pressure at a 25 °C, b 125 °C and ¢ 175 °C

the cylinder. Furthermore, the applied pressure of the uniaxial
testing was much smaller compared to the hydrostatic testing.

The results are shown in Fig. 14. EMC consists of thermo-

setting polymer and silica particles. As expected, the modulus

decreases as a function of time while the Poisson’s ratio in-
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< «@
IS} <}
T T ™ TT
! ! !
1 1 =
(2}
I U - R ]
! =] S5 .0 3
,dSIt
835 ®
i s g 2
3 "ES ow
|l 0 EC
| E = Q o
I N A o
S 0.2 b
CRER -]
>mnwao
[ I | <
o
- 0
1)
(@]
3 <
T
o
- S
o
L o
0
o

35

crease. The viscoelastic behavior is quite different when the

temperature is different by only 5 °C since all three tempera-

tures lied in the glass transition temperature.

(edo) sninpopy

: Measurement Uncertainties

1Scussion

D

The gas pressure was directly applied to the specimen during
hydrostatic testing. Thus, there was no load-transfer train, and

the measurement uncertainties would be associated only with
the accuracy of the pressure regulator. The output accuracy
was around 6.9 KPa and its effect on the bulk modulus was

negligible.

On the other hand, a mechanical plunger was used in uni-
axial compression testing. The plunger was connected to a

Fig. 13 Temperature dependent isochronous properties at t=1 s, where

shear modulus and Poisson’s ratio were calculated from Young’s modulus

and bulk modulus

piston of an air cylinder. The friction of the load-train was

unavoidable, especially, against the piston movement inside




Exp Mech (2017) 57:313-324

322

2+4----
0

10 20 30 40 50 60 70 80 90

10 20 30 40 50 60 70 80 90

100

0

100

0

time (s)
(b)

time (s)

(a)

100

70 80 90

|
i
'
'
'
|
e Lt
'
'
'
|
'
'
T

'

'

'

'

'

'

'
dmmmm

'

'

'

'

'

'

'

T

0.2 +4----

i i

' |

i i

i i

t t
< ®
IS =]

oljels,uossiod

0.5
0.0

10 20 30 40 50 60

80 90

30 40 50 60 70

0

100

10 20

time (s)

time (s)

(d)

(c)
Fig. 14 Time-dependent properties at three temperatures in the glass transition range: a Young’s modulus, b bulk modulus, ¢ shear modulus and d

Poisson’s ratio

CNwEm\m_

test #

test #

)

b

(

(a)

Fig. 15 Repeatability of uniaxial loading test at a 25

°Cand b 175 °C



Exp Mech (2017) 57:313-324

323

Supplementary testing was conducted to assess the measure-
ment uncertainties of the uniaxial testing.

The uniaxial testing was repeated 10 times at 25 °C
and 175 °C. The mean and standard deviation of
Young’s modulus were 29.13 GPa and 0.26 GPa at
25 °C and 1.59 GPa and 0.05 GPa at 175 °C, respectively.
The data normalized by the mean values are shown in
Fig. 15. The standard deviations are 0.89 % (25 °C) and
3.18 % (175 °C) of the mean values. The larger uncer-
tainties at the higher temperature is attributed to the small-
er load used in the test. A cylinder with low friction and
higher pressure loading can be employed to further reduce
the uncertainty.

Appendix

Substituting Eq. (2) into Eq. (6) yields:

Conclusion

A complete set of the elastic properties of an advanced EMC
material was measured as a function of temperature using the
FBG sensor based method. The single specimen configuration
was used for both compressive and hydrostatic testing to mea-
sure two different elastic constants. With a single configura-
tion, the uncertainties associated with specimen-to-specimen
variations were completely eliminated. The proposed method
is ideally suited to temperature and time -dependent polymer
properties. The specimen with the embedded FBG sensor can
be further utilized to study the environmental degradation of
EMC materials.

1 2 2Ef1/fC1f ZEfl/fZC
AN =—1 [1=— (Pi~(Pia + P11y T L E;
Ef{[ 2 (Pr~(Puo+ HM)] (L +vp)(12vp) (1 +vp)(1-205) e (A1)
_ ” o _ Er | Cy G Epvyc '
e )| e R e e 1
Next, substituting Eq. (4) into Eq. (A.1) yields:
1 n? 2Esvy CE-BF 1 CE-BF
AN =—< [1=— (Pi=(Pia + P11y et
A Ef{{ 7 (Pa(Pr+ “>”f)] (1+vs) (1=2vy) <AE—BD - ((1—21/,,)(1+V,,) AE-BD
‘ vy CD-AF P, (1+1) ] + 2Esv? CD—AFJr CD-AF
" (1-2v,) (1 +v,) BD-AE E, r (1+vs)(1-2v,) BD-AE "~/ BD-AE a2)
n? E; 1 (CE-BF 1 CE-BF '
[zyf +5 ()Pt (1 3Vf)P12)} 1+v, <1zuf (AEBD * ((1—2up)(1 +v,) AE=BD
vy CD-AF P, Esvy CD-AF

+

"(1=20,) (1 + v,) BD-AE _E_p> (1+ VP)))

(14+vs)(1-2vs) BD-AE

)}

Finally, the governing equation can be obtained by
substituting Eq. (5) into Eq. (A.2).
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