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ABSTRACT

A combined experimental and analytical study of strains that develop in
encapsulated assemblies during casting, curing and thermal excursions is
described. The experimental setup, designed to measure in situ strains,
consisted of thin, closed-end, metal tubes that were instrumented with
strain gages and thermocouples before being over-potted with an encapsulant.
Three epoxy-based materials were studied. After cure of the encapsulant,
tube strains were measured over the temperature range of -55°C to 90°C. The
thermal excursion experiments were then numerically modeled using finite
element analyses and the results were compared to the experimental results.
The predicted strains are overestimated (conservative) when a linear,
elastic, temperature-dependent material model was assumed for the
encapsulant and the stress free temperature was assumed to correspond to the
cure temperature of the encapsulant. Very good agreement was obtained with
the linear elastic calculations provided that the stress free temperature
corresponded to the onset of the glassy-to-rubbery transition range of the
encapsulant. Finally, very good agreement was obtained when a viscoelastic
material model was utilized and a stress free temperature corresponding to

the cure temperature was assumed.
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INTRODUCTION

The design and packaging of electronic components are often critically
dependent upon the appropriate use of polymeric encapsulating materials.
Encapsulation can provide sensitive electrical assemblies with protection
against severe shock, vibration, and atmospheric environments. The
materials also provide, in some instances, high voltage protection and
isolation. Due to substantial differences in thermal expansion between
electronic assemblies and the encapsulation materials, however, detrimental
stresses and deformations may develop during the encapsulation process and
subsequent thermal excursions. To assist in design and evaluation, one must
have the capability to accurately calculate the states of stress and strain
in encapsulated components. Finite element computations will yield the
desired results provided there are proven material models and accompanying

thermomechanical material properties to input into the models.

For many years, the states of stress and strain in encapsulated
assemblies have been numerically predicted at Sandia National Laboratories
using finite element analyses. These calculations, however, were based on
critical assumptions about stress-free conditions in the assembly and
material behavior. When a polymeric material cures, complicated chemical
reactions occur that produce substantial volume reductions (cure shrinkage)
in the encapsulant. The first assumption was that the encapsulation
material was stress free and geometrically sound after the cure, 1i.e., the
response during the cure process was neglected. Secondly, to determine the
response due to temperature excursions (thermal shrinkage), a stress free
temperature TA was assumed. The assumed stress free temperature was either
the cure temperature Tc¢ or the glass-transition temperature of the
encapsulant Tg. Finally, the stresses in the assembly were normally
calculated assuming linear, elastic, temperature dependent material response
for the encapsulant; however, 1in some isolated instances nonlinear (elastic-
plastic) or viscoelastic material models were employed. It was believed
that the stress state predicted with these assumptions were conservative
(higher than actual). The predicted responses qualitatively agreed with
observed behavior and when the analyses were used to compare various

designs, valuable insights were obtained.

More rigorous analyses of encapsulated assemblies must account for both
the stresses developed during cure and the thermal and environmental
stresses developed after the material cures. At the present time, the
development of this rigorous capability is proceeding along parallel paths
as schematically illustrated in Figure 1 [1]. Along one path research is
focused on developing a methodology to predict curing response in polymeric
encapsulants. Before the problem of computing cure-shrinkage stresses 1in

non-isothermally cured encapsulants can be solved, a reaction kinetics and
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heat transfer model ("thermal model") must first be developed and used to
provide both the extent of reaction (conversion) and the temperature as
functions of time and position. In the absence of convection, the thermal
model provides the initial conditions for a cure-shrinkage stress model.

The development of the stress model involves four tasks: developing a
material constitutive model, obtaining material constants, validating the
material model, and deriving and implementing finite element solution
procedures. Predicted stresses and strains from the cure-shrinkage stress
model can then be used to examine possible failure modes during curing. The
cure-shrinkage response will, at some point in time, provide the yet to be

determined initial conditions for the post-cure analysis.

The second path of the development program involves studies to evaluate
the current capability to predict stresses and strains in a fully cured
material (post-cure response). Once this capability is established, the
post—-cure response of an encapsulated assembly due to thermal loading (from
an appropriate thermal model) and mechanical loading can be confidently
predicted. The predicted stresses and strains can then used to determine

possible service failure modes.

This paper presents results from combined experimental/analytical
research to evaluate the current capability for predicting post-cure
stresses and strains for three encapsulating materials. The approach was
(1) to perform experiments that made direct in situ measurements of strains
that developed in an embedded closed cylinder due to cooling from
encapsulation temperatures and to subsequent thermal excursions, (2) to
perform finite element stress analyses of the same experiments using
published thermomechanical material properties for the encapsulants, and (3)
to compare experimental strains to predicted strains from finite element
calculations. The embedded closed cylinder was chosen for two reasons:
first, the geometry is representative of many encapsulated assemblies, and
secondly, the cure shrinkage stresses are minimal. Good agreement would
verify that the material constitutive model, the constitutive parameters,
and the finite element modeling methodology are valid for calculating stress

and strain states in encapsulated assemblies.

EXPERIMENTAL PROCEDURE

One goal of the experimental phase of the study was to measure strains
developed in encapsulated parts that are actually used in electronic
assemblies of interest such as alumina ceramic vacuum tubes. Rather than
initially attempt to instrument ceramic tubes, model specimens that readily
lend themselves to experimental and analytical evaluation were designed and

studied. The model specimens consisted of thin-wall tubes as shown in



Figure 2. Kovarl tubes were used in order to achieve greater strain
sensitivity than could be obtained with ceramic tubes. Kovar was chosen
because it has about the same value of coefficient of thermal expansion
(CTE) as alumina ceramic. However, a GTE match is not required to validate

the models and the tube could have been one of any number of materials.

The Kovar tubes were instrumented with Micro-Measurement's CEA-06-125WT-
350 biaxial strain gages at the three locations shown in Figure 2: 0°, 90°
and 180° on the inner diameter (ID). The gages were oriented to measure
strain in the axial and hoop directions of the thin-wall tubes. The tubes
were also instrumented with a Micro-Measurement strain gage temperature
sensor and a T-type thermocouple near the 270° ID position. Strain gage and
thermocouple leads passed through the center of the top end cap. The wire
opening was sealed with RTV silicone to prevent the encapsulant from filling
the tube interior during the potting step. A threaded bolt through the
bottom end cap was used to position the tube in a mold-released aluminum
mold as illustrated in Figure 2. The mold-release was required to prevent
constraint of the encapsulant by adhesion to sides of the aluminum mold.
After the assembly was cured and cooled to room temperature, the aluminum

mold was removed.

Three types of experiments were conducted on each tube. Strains and
temperatures were monitored (1) during free thermal expansion of a non-
encapsulated tube over the temperature range of -60°C to 121°C, (2) during
the potting and cure cycle, and (3) after removal from aluminum mold, during
thermal cycling of the encapsulated tube between -60°C and 90°C. All parts

were in thermal equilibrium prior to each strain reading.

FINITE ELEMENT MODEL

Two-dimensional finite element analyses were used to predict the strains
(and stresses) that developed in the fully cured encapsulated experimental
assembly as the temperature of the assembly was cooled from the cure
temperature. The two-dimensional geometry and finite element idealization
used in this study (Kovar tube OD=1.125 in) is shown in Figure 3. This
axisymmetric model takes advantage of a plane of symmetry but does not
include the aluminum mold as it was assumed that the encapsulant did not
adhere to the mold-released surface of the mold. To perform these
calculations one would ideally like to assume the assembly was stress free
at the cure temperature of the encapsulant and predict the stresses
developed due to both cure shrinkage and thermal shrinkage. However, as

stated earlier, the methodology to predict cure shrinkage effects is not

1."Kovar" 1is a registered trademark of Carpenter Technology Corporation
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complete but is the subject of active research. Therefore, various stress
free temperatures were examined in this study. Originally, the stress free
temperature was assumed to be the cure temperature Tc of the encapsulant.

In subsequent calculations, the assumed stress free temperature was varied
to obtain better correlation with experimental results. Thermoelastic
calculations were performed using the finite element computer program JAC2D
[2] , and thermo-viscoelastic calculations were obtained with the finite

element computer program SANTOS [3],

ENCAPSULATING MATERIALS

The three encapsulants reported in this study are listed in Table 1
along with the cure temperatures used in the experiments. The encapsulants
were 828/DEA, an unfilled epoxy system, 828/CTBN/DEA, a rubber toughened
epoxy resin, and 828/CTBN/GMB/DEA, a rubber toughened epoxy filled with
glass microballoons. The material descriptors have the following meanings.
The 828 designation refers to Shell's Epon 828 epoxy resin which is a
formulation of diglycidyl ether of bisphenol A, DGEBA. DEA (diethanolamine)
is a ligquid curing agent that can be processed to have cure exotherms less
than 90°C. CTBN is a carboxyl-terminated butadiene acrylonitrile rubber
used to toughen epoxies. Glass microballoons (GMB) 1is a filler material
that 1is used to reduce the weight and the coefficient of thermal expansion
(CTE) of an encapsulating material without sacrificing other physical

properties

Reference [4] data for the dynamic shear modulus and Tan5 of the 828/DEA
material are plotted as a function of temperature in Figure 4. The data
were measured at a frequency of 2 kHz using a Rheometrics Mechanical
Spectrometer RDS-2 instrument. Of particular interest in this plot is the
zone 1in which the shear modulus changes drastically as the temperature
increases. This 1s a transition zone in which the material changes from a
glassy to a rubbery solid. Various types of tests and methods of data
interpretation are used to define the glass transition temperature T from
the range of temperatures in the transition zone. Thus, the value assumed
for Tg is dependent on several factors such as test method, rate of heating,
frequency, etc, and is not a unique value. For example, Tg can be defined

from Figure 4 as the temperature at which the TanS curve peaks.

The cure temperature is normally assumed to be the stress free
temperature in an elastic analysis to determine the stresses developed in an
encapsulated assembly as the temperature is cooled from the cure
temperature. One could, however, define the stress free temperature in
other ways, such as the glass transition temperature or the onset of the

transition zone from the glassy state to the rubbery state.



Table 2 lists the elastic and thermal expansion properties of the
encapsulants used in the finite element analyses. The elastic properties
and thermal expansion properties of 828/DEA, 828/CTBN/DEA, and
828/CTBN/GMB/DEA were obtained from References [4] and [5], respectively.
For the Table 2 data, thermal strain is defined as the free thermal
expansion due to the coefficient of thermal expansion of the material, with
-55°C arbitrarily set as zero strain. In the finite element analysis codes,
only differences in thermal strain between two temperatures 1is considered,
not the absolute value. Therefore, any temperature can be selected as the
"zero strain" temperature as the strains at other temperatures are adjusted

appropriately.

The elastic material model and properties presented do not account for
time dependent response. However, polymeric materials do exhibit time
dependent response. Krieg and Cessac [6] approximated the response of
828/DEA as a thermorheologically simple linear viscoelastic material and
used a nine term Prony series to define the shear relaxation modulus. In
SANTOS, a linear viscoelastic material model implemented by Costin and
Stone [7] 1is used. Using data from Krieg and Cessac, the material
constants for 828/DEA were determined. The time-temperature shift function

is given by a common WLF equation [8]:

(1]
where
Cx = 9.85 (2]
C2 = 60.0 (3)
and
T0 = 50.0°C (4)
The shear modulus is given by:
3
(5)
where
= 50350 psi (6]
G2 = 64309 psi (7)
and
G} = 53277 psi (8)

The shear relaxation constants are given by:
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Pi = 6.342 (9)
pz = °-41 (10]
and
/93 = 0.0195 (ID
The bulk response 1is assumed to be elastic with bulk modulus of
K = 740000 psi (12]
RESULTS AND DISCUSSION
Validation of Test Procedure
In the first set of experiments, the apparent strain as a function of
temperature was monitored for non-encapsulated Kovar tubes. This apparent

strain cal is the sum of £Kovar> tlie strain in the Kovar due to its
coefficient of thermal expansion (CTE), and eg, the temperature-dependent
apparent strain output of the strain gage. Experimental values of eal were
approximately identical in both the axial and hoop directions for the Kovar
tubes. At each test temperature the manufacturer's wvalue of ¢ was
algebraically substracted from the measured value of cal (average of the
three strain gages) to yield measured value of cKovar, the free

expansion/contraction strain in the Kovar due to its CTE.

Figure 5 1is a plot of c"ovac in the axial direction of the Kovar tube as
a function of temperature, with the data arbitrarily shown to have =zero
strain at 20°C. The solid curve 1s a quadratic least squares fit ("“Kovar =
-0.007011 x T2 + 6.1904 x T - 160.0) of the experimental data. A secant
curve between -40°C and 100°C has a slope (5.77 x 10'6 in/in/°C) that is in
excellent agreement with literature values of Kovar CTE. These results
indicate that the experimental and data reduction procedures are valid for

measuring strains over the temperature range of interest.

Potting and Cure

Instrumented Kovar tubes with Kovar end caps were placed in mold-
released aluminum molds and encapsulated. Apparent strains of the
encapsulated tubes, ca2, were monitored during the potting and cure cycle.
Thermal strains in the Kovar were obtained by substracting eg from ea2
Representative results are shown in Figure 6 for the 828/DEA encapsulant
over the 1.125" OD Kovar tube. The maximum oven temperature during cure
was 71°C; however, during the exothermic reaction the resin temperature

reached 90°C.
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The solid line in Figure 6 1is the free expansion of the Kovar from
Figure 5. The strain gages were zeroed at 20°C at the start of the
experiment. At the cure temperature both the axial and hoop strains in the
828/DEA encapsulated Kovar tube are equal to the strain in a non-
encapsulated Kovar tube. Whenever the encapsulated tube response is the
same as the non-encapsulated Kovar tube, there is no mechanically induced
strain in the Kovar due to differences in CTE of the various materials.
During cool-down from 71°C, the cure temperature, the experimental strains
begin to deviate from the Kovar curve. This means that thermal stresses
are beginning to develop in the encapsulant and in the Kovar tube due to
the CTE mismatch between the two materials. The temperature at which the
strains begin to build appears to be about equal to the temperature for the
onset of the glassy-to-rubbery transition region for the potting material.
The lowest temperature at which there 1is no mechanically induced strain in
the Kovar was an important consideration for setting stress free

temperatures in the finite element models of the experiments.

The mechanically induced residual compressive strain in the Kovar at
room temperature following the cure cycle is equal to the difference in the
curves for non-encapsulated (free expansion) and encapsulated tubes.
Comparisons of the experimental values of residual strains in the Kovar
tubes following potting and cure of the three encapsulants are shown in

Table 3.

Thermal Excursions
Kovar Encapsulated in 828/DEA

The Kovar tube potted in cured 828/DEA was thermal cycled between -60°C
and 90°C. Apparent strains in the Kovar were corrected for ¢ , as
previously described for the cure cool-down experiments, to yield a
combined mechanical plus thermal strain. Following are results of elastic

and viscoelastic analyses at various stress free temperatures.

Elastic Analysis with T. as Stress Free Temperature- Figures 7 and 8
show the axial and hoop strains, respectively, as functions of temperature,
for a Kovar tube potted in 828/DEA. The experimental data (open circles)
are set to zero at 71°C, the cure temperature. Included in these two
figures are curves for the free expansion of a non-encapsulated Kovar tube
and for finite element analyses of the experimental assembly. The material
model incorporated in the analysis is a linear, elastic, temperature-
dependent model using the properties listed in Table 2. The stress free
temperature 1is assumed to equal the cure temperature of the 828/DEA. The
slopes of computed and measured strain-temperature curves are 1in reasonable

agreement. However, at -50°C the finite element analysis overestimates the
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compressive mechanical strains by about 25% in the axial direction and 40%
in the hoop direction. Because of the similarity in the axial and hoop
strains, except for the magnitude, only the axial responses will be shown

in the following discussions.

Viscoelastic Analysis with T, as Stress Free Temperature- Strains
computed with the previously described viscoelastic material model for
828/DEA are shown in Figure 9. This figure also includes the experimental
data and the free expansion strains of Kovar. Calculated viscoelastic
responses are plotted for two rates of cooling. The assembly was first
assumed to be uniformly cooled from the cure temperature to the cold
temperature extreme in two hours and, secondly, in four hours. The
calculated results are not significantly affected by the two rates of
cooling assumed in these calculations. Near the stress free temperature,
the viscoelastic calculations produce a nonlinear response that is similar
to the nonlinear response observed in the experiment. The calculated Kovar

strains are 1in excellent agreement with experimental data.

Elastic Analysis with Onset of Glassv-to-Rubberv Transition Region as
Stress Free Temperature- It is clear from Figures 7-9 that the Kovar tube
encapsulated in 828/DEA begins to pick up mechanically induced strain when
the temperature is lowered to about 55°C. In the shear modulus vs.
temperature material tests by Adolf [4], the temperature at which the
828/DEA begins to transition from glassy to rubbery response also
corresponds to about 55°C as shown in Figure 4. Finite element analyses
with the linear, elastic, temperature-dependent material model for the
828/DEA potting material were performed for the condition of a 55°C stress
free temperature. The results are shown in Figure 10. Excellent agreement
is observed between the computed strains and the experimentally measured

strains over the entire temperature range.

Summary - 828/DEA- In summary, three material models were used in
finite element analyses to calculate strains in the 828/DEA encapsulated
Kovar tube during thermal excursions. The results show that an elastic
analysis yields excellent agreement with experimental data when the stress-
free temperature is set equal to the temperature at which the Kovar tube
begins to pick up mechanically induced strains in the tube experiments.
This temperature corresponds to the onset of the glassy-to-rubbery
transition temperature as indicated by dynamic shear modulus vs.
temperature data. A viscoelastic model with the cure temperature, Tc, as
the stress free temperature also yielded excellent agreement with
experiment. In addition this model reproduced the nonlinear behavior near
the stress free temperature. Because viscoelastic properties are not
presently available for the other two encapsulants, only elastic material

properties with a stress free temperature taken from the experimental data
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were used in finite element analyses of Kovar tubes potted in the other

encapsulants

Kovar Encapsulated in 828/CTBN/DEA

Comparison of the elastic analysis with experimental data is shown in
Figure 11 for the 828/CTBN/DEA potting. Based on the experimental data,
the stress free temperature is taken to be 50°C. The finite element
predictions are in good agreement with experimental data at all
temperatures down to -30°C, below which the analysis overestimates the
strain. The shape of the experimental curve at the low temperatures
suggest that there may be a secondary glass transition in 828/CTBN/DEA near
-30°C.

Kovar Encapsulated in 828/CTBN/GMB/DEA

Figure 12 shows the experimental and analytical results for Kovar
potted in 828/CTBN/GMB/DEA assuming a stress free temperature of 60°C for

the finite element computations. The agreement is not quite as good as for
the two previous encapsulants. The slope of the analytical curve is
greater than the experimental curve. Thus, for the elastic analysis with a

60°C stress free temperature, the finite element analysis underestimates
the Kovar strain at temperatures above 20°C and overestimates them below

that temperature.

Comments

It is important to note that all experiments discussed in this paper
were for Kovar tubes over-potted with encapsulants. The outside surfaces
were not constrained during cure and thermal cycling because the aluminum
mold was mold-released. For this condition, the volumetric shrinkage that
occurs in polymers during gelation and cure does not contribute to the
generation of mechanical strains in the Kovar. Volumetric shrinkage can be
an important parameter when the resin is constrained during gelation and
cure. An example of this condition is a thin tube filled with an
encapsulant. When there is good adherence between the Kovar and the
encapsulant, significant stresses and strains can develop in the tube and
encapsulant during gelation and cure due primarily to volume shrinkage and
the development of mechanical stiffness (shear modulus) during the gelation
process. Experimental and modeling studies of thin tubes filled with

828/DEA have been reported elsewhere [1].



-11-

SUMMARY

1. An experimental technique to measure in situ strains during potting,

curing and thermal cycling of encapsulated assemblies has been developed

and demonstrated.

2. The accuracy and validity of the experimental procedure were
demonstrated by measuring the coefficient of thermal expansion of thin

Kovar tubes. These results were 1in excellent agreement with literature

values

3. Kovar tubes were potted in three encapsulating resins (828/DEA,
828/CTBN/DEA and 828/CTBN/GMB/DEA) and monitored for strains during
potting, cure, and thermal excursions. The epoxies with DEA produced
residual compressive axial strains of 765 /”“strain in the Kovar at room
temperature. This strain results because of the differential in
coefficient of thermal expansion between the Kovar and the encapsulants and
because the glass transition temperatures Tg of these potting materials are

above room temperature.

4., Elastic and viscoelastic material properties were used in finite
element models of the thermal excursion experiments of thin Kovar tubes
encapsulated in 828/DEA. The elastic analysis yielded conservative results
(predicted strains higher than measured strains) when the stress-free

temperature was set equal to the cure temperature.

The elastic analysis yielded excellent agreement with experimental data
over the entire temperature range provided the stress-free temperature was
set equal to the temperature at which the Kovar tube began to pick up
mechanically induced strains in the tube experiments. This temperature can
be identified in material properties data, such as dynamic shear modulus vs
temperature data by picking the temperature for the onset of the transition
region from glassy response to the rubbery state. Since the dynamic shear
modulus vs temperature curve is dependent on many factors such as test
method, frequency, and rate of heating, it 1is difficult to obtain a unique
value for the stress-free temperature. In these calculations the stress-
free temperature in effect becomes a required material property value which

must be obtained for an accurate analysis.

A viscoelastic analysis with Tg as the stress free temperature also
yvielded excellent agreement with experiment. In the viscoelastic analysis,
however, 1t was not necessary to choose an "appropriate" stress-free
temperature. The viscoelastic analysis reproduced the nonlinear behavior

experimentally observed near the stress free temperature.
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The experiments with 828/DEA suggest that it is not absolutely
necessary to include the viscoelastic behavior of epoxy potting materials
to capture the principle features of the experimental results and to
calculate strains (and stresses) in encapsulated components provided that
the apparent stress-free temperature can be determined. However, a
viscoelastic model is required to predict the nonlinear response that
occurs near the stress free temperature or 1if stress-free temperature is
unknown. Additionally, time dependent response such as the effect of long

time storage can only be predicted with a viscoelastic model.

5. Viscoelastic properties were not available for the other two
encapsulants. Therefore, finite element analyses of the experiments with
these potting materials used elastic, temperature-dependent material
properties along with the experimentally inferred stress-free temperature.
In general there was good agreement between experimental and predicted
strains in the Kovar over the entire temperature range. When the
comparisons were not in exact agreement, the finite element results tended

to be conservative, 1i.e., the strains in the Kovar were overestimated.

6. In the experiments described in this paper, the encapsulants were
not constrained by the aluminum mold. Therefore, isothermal wvolume
shrinkage of the resin during the gel process did not contribute to the
build-up of Kovar strains. For hypothetical cases where potting materials
are constrained, volume shrinkage can be important and the set of material
properties presented and verified in this study may not be sufficient for

an accurate finite element analysis.

7. The results of this study suggest that the thermomechanical, elastic
properties listed in Table 2 accurately characterize the three encapsulants

provided that the apparent stress-free temperature can be determined.
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Table 1. Materials Studied

Material Cure Temperature
(C)
828/DEA 71
828/CTBN/DEA 71
828/CTBN/GMB/DEA 93
Table 2. Temperature-Dependent Properties
Material Temperature Modulus Poisson's Thermal
(C) (psi) Ratio Strain
828/DEA -55. 517400. 0.383 0.0
-30. 447700. 0.399 0.00113
20. 421500. 0.405 0.00384
50. 395000. 0.411 0.00576
60. 352000. 0.423 0.00650
71. 138400. 0.470 0.00762
93. 2070. 0.499 0.01120
828/CTBN/DEA -55. 454800. 0.385 0.0
-30. 392600. 0.402 0.00160
20. 339700. 0.415 0.00480
50. 282400. 0.432 0.00725
60. 243900. 0.441 0.00808
71. 143500. 0.464 0.00900
93. 21600. 0.499 0.01300
828/CTBN/GMB/DEA -55. 491600. 0.347 0.0
-30. 438600. 0.355 0.00084
20. 409100. 0.363 0.00275
50. 384100. 0.372 0.00405
60. 363900. 0.380 0.00453
71. 333300. 0.389 0.00522
93. 38660. 0.487 0.00726
Table 3. Room Temperature Residual Strains in Kovar Tube Following Cure

of Encapsulant

Material Residual Residual
Axial Hoop
Microstrain Microstrain
828/DEA -765. -380.
828/CTBN/DEA -630. -320.

828/CTBN/GMB/DEA -540. -230.
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Figure 1. Analysis of Encapsulated Assemblies
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Figure 2. Experimental Configuration
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Figure 4. Dynamic Shear Modulus Measured at 2 kHz
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Figure 6. 828/DEA - Potting and Cure Strains
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Figure 7. 828/DEA - Axial Strain in Kovar - Elastic Analysis - Stress Free
Temperature = Ty = 71°C = T¢
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Figure 8. 828/DEA - Hoop Strain in Kovar - Elastic Analysis - Stress Free
Temperature = T; = 71°C = T¢
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Figure 9. 828/DEA - Axial Strain in Kovar - Viscoelastic Analysis - Stress Free
Temperature = J\ = 71°C - T¢
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Figure 10. 828/DEA - Axial Strain in Kovar - Elastic Analysis - Stress Free

Temperature = = 55°C
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Figure 11. 828/CTBN/DEA - Axial Strain in Kovar - Elastic Analysis - Stress Free
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Figure 12. 828/CTBN/GMB/DEA - Axial Strain in Kovar - Elastic Analysis - Stress
Free Temperature = J\ = G0°C



