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ABSTRACT: Vinyl siloxane (VS) modified cresol novolac epoxy (CNE) and cresol novolac
hardener (CNH) resins are synthesized and both components are capable of further
crosslinking. The reaction kinetics for both components are studied so that they can
crosslink simultaneously in a designed synthesis procedure. Through careful adjust-
ment of a triphenylphosphine dosage, the glass-transition temperature (7,) of CNE/
CNH resins can be effectively controlled. Phenomena characteristic of the existence of
a diffusion-controlled reaction are also observed. The relationships between the T, and
crosslinking density for the CNE/CNH resin are explicitly revealed through gel content
and swell ratio experiments. CNE/CNH resins with a higher T, have lower equilibrium
moisture uptake because of the higher fraction of free volume. The coefficient of
diffusion also shows a similar but less apparent trend. The incorporation of VS incurs
a 35% reduction in the equilibrium moisture uptake and a 20% reduction in the
coefficient of diffusion for the modified resin. The VS-modified CNE/CNH resin pos-
sesses a lower Young’s modulus and a higher strain at break than its unmodified
counterpart does. This modified resin can help to alleviate the popcorning problems in
integrated circuit packages, which results from hygrothermal stresses. © 2000 John

Wiley & Sons, Inc. J Appl Polym Sci 79: 652—-661, 2001
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INTRODUCTION

Advantages in availability, cost, weight, and mar-
ket lead time have given plastics more than 97%
of the worldwide chip packaging market.
0-Cresol-formaldehyde novolac epoxy (CNE) res-
ins cured with cresol novolac hardeners (CNH),
which have relatively low volumetric shrinkage
upon polymerization, good thermal and dimen-
sional stability, excellent moisture and chemical
resistance, and superior electrical and mechani-
cal properties, are often employed to encapsulate
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microelectronic devices.'™ The trend toward
greater integration and functionality in the die is
driving the need for packages of high pin counts
and good heat dissipating capability. This places
a great challenge on integrated circuit (IC) pack-
age materials. Among the common package reli-
ability problems, moisture-induced delamination
and cracking of the package during reflow solder-
ing are two major issues. Ninety percent of fail-
ures occur at the material-material interface be-
cause of moisture, temperature cycling, and con-
tamination.’™ A high level of stress is built up
within the package as a result of the enhanced
mismatch between the dissimilar materials in the
package. At the same time, the evaporating mois-
ture absorbed from the ambient by the epoxy-



based encapsulant causes a pressure buildup be-
tween the encapsulant and the chip pad. These
effects, called the popcorning phenomenon, form
paths for the ingress of contaminants and corro-
sive agents and compromise the long-term reli-
ability of the package. In addition, hygrothermal
aging-induced degradation also leads to a severe
reduction in resin strength.*

Polysiloxanes are used extensively in IC pack-
aging because of their good thermal stability, neg-
ligible thermal mismatch-induced internal pack-
age stress, resistance to UV degradation, and
moisture repelling capability. They are employed
as modifiers for epoxy resins in the hope that
synergistic properties can be achieved. Various
siloxanes, for example, aminosiloxane,” poly(dim-
ethylsiloxane) (PDMS),6~® and PDMS-based ther-
moplastic polyurethane,” were incorporated into
epoxy resins through grafting reactions. PDMS
modifiers with carboxyl equivalent weights of less
than 690 g/equiv mol were found to be completely
miscible in the cured epoxy resin.!? Polysiloxane-
modified epoxy resins were reported to possess
better thermal stability, a lower mechanical mod-
ulus, and the ability to absorb less moisture.®~®
Other approaches for the synthesis of more reli-
able packaging materials include either use of low
rigidity hardener in epoxy systems or synthesis of
low thermal expansion coefficient polyimides.!™!2

The stress buildup resulting from thermal mis-
match can be qualitatively estimated using the
following equation'*:

0'=KJ (o, — ag)E,. dT (1)

where o is the interfacial stress between the en-
capsulant and the die, K is a constant, «,. is the
linear coefficient of thermal expansion (LCTE) of
the encapsulant, «, is the LCTE of the silicon
chip, and E, is the flexural modulus of the encap-
sulant. The typical LCTE values for silicon chips
and epoxy molding compounds are 2.6 X 10~ ¢ and
17 X 107 ¢ K1, respectively.'® At the same time,
the evaporating moisture absorbed from the am-
bient by the epoxy-based encapsulant causes a
pressure buildup between the encapsulant and
the chip pad in the subsequent reflow soldering
process. These popcorning phenomenon effects
form paths for the ingress of contaminants and
corrosive agents and compromise the long-term
reliability of an IC package. To reduce thermal
stresses in a package, it is necessary to reduce the
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values of «,, E,, or the moisture uptake of the
encapsulant. The amount of moisture absorbed in
a package is dependent on the magnitude of the
resin diffusivity, as well as the equilibrium mois-
ture uptake. The factors that affect the moisture
transport process in epoxy resins include the po-
larity of the base resin, the catalyst used in the
resin, and the resin nanovoid structure. Although
resin polarity is the dominant factor in determin-
ing the equilibrium moisture uptake, there is a
strong correlation between the absolute zero hole
volume fraction and the equilibrium moisture up-
take.'® Some of the metal compounds used as
catalysts in the epoxy system can also easily ab-
sorb moisture as their ligand.!” In addition, the
resin processing also affects the water content of
a cured material to a great extent. In particular,
the density and extent of crosslinking play a key
role in the water uptake during thermal spikes.
Besides the equilibrium moisture uptake, the dif-
fusivity of moisture in the resin is another impor-
tant factor that affects package reliability that is
often overlooked. The period between postcure
treatment and reflow soldering of encapsulated
packages is usually a couple of days. Encapsu-
lants with a lower diffusivity will absorb less
moisture. The diffusion process in an epoxy resin
is complicated by the existence of a microstruc-
ture difference in the resin. Different modes of
moisture diffusion exist in the phases of different
crosslinking densities.’® How resin polarity and
chain topology affect the diffusivity remains an
important issue.

In this study a vinyl siloxane (VS) grafted CNE
prepolymer was synthesized, and the VS and ep-
oxy components were both capable of further
crosslinking. A silane compatiblizer for enhanc-
ing the interphase reaction was added. The reac-
tion kinetics for the crosslinking reactions in both
components were studied, which enabled us to
prepare the modified resin in a procedure where
both components reacted simultaneously. The ef-
fects of the glass-transition temperature (7,) and
the addition of VS on the mechanical and mois-
ture transport properties of the resins were also
discussed.

EXPERIMENTAL

Materials

The epoxy resin used was CNE supplied by
ChangChun Plastics (CNE-200EL, grade F, epoxy
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equivalent = 200 g/equiv, number average func-
tionality = 8). The CNH was also supplied by
ChangChun Plastics (HOCN-200, hydroxyl equiv-
alent = 110 g/equiv, number average functional-
ity = 9). The VS used was X-21-5999 supplied by
Shin-Etsu Co. (vinyl equivalent = 1.3 x 104
mol/g, viscosity at 25°C = 757 cs). Triphenylphos-
phine (TPP, Ph;P) and methacrylic acid (MAA)
were purchased from Aldrich. The TPP was used
as a curing accelerator for the CNE/CNH system.
Benzoyl peroxide; 1,1 di-(tert-butylperoxy) 3,3,5-
trimethyl cyclohexane (Lupersol 231); n-butyl-
4 4-di-(tert-butylperoxy) valerate (Lupersol 230);
dicumyl peroxide; 2,5 dimethyl-2,5-di-(tert-bu-
tylperoxy) hexane (Lupersol 101); and 2,5 dimeth-
yl-2,5-di-(tert-butylperoxy) hexyne-3 (Lupersol
130) were purchased from Atochem Inc. The A-1
catalyst used was (ethyDtriphenyl phosphonium
acetate acetic acid complex, which was also sup-
plied by ChangChun Plastics. 3-Glycidoxypropyl
trimethoxysilane was supplied by Chisso Corp.
The silane served as a compatiblizer for the epoxy
resins and the polysiloxane modifier.

Methods
Preparation of Unmodified Epoxy Resins

A 500-mL four-necked round-bottom flask
equipped with a heating mantle, mechanical stir-
rer, thermocouple, and temperature controller
was used as a reactor. To avoid oxidation and
hydrolysis, the reactor was purged with high pu-
rity nitrogen gas and maintained at 120°C
throughout the process. Stoichiometric amounts
of CNE and CNH, along with 0.1-1 wt % TPP,
were added to the reactor mentioned above. The
mixing was maintained for 0.5 h.

Grafting of MAA onto Epoxy Resins

The same reactor and conditions were applied for
the preparation of the MAA-grafted epoxy. One
hundred twenty-eight grams of CNE was added,
followed by the dropwise addition of 1.833 g of
MAA and 0.267 g of A-1 catalyst over a period of
0.5 h. The reaction was maintained for an addi-
tional 1.5 h. Completion of the reaction was con-
firmed by no trace of MAA being detected by gas
chromatography and the intensity of the absorp-
tion bands of oxirane at 882 and 917 cm™ ! was
reduced because of the ring-opening reaction of
the epoxides with the carboxyl groups. MAA was
grafted onto the epoxy resin in order to later react
with the VS.

Preparation of VS-Modified Epoxy Resins

Stoichiometric amounts of MAA-grafted CNE and
CNH, along with 0.1 wt % TPP, were added to the
reactor mentioned above. Then 13 wt % VS, 0.15
wt % 3-glycidoxypropyl trimethoxysilane, and 0.3
wt % 2,5 dimethyl-2,5-di-(tert-butylperoxy) hex-
ane were added. The mixing was maintained at
120°C for 0.5 h.

Curing Procedure of Epoxy Resins

The powders of unmodified and VS-modified
CNE/CNH resins were cured in a mold under a 50
kg/cm? pressure. The temperature was first set to
80°C and maintained for 8 h. The temperature
was then raised to 120°C for 0.5 h and then to
170°C for an additional 0.5 h. The temperature
was then set to 220°C and was maintained for 4 h
for a postcure. To relax the thermal molding
stress, the specimens were taken out of the mold
and placed into a vacuum oven for 0.5 h at 190°C.

Measurement and Testing

The variation in the 7, as a function of TPP
accelerator dosage was studied using DSC accord-
ing to ASTM D3418-82. The midpoint (¥2AC),) at
the step increment in the DSC curve was taken as
the T,. A dynamic DSC scan method was used to
follow the reaction kinetics and heat of reaction.
Unreacted specimens were scanned from 25 to
220°C at heating rates of 10 and 20°C/min. The
gel content and swell ratio of the specimens with
various T, values were measured using the reflux
extraction method. A sample of about 0.3 g was
placed in a pouch made of 120 mesh stainless
steel cloth and immersed in boiling tetrahydrofu-
ran (THF) for 24 h. The amount of remaining gel
and the value of the swell ratio were then calcu-
lated in a way similar to that described in ASTM
D2765-90. The LCTE was measured using a Per-
kin—Elmer DMA 7e in the TMA mode. The 4 mm
thick specimens were placed under a quartz probe
using a contact force of 2 mN, and the vertical
dimension (thickness) was measured as the tem-
perature was increased at a rate of 5°C/min. The
mechanical properties were measured using an
Instron 4411 universal testing machine in accor-
dance with ASTM D638M-93. Type M-1 speci-
mens were tested and their Young’s moduli,
strains at break, and ultimate tensile strengths
were obtained at a crosshead speed of 5 mm/min.
In the moisture absorption experiments the 40
X 20 X 4 mm?® specimens were placed in an 85°C



and 85% relative humidity chamber.!® The
weight gain was monitored as a function of time.
Prior to the absorption experiments, samples
were dried in a vacuum oven for 7 days at 50°C to
remove excess moisture.

RESULTS AND DISCUSSION

Matching of Crosslinking Rates of CNE/CNH
and VS

In formulating the VS-modified CNE/CNH resins,
time—temperature profiles for both the prepoly-
mer preparation and the final curing process
must be well planned. The resin must be stable
enough at the preparation temperature of 120°C.
Meanwhile, most molding processes demand the
cure time for the resin (postcure time not in-
cluded) to be no more than 5 min at 175°C. In
addition, because two reactions (crosslinking of
VS and crosslinking of CNE/CNH resins) are in-
volved in curing the VS-modified CNE/CNH
resin, the kinetics for both reactions must be
quantified. Figure 1 shows some typical reaction
curves for the CNE/CNH resin with various
amounts of TPP and for the VS with various per-
oxide initiators at a dosage of 1 wt %. A simple
nth order was used to fit each reaction curve:

X _ E) )
dar ~ A exp\pp 2

where X is the degree of conversion, A is the
frequency factor, and E is the activation energy.
The values of the fitted kinetic parameters for
both reacting systems are shown in Tables I and
II, respectively. These values were not intended
to be used for the reaction mechanism study but
instead were used as a quantitative tool for pro-
cess synthesis. The formulation and processing
procedures for the VS-modified CNE/CNH resin
described in the Experimental section were deter-
mined by implementing the kinetic calculation.
The two reactions should take place simulta-
neously, in the hope that an interpenetrating
polymer network like structure could be obtained
to prevent large-scale phase separation.

In the DSC experiments, it was found that the
TPP concentration affected not only the crosslink-
ing reaction rate, but also the 7', of the CNE/CNH
resins. Figure 2 shows the heat of reaction, the
DSC exotherm peak temperature, and the result-
ant T, of CNE/CNH resins at different concentra-
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Figure 1 Typical DSC exotherms for CNE/CNH res-
ins with various amounts of TPP and for VS with var-
ious peroxide initiators at a dosage of 1 wt %. The
designations are (130) 2,5 dimethyl-2,5-di-(tert-butyl-
peroxy) hexyne-3; (101) 2,5 dimethyl-2,5-di-(¢ert-butyl-
peroxy) hexane; (DCP) dicumyl peroxide; (230) n-
butyl-4,4-di-(tert-butylperoxy) valerate; (231) 1,1 di-
(tert-butylperoxy) 3,3,5-trimethyl cyclohexane; and
(BPO) benzoyl peroxide.

tions of TPP. It can be seen that the DSC exo-
therm peak temperature decreases with increas-
ing TPP concentration: when a higher amount of
TPP was added, the crosslinking reaction took
place at a lower temperature and at a higher rate;
therefore, a higher extent of reaction was
achieved and a higher amount of reaction heat
was released. Consequently, the peak tempera-
ture followed a trend opposite to the heat of reac-
tion in Figure 2. Also, the T, increases monoton-
ically with increasing TPP concentration. Be-
cause it is generally considered to be true for most
thermosetting polymers that there is a one to one
relationship between the T, and the degree of
conversion, regardless of the cure path,2°~22 a
higher T, implies that a higher degree of conver-
sion has been achieved. But the heat of reaction
curve does not show such a trend. Instead, the
heat of reaction initially increases with increas-
ing TPP concentration and then levels off as the
TPP concentration exceeds 0.3 wt %. This indi-
cates that a diffusion-controlled reaction mecha-
nism also played an important roll. Because the
diffusion-controlled reaction rate was slow, the
reaction heat was too low to be detected by the
DSC. TPP not only accelerated the chemical ki-
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Table I Kinetic Parameters for Crosslinking Reaction of Vinyl Siloxane

Peroxide A(s™ E/R (K1) n
Benzoyl peroxide 1.166 x 10 14,687 1.173
1,1 Di-(¢ert-butyl peroxy)3,3,5-trimethyl-cyclohexane 3.776 x 1016 18,122 1.157
n-Butyl-4,4-di-(tert-butylperoxy) valerate 1.927 x 1016 19,413 1.082
Dicumyl peroxide 7.398 x 10*® 18,344 0.984
2,5 Dimethyl-2,5-di-(tert-butylperoxy) hexane 6.465 x 10'3 16,444 1.157
2,5 Dimethyl-2,5-di-(tert-butylperoxy) hexyne-3 1.731 x 102 15,251 1.022

netic controlled reaction, but it also accelerated
the diffusion-controlled reaction; thus, a higher
degree of conversion was achieved with increas-
ing TPP concentration. We could then control the
T, of the CNE/CNH resin by adjusting the
amount of TPP in the resin. The resin could be
placed in a high temperature environment for a
certain period of time without an appreciable
change of the T,.

Gel Content and Swell Ratio

As a polymerization reaction proceeds, low molec-
ular weight monomers are consumed and the sys-
tem average molecular weight increases. When
the degree of conversion reaches the gel point, the
continuing structure buildup leads to an infinite
network (gel). The gel fraction increases at the
expense of the sol fraction as the polymerization
reaction continues. An experimental approach to
understand this gel-sol partition phenomenon is
to measure the gel content or swell ratio by dis-
solving the network in a good shows that gelation
occurred at the very early stage of polymerization,
which is not surprising because the resin has a
very high functionality and a high initial molec-
ular weight. The gel content increases dramati-
cally as the reaction proceeds past the gel point;
then it levels off in a short period because its
value is close to 100%. If the distribution of chain

Table II Kinetic Parameters for Crosslinking
Reaction of CNE/CNH Resins

Amount of
TPP E/R
(Wt %) A KM n
0.1 8.926 x 1012 15,944 1.363
0.2 7.145 x 1013 16,137 1.450
0.3 1.961 x 108 20,356 1.720
04 7.417 X 1014 16,674 1.510

lengths between crosslinks is Gaussian, the
crosslinking density can be estimated quantita-
tively from a gel content value by using the Ino-
kuti equation??:

o o+1
> 3)

Wea=1—[——"—
gel <O-+puwgel

where wy,,, is the gel content; and o is a measure
of the distribution breadth, which is defined as

B 1 M,
- M/M,) -1 M, M,

(4)

o

where M,, is the weight-average molecular
weight; M, is the number-average molecular
weight; p is the crosslinking density, defined as
the fraction of units that bear tribranching
points?*; and u is the initial number-average
chain length. For a rigid and highly crosslinked
system like the CNE/CNH resin, the Inokuti
equation can only be qualitative. If the initial
molecular weight distribution is so sharp that it

200 200
180 +
160+ 150
140

1 100

Temperature (°C)
Heat of Reaction (J/g)

50

o Exotherm peak temperature
m Heat of reaction
A Tg

0.0 01 02 03 04 05 06 07 08 09 1.0

TPP Concentration (wt%)

Figure 2 The heat of reaction, DSC exotherm peak
temperature, and T, for the CNE/CNH resin as func-
tions of the TPP concentration.



approaches infinity, then the Inokuti equation
can be reduced to

In(1 — wge)

w gel

pu = (5)

Because u is a constant, p is proportional to the
right-hand side of the above equation. We found
that the gel content experiment performed better
when evaluating the crosslinking density of the
CNE/CNH system in the early stage of a
crosslinking reaction. As the value of the gel con-
tent reached 90%, the involved experimental er-
ror prevented us from accurately estimating the
crosslinking density, even qualitatively.

On the contrary, the swell ratio experiment
performed more adequately when assessing the
crosslinking density in the high conversion re-
gime. We can see from Figure 3 that although the
gel content leveled off when the T, value was
higher than 80°C, the swell ratio continued to
decrease. The crosslinking density was estimated
using the Flory—Rehner equation?3-26:

In(1 —v,) + v, + xv2
Vilv,”® = (2/f)v,]

(6)

vV, = —

where v, is the effective network chains per unit
volume of gel, v, is the volume fraction of poly-
mers in the swollen network (the inverse of the
swell ratio), V; is the molar volume of THF (89.28
mL/mol at 65°C), x is the coefficient of interaction
between THF and CNE/CNH, and f is the
crosslinking functionality. The y was estimated

100
120

80
S
= 60 + 1.8 %
g 2
= =
S 4wt :
3 16 &
Qo

201

0

40 60 80 100 120 140 160 180 200

Glass Transition Temperature (°C)

Figure 3 The gel content and swell ratio as functions
of the T, for the CNE/CNH resin.
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Figure 4 The relative crosslinking density as a func-
tion of the T, as calculated using egs. (5) and (6).

Vi y
)(%0.344'}%(513_ 83) (7)

The solubility parameter 85 of THF is 19.6 JV%/
mLY2. The solubility parameter &, of the
crosslinked CNE/CNH resin was difficult to mea-
sure and was assumed to be equal to 8g. Again,
the Flory—Rehner equation can serve only for a
qualitative purpose because of the high rigidity
and high crosslinking density of this CNE/CNH
system. The estimated relative crosslinking den-
sities for resins of various 7, values using egs. (5)
and (6) are shown in Figure 4. The values in
Figure 4 were normalized by taking the highest
crosslinking density value as 1 for each individual
curve. This figure clearly shows that the resin
crosslinking density increases monotonically with
the T,. Together with Figure 3, we see that, when
gelation occurs, there is a dramatic increase in
crosslinking density but only a minor increase in
the T,.

Moisture Uptake

CNE/CNH resins of different T, values were pre-
pared and subjected to an 85% relative humidity
and 85°C environment. Figure 5 shows the typical
moisture uptake curves. The moisture content in-
creases rapidly during the initial stages of diffu-
sion and levels off to a saturation level. It is
important to note that the higher the T,, the
lower the equilibrium moisture uptake. Assuming
the diffusion behavior followed a Fickian pattern,
the moisture concentration in a slab can be shown
to be?®
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Figure 5 Typical moisture—time profiles in the mois-

ture uptake experiments for the CNE/CNH resin with
various T, values.

c(t) 8 = 1 (27 + 1)m\?
1 g () 2

2
C v
0 j=0

(8

where c(t) is the average concentration at a time ¢,
¢, is the saturation concentration at the surface, i
is the slab thickness, and D is the diffusion coef-
ficient. The calculated D values and the equilib-
rium moisture uptake are shown in Figure 6. The
CNE/CNH resin absorbed only a low level of mois-
ture of 1-1.5 wt %. In contrast, the epoxy/amine
systems can absorb 2-7 wt % moisture.'6-1%2°
This is one of the reasons why CNE/CNH systems
are chosen as IC packaging materials. But even
this level of moisture content causes many reli-
ability problems for IC packages. It is obvious
from Figure 6 that the equilibrium moisture up-
take decreases with increasing T,. The value of
the diffusion coefficient also decreases somewhat
with increasing T, but the trend is less certain.
The D values calculated here using eq. (8) were in
good agreement with those reported by Shook
(2.2-3.4 X 10~ 8 cm?%/s) using a different approach
for packages encapsulated with similar commer-
cial epoxy systems.?* Because of the low moisture
content, there is no need to treat the diffusion
coefficient as concentration dependent and to in-
corporate a plasticization factor into it.3! Morel et
al. showed that the most important factor in de-
termining the equilibrium moisture uptake is the
resin polarity,>? but the volume fraction of nano-
voids inside the resin also influences the equilib-
rium moisture uptake.'® Resins of lower 7, hence
of lower overall crosslinking density, possess a
higher volume fraction of nanovoids to accommo-

date more unbound moisture. This is the reason
why resins of lower T, absorb higher amounts of
moisture. Because the moisture uptake experi-
ments were performed at a temperature lower
than the T, of the resins, this could be the reason
why the diffusion coefficients did not show an
obvious decreasing trend with increasing 7. Al-
though Soles et al. used various curing agents to
synthesize epoxy resins of constant polarity in
order to study the influence of nanovoids on the
equilibrium moisture uptake,'® we demonstrate
here that resins of constant polarity but different
topology can also be synthesized by adjusting the
amount of curing accelerator in the CNE/CNH
system.

VS-Modified CNE/CNH Resins

In order to synthesize a resin with a lower mod-
ulus and less hygroscopicity, a flexible VS modi-
fier was added to modify the CNE/CNH resin.
Various measures for incorporating the VS mod-
ifier into the CNE/CNH matrix were tried. Table
III shows the mechanical properties of resins syn-
thesized using different approaches. Because the
VS modifier is completely immiscible with the
CNE/CNH resin, good mechanical properties
could not be achieved by direct mixing of the two
materials (the resin designated as blend in Table
III). When MAA was grafted onto CNE (the graft
resin in Table III), the CNE and VS components
both possessed the C=C functionality. Inter-
phase chemical bonds were formed and made the
boundary between the CNE/CNH and VS phases
less distinctive. The addition of 3-glycidoxypropyl
trimethoxysilane, which served as a coupling

8 20 3
2
7 118 2
]
2 | ! =
g 6 { I S 116 3
5 I E
b 3 ]
=5 { ; 114 2
S —, ]
4 ! { {12 &
.E
=2
3 . 0 3

110 120 130 140 150 160 170 180 190

Tg (°C)

Figure 6 The coefficient of diffusion D and equilib-
rium moisture uptake as functions of the T, for the
CNE/CNH resin.
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Table IIIT Mechanical Properties for Resins Synthesized Using Different Methods

Control® Blend® Graft® Blend/C4 Graft/C*
Young’s modulus (GPa) 0.95 0.76 0.82 0.81 0.8
Tensile strength (MPa) 28 13 20 17 26
Strain at break (%) 3.11 1.95 2.7 1.74 3.28
T, (°C) 182 183 184 181 183

2 Stoichiometric amounts of CNE and CNH, along with 0.1 wt % TPP.

b Same as the control ® with the addition of 13 wt % VS and 0.3 wt % 2,5 dimethyl-2,5-di-(tert-butylperoxy) hexane.
¢ Same as the blend ® but CNE is replaced by MAA-grafted CNE.

4 Same as the blend ® with the addition of 0.15 wt % 3-glycidoxypropyl trimethoxysilane.

¢ Same as the graft ¢ with the addition of 0.15 wt % 3-glycidoxypropyl trimethoxysilane.

agent for the two phases, promoted the mechani-
cal properties substantially. It worked equally
well for both the direct-mixed (blend/C) and MAA
graft modified (graft/C) resins. The increase in
toughness for the rubber-modified epoxy resin can
be ascribed to the two energy-dissipating mecha-
nisms: the cavitation at the particle-matrix inter-
face and the multiple plastic shear yielding in the
matrix initiated by the stress concentration asso-
ciated with the rubbery particles.?® The improve-
ment in the adhesion between the matrix—rubber
interfaces promotes the extent of cavitation,
which was proved to be very effective in promot-
ing the toughness of the rubber-toughened epoxy
resin.?* For the graft/C resin in Table III, the
silane enhanced the interphase reaction and more
interphase chemical bonds were formed. The
resin synthesized this way possessed a lower
Young’s modulus but a higher strain at break, yet
the reduction in tensile strength was minimal.
The T, values for each resin were essentially
identical, indicating the existence of a two-phase
structure. Because the graft/C resin possessed the
most balanced mechanical properties among all
the modified resins, it was used for comparison

with the control resin for a series of other tests. = 30 v Control
During reflow soldering, the entire package s 2l m GraftC

was heated to temperatures as high as 230°C. It is g

important that the package still maintain its in- ; or

tegrity. The high-temperature mechanical prop-
erties of the modified resin should be comparable
to those of the unmodified one. Figure 7 shows the
results of mechanical properties tested at 25, 50,
75, 100, and 140°C for the control and graft/C
resins. We can see that the property—temperature
profiles for the two resins are almost parallel to
each other. No change in the 7, and the parallel
mechanical properties over temperatures implies
that the service temperature for the VS-modified
resin was not sacrificed.

Figure 8 shows the typical moisture uptake
curves for the control and graft/C resins with the
same T, (180°C). It is quite obvious that the in-
corporation of the VS modifier into the CNE/CNH
matrix profoundly reduced the amount of mois-
ture uptake. The equilibrium moisture uptake
was reduced from 1.45 to 0.93 wt %. Notice that
the level of moisture uptake in the graft/C resin
based on the CNE/CNH content (1.07 wt %) is still
significantly lower than that in the control resin
(1.45 wt %). Assuming that the VS component
does not absorb moisture at all, the incorporation
of the VS modifier also made the CNE/CNH phase
absorb much less moisture. The diffusion coeffi-
cients for the control and graft/C resins were 4.33
X 107 and 3.44 X 10 % cm?¥s, respectively, as
calculated by using eq. (8). The addition of non-
polar VS not only made the graft/C resin become

v Control
15t m Graft/C

Young's Modulus
(GPa)
s

¥ Control
v m Graft/C

Break Strain (%)
~ N W A~ W,

20 40 60 80 100 120 140 160
Temperature (°C)
Figure 7 The Young’s modulus, ultimate tensile

strength, and strain at break as functions of tempera-
ture for the control and graft/C resins.
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Figure 8 Typical moisture—time profiles in the mois-
ture uptake experiments for the control and graft/C
resins.

less hygroscopic, but it also incurred a reduction
in the diffusion coefficient. The detour around the
nonhygroscopic VS phase made the diffusion path
longer and reduced the overall diffusion coeffi-
cient.

The linear coefficients of thermal expansion as
functions of the T, for the two resins were com-
pared. For glassy polymers, two distinct LCTEs
were found over temperature ranges below and
above their T, which are usually denoted as a;
and «,, respectively. As shown in Figure 9, the
incorporation of flexible VS raised the values of
the a; and «, for the resins. The internal thermal
stress-induced increase of the local free volume
and the building of high LCTE siloxane molecules
into the network structure were the two effects
that caused the increase in LCTE for the modified
resin.'® The epoxy molding compounds applied in
the IC packaging process usually incorporate a
large amount of silica fillers. The effect of the
incorporation of VS on the LCTE reverses when
silica fillers are added.'® The higher internal ther-
mal stress near the polymer—filler interface
causes the siloxane-modified epoxy molding com-
pound to have a lower LCTE than its unmodified
counterpart. The effect of the 7, on the LCTE of
both the modified and the unmodified resins was
similar, judging from the similar slopes observed
in the LCTE-T,, curves for both resins. Resins of
higher T, have higher fractions of free volume
and thus have higher LCTE values.

CONCLUSIONS

In this study, we synthesized a VS-modified CNE/
CNH resins with both components capable of fur-

ther crosslinking. The reaction kinetics for VS
and CNE/CNH systems was studied in order to
plan an effective synthesis procedure. The reac-
tion rates could be controlled by adjusting the
TPP concentration for the CNE/CNH system and
by using a variety of peroxide initiators for the VS
system. Through adjusting the TPP dosage, the
CNE/CNH resin with controlled T, values could
be obtained. The gel content and swell ratio ex-
periments were adequate for revelation of the
crosslink structure for the CNE/CNH system. The
crosslinking density increased dramatically when
gelation occurred while the T, was mildly in-
creased. The equilibrium moisture uptake and
coefficient of diffusion for the CNE/CNH resin
also showed a decreasing trend with the 7. The
use of the coupling agent 3-glycidoxypropyl tri-
methoxysilane was very effective in enhancing
the interphase reaction between the VS and
MAA-grafted CNE. The VS-modified resin pos-
sesses balanced mechanical properties: a lower
Young’s modulus so that the interfacial thermal
stress was reduced; a higher strain at break im-
plied a better resin toughness; and the tensile
strength suffered only a minor decrease. The T,
values were close to each other for both the mod-
ified and unmodified resins, and their mechanical
property—temperature profiles were almost paral-
lel to each other. Most important of all, the equi-
librium moisture uptake and coefficient of diffu-
sion for the VS-modified CNE/CNH resin were
both reduced to a great extent. Overall, we suc-
cessfully modified the CNE/CNH resin by prop-
erly incorporating a VS into the network. The

= v Control
f 21k . ® Graft/C
2 —
= 18 T _—
) —. .
= 15F N =
g
= 12}
_ v Control
] gb ™= m Graft/C
s
s |
= 6
|
o X
=

4

40 60 80 100 120 140 160 180 200
Tg (°C)
Figure 9 The linear coefficients of thermal expansion

(W, and W,) as functions of the T, for the control and
graft/C resins.



newly synthesized resin has improved hygrother-
mal and thermal mechanical properties without
any sacrifice in its service temperatures.
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