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ABSTRACT: The curing characteristics of epoxy resin sys-
tems that include a biphenyl moiety were investigated ac-
cording to the change of curing agents. Their curing kinetics
mainly depend on the type of hardener. An autocatalytic
kinetic reaction occurs in epoxy resin systems with phenol
novolac hardener, regardless of the kinds of epoxy resin and
the epoxy resin systems using Xylok and DCPDP (dicyclo-
pentadiene-type phenol resin) curing agents following an
nth-order kinetic mechanism. The kinetic parameters of all
epoxy resin systems were reported in terms of a generalized
kinetic equation that considered the diffusion term. The
fastest reaction conversion rate among the epoxy resin sys-

tems with a phenol novolac curing agent was obtained in the
EOCN-C epoxy resin system, and for systems with Xylok
and DCPDP hardeners, the highest reaction rate values were
obtained in NC-3000P and EOCN-C epoxy resin systems,
respectively. The system constants in DiBenedetto’s equa-
tion of each epoxy resin system with different curing agents
were obtained, and their curing characteristics can be inter-
preted by the curing model using a curing agent as a spacer.
© 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 86: 1942-1952, 2002

Key words: biphenyl epoxy resin; curing agent; curing
mechanism; cure kinetics

INTRODUCTION

Because of the growing need for high-density integra-
tion and thin-packaging technique of semiconductors,
the performance improvement of packaging materials
is progressing fast." In particular, the most significant
challenges have been in the area of improving the
thermal resistance and moisture resistance of epoxy
molding compound (EMC) for semiconductor encap-
sulation, both to overcome the thermal stress that
occurs at reflow soldering and to prevent popcorn
crack and warpage of package.>™ Various methods to
solve these problems have been presented, although
to date the most economical and effective method has
been the high filler loading technique. If this technique
were used, however, there should be a concomitantly
high viscosity of EMC with the increase of filler con-
tent, which causes moldability problems in packaging.
Therefore, it is necessary to use the epoxy resin system
to ensure low viscosity when this technique is ap-
plied.®
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The most efficient epoxy resin for this application is
a biphenyl-type epoxy resin, which is characterized by
low viscosity, liquid crystalline properties, and good
adhesion and mechanical properties.” The most pop-
ular biphenyl-type epoxy resin is YX-4000H, devel-
oped by Yuka Shell Co. (Tokyo, Japan), and studies of
cure kinetics and catalyst effect on this resin have been
performed.®>° However, the heat resistance and
moisture resistance in this simple biphenyl-type epoxy
resin system are insufficient, compared to those of the
o-cresol novolac epoxy resin system, because the ep-
oxy resin of this epoxy resin system is of low molec-
ular weight and shows low glass-transition tempera-
ture. The new biphenyl-type epoxy resins have been
developed recently to overcome such disadvantages.

In this study, the curing characteristics of such new
biphenyl-type epoxy resins were investigated that
would show the advantages of a typical biphenyl ep-
oxy resin and o-cresol novolac epoxy resin. The cure
kinetics of epoxy resin systems should change from an
autocatalytic cure reaction to an nth-order cure reac-
tion according to the kind of curing agent used';
therefore, the cure kinetics of new epoxy resin systems
that include a biphenyl moiety with the change of
kind of curing agents are reported in this study. They
were compared with the cure characteristics of both
the conventional biphenyl epoxy resin (YX-4000H)
and the o-cresol novolac epoxy resin (EOCN-1020)
systems to perform the systematic study.
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TABLE I
Description of Raw Materials Used in This Study
Component Grade name Structure Remarks?®
Epoxy resin YX-4000H hs Hs EEW = 193
T S oSN
EOCN-C EEW = 192
H2CH™—CH, HCH™—CH, PCH,CH—CHy
l S H:«GI N N:% CHy
P CHJ P CHy ] O
H: C/L\CHCHOCH C{_\CH
EOCN-1020 EEW = 198
CH,CH—CH, CH,CH—CH, OCH,CH—CH,
x
| —CH2< —crg%
#
NC-3000P EEW = 286
CH,CH—CH, CH,CH—CH,
OO0
Hardeners PSM-4261 H H H HEW = 104
\ A
—“CH2‘<| _CH2>'
/ # g
Xylok HEW = 178
é \ yc,.,.. = O (T)
DCPDP H H on HEW = 170
SO0 @E}
N~ Z),
Catalyst TPP

K

2 EEW, epoxy equivalent weight (g/equiv); HEW, hydroxy equivalent weight (g/equiv).

EXPERIMENTAL
Materials

The new biphenyl epoxy resins used in this experi-
ment are EOCN-C and NC-3000P grade obtained from
Nippon Kayaku Co. (Japan). As shown in Table I,
EOCN-C is an epoxy resin used to blend biphenyl
epoxy resin with o-cresol novolac epoxy resin and

NC-3000P is synthesized from monomer with these
two functional groups. YX-4000H (Yuka Shell Co.,
Japan) was used as a reference grade of biphenyl
epoxy resin and EOCN-1020 (Nippon Kayaku Co.)
was used as a reference state of o-cresol novolac epoxy
resin.

Phenol novolac resin (PSM 4261; Gunnei Chemical
Co., Japan), Xylok (Mitsui Tohatsu Chemical, Japan),
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Figure 1 Isothermal conversion rate as a function of the conversion of epoxy resin systems with phenol novolac hardener:

(a) YX-4000H, (b) EOCN-C, (c) EOCN-1020, (d) NC-3000P.

and dicyclopentadiene-type phenol resin (DCPDP;
Nippon Petrochemicals Co., Japan) were used as hard-
eners. The catalyst used was triphenylphosphine
(TPP; Hokko Chemical Co., Japan). Detailed descrip-
tions of chemical structures used in this study are
summarized in Table I.

Sample preparation

All epoxy resin compositions in this study were com-
posed of the same equivalent weight ratio (1:1) of
epoxy and hydroxyl group with 0.02M of TPP as
catalyst. Epoxy resin and hardener were well mixed at
120°C until a homogeneous solution was obtained.
After being cooled to 80°C, the catalyst was added and
fully stirred for about 10 s. Each sample was immedi-
ately quenched and stored in a refrigerator at 4°C.

DSC measurement

Calorimetric measurements were performed using a
TA-2020 differential scanning calorimeter (TA Instru-
ments, New Castle, DE). This was calibrated in the
region from —40 to about 450°C. Isothermal and dy-
namic-heating experiments were conducted under a
nitrogen flow of 60 mL/min. For dynamic cure, the
sample was heated at a rate of 5°C/min from —10 to
300°C, beyond which decomposition was observed. A
set of isothermal cure curves was obtained to evaluate
the kinetic parameter for the curing reactions.

RESULTS AND DISCUSSION

The reaction conversion changes of each epoxy resin
system, according to the hardener changes, were ex-
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Figure 2 Isothermal conversion rate as a function of the conversion of epoxy resin systems with Xylok hardener: (a)

YX-4000H, (b) EOCN-C, (c) EOCN-1020, (d) NC-3000P.

amined to investigate the curing characteristics of each
of the above-mentioned epoxy resins. The reaction
conversion rate changes of each epoxy resin system
with phenol novolac hardener are plotted as a func-
tion of reaction conversion in Figure 1. Figure 2 rep-
resents them for the Xylok hardener system and Fig-
ure 3 shows them using DCPDP hardener. As seen in
these figures, it can be found that epoxy resin systems
with phenol novolac hardener follow an autocatalytic
cure reaction as described in eq. (1); an nth-order cure
reaction, as shown in eq. (2), is observed in epoxy resin
systems using Xylok and DCPDP hardeners. From
these experimental results, it is postulated that the
curing reaction mechanism of an epoxy resin system is
dependent on the kind of curing agent rather than on
the epoxy resin.

da . .
At = (ky + k™) (1 — @) (1)

where « is the reaction conversion, t is time, m and n
are the reaction orders of the system, and k; and k, are
kinetic rate constants of the system.

da .
g k(1 — a) (2)

where 7 is the reaction order and k is the rate constant
of the system.

To precisely predict the cure kinetics over the whole
range of conversion, the autocatalytic and nth-order
models were modified in terms of the introduction of
a diffusion term, as represented in eq. (3)'*
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Figure 3 Isothermal conversion rate as a function of the conversion of epoxy resin systems with DCPDP hardener: (a)

YX-4000H, (b) EOCN-C, (c) EOCN-1020, (d) NC-3000P.

fla) = 1 + exp[Cla — a,)] ©)

In this equation, C is a constant and «, is the critical
conversion. For a < a, f(a) is approximately equal to
unity and the effect of diffusion is negligible, so that
the reaction is kinetically controlled. Considering the
diffusion effect, egs. (1) and (2) can be rewritten as egs.
(4) and (5), respectively13:

da !
=t ka1 —a)" 5 exp[Cla — a,)] @
da - n !
gr = k(1 = a) 1+ exp[Cla — )] ©)

All kinetic constants in these equations of each ep-
oxy resin system were obtained by taking advantage
of a previous method.'* Figure 4 shows the compari-
son between the experimental values of reaction con-
version and the values calculated using a generalized
autocatalytic model for epoxy resin systems with phe-
nol novolac hardener. The comparisons between the
experimental and theoretical values in terms of a gen-
eralized nth-order model for epoxy resin systems with
Xylok hardener are represented in Figure 5 and for the
epoxy resin systems using DCPDP hardener in Figure
6. Good agreements were found over the whole curing
temperature range for all epoxy resin systems.

The kinetic parameters are reported in Tables II and
III for the epoxy resin systems with phenol novolac
hardener that follow the autocatalytic curing reaction.
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Figure 4 Comparisons between the experimental values of « and theoretical values obtained from the generalized
autocatalytic model for the epoxy resin systems with phenol novolac hardener: (a) YX-4000H, (b) EOCN-C, (c) EOCN-1020,

(d) NC-3000P.

It can be seen that the reaction rate of the EOCN-C
system is the fastest and that of the YX-4000H system
is the slowest, as shown in Figure 1. It is postulated
that the increase of rate in the EOCN-C system should
be attributable to higher values of the reaction rate
constants k;, k,, and the reaction order than those of
other epoxy systems, as summarized in Table II. In
particular, the notable increase of reaction rate con-
stant k, in the EOCN-C system can be observed, which
would represent characteristics of an autocatalytic
curing reaction. Even if the highest value of reaction
order in the EOCN-C system and the lowest value of
that in the NC-3000P system could be observed, it can
be considered that the curing reactions of all these
epoxy resin systems are close to a third-order kinetic
mechanism, of which the rate-determining step would

be the termolecular reaction of epoxy resin, phenol
novolac curing agent, and TPP for complex forma-
tion.” A lower value of reaction order in the NC-
3000P system was obtained compared to that of other
epoxy systems, although the reaction conversion rate
of the NC-3000P system is faster than that of either the
YX-4000H or the EOCN-1020 system.

It is postulated that these phenomena are caused by
the increase of reaction rate k;. The biphenyl epoxy
resin used in EOCN-C is a biphenyl epoxy resin, ex-
cluding methyl groups in YX-4000H, and NC-3000P
includes a novolac epoxy resin unit instead of o-cresol
novolac epoxy resin of EOCN-1020. However, a large
curing agent like the polymeric hardener used in this
study can be considered to ignore steric interactions of
the methyl groups as broadening the space between
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Figure 5 Comparisons between the experimental values of « and theoretical values obtained from the generalized nth-order
model for the epoxy resin systems with Xylok hardener: (a) YX-4000H, (b) EOCN-C, (c) EOCN-1020, (d) NC-3000P.

biphenyl groups.'® If this methyl group effect could be
ignored, it can be shown that the increases of reaction
rate constants k; and k, were observed when biphenyl
epoxy resin was simply mixed with o-cresol novolac
epoxy resin, although the increase of reaction rate
constant k; was seen only when it was introduced to
novolac epoxy resin by chemical reaction. The in-
creased reaction rate of EOCN-C is attributed to the
higher reaction rate constant, reaction order, and
lower activation energy than those of other epoxy
resin systems, as shown in Table II. Therefore, it can be
seen that, by physically mixing the system of biphenyl
epoxy resin with o-cresol novolac epoxy resin, EOCN-
C is more efficient with respect to the curing reaction
rate than chemically mixing its system with novolac
epoxy resin NC-3000P. The constant C and the critical
conversion of reaction «, in the generalized autocata-
lytic kinetic equation for epoxy resin systems with a

phenol novolac hardener are reported in Table III
Generally, the o, increased with temperature but C
showed no discernible trend in these systems.

The kinetic parameters for epoxy resin systems with
Xylok hardener are summarized in Table IV. As
shown in Figure 2, the reaction conversion rate of the
NC-3000P and EOCN-1020 system is faster than that
of the YX-4000H and EOCN-C system. That is caused
by the higher value of reaction rate constant k and
reaction order of the NC-3000P and EOCN-1020 sys-
tem than those of other systems. Similarly, with epoxy
resin systems with phenol novolac hardener, the «, in
the generalized nth-order kinetic equation increased
with temperature, although a unique tendency cannot
be found in C of eq. (5) for these systems. However, it
can be shown that the value of «, in the NC-3000P and
EOCN-1020 system with higher reaction rate is lower
than that of the YX-4000H and EOCN-C system with
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Figure 6 Comparisons between the experimental values of « and theoretical values obtained from the generalized nth-order
model for the epoxy resin systems with DCPDP hardener: (a) YX-4000H, (b) EOCN-C, (c) EOCN-1020, (d) NC-3000P.

lower reaction rate, and is different in systems with
phenol novolac hardener. It can be considered that the
reaction of the YX-4000H and EOCN-1020 system with
this curing agent is a first-order kinetic reaction mech-
anism, of which the rate-determining step could be the
epoxide ring-opening reaction, whereas that of the
EOCN-1020 and NC-3000P system seems to involve
the presence of more than one type of kinetic mecha-
nism.”

The reaction conversion rate of the EOCN-C and
NC-3000P system with DCPDP hardener is faster than
that of the YX-4000H and EOCN-1020 system, as rep-
resented in Figure 3. These increases of conversion
rate are the result of the high values of reaction rate
constant k, as shown in Table V. It can be seen that the
curing process of all epoxy resin systems with DCPDP
hardener is a first-order kinetic reaction mechanism,

and these systems show the same trend of C and «, as
that of other epoxy resin systems with different hard-
eners. It can also be shown that the «, value of the
EOCN-C and NC-3000P system, in which the reaction
rate is fast, is smaller than that of the YX-4000H and
EOCN-1020 system, in which the rate is slow. These
phenomena, which cannot be observed in the autocat-
alytic kinetic reaction, but only in the nth-order reac-
tion, can be interpreted to show that the diffusion-
controlled reaction of epoxy resin systems can be ob-
served at a lower reaction conversion because of their
rapid reaction rate in the case of nth-order reaction.
The glass-transition temperature (T,), according to
the reaction conversion change, was measured to un-
derstand the relationships between molecular charac-
teristics and thermodynamic properties. These results
were analyzed using the following equation, based on
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TABLE 1I
Kinetic Parameters of Epoxy Resin Compositions Using Phenol Novolac Hardener According
to the Change of Epoxy Resin

Average
Temperature dependency m+n
Epoxy resin ~ Temperature (°C) k (s ky (s m n of the rate constant value
YX-4000H 110 012x107% 034%x1072 14 20 Kk =9.36 X 107exp(—8.72 X 10*/RT) 3.3
120 024x1072 060x1072 14 18 Kk, =356 X 107exp(—7.35 X 10*/RT)
130 049 %1072 1.00x107%> 14 18
140 086x10° 18x102 15 18
EOCN-C 110 032x1072 084x1072 1.8 23 Kk =234 X 10%xp(—7.24 X 10*/RT) 3.4
120 054x107% 110x107% 15 20 k, = 1.15 X 10%exp(—3.77 X 10*/RT)
130 094x107% 133x1072 13 17
140 1.67 X102  206x1072 11 1.8
EOCN-1020 110 024x107% 036x107% 14 20 k =275 X 10%xp(—7.37 X 10*/RT) 3.3
120 042x107% 077x107% 14 21  k, = 2.12 X 10%xp(—6.40 X 10*/RT)
130 079x107% 115x1072 13 20
140 126 X107® 1561072 11 1.9
NC-3000P 110 031x107% 032x1072 13 17 k5 = 2.64 X 10%xp(—6.52 X 10*/RT) 2.9
120 060 <1072 062x1072 12 18 k, = 1.46 X 10°%xp(—6.32 X 10*/RT)
130 1.04X107%  093x1072 12 1.8
140 1.34X107%  140x1072 09 1.9

the principle of corresponding states, proposed by
DiBenedetto'”:

(Tg)a:o

T,

=1+ Cla + Czaz (6)

where C; is a system constant and C, is the index of
the change in average mobility of the repeating seg-
ment. The values of C; and C, that give a best fit of the
experimental data are summarized in Table VI In
general, the system constant C; for these epoxy resin
systems represents similar values, except for epoxy
resin systems with DCPDP hardener, which contains a
dicyclopentadiene moiety that distinguishes it from

TABLE III
Values of the Constant C and Critical Conversion at
Different Temperatures of Epoxy Resin Compositions
Using Phenol Novolac as Hardener

Epoxy resin Temperature (°C) C a,
YX-4000H 110 25.3 0.90
120 29.4 0.98
130 27.5 0.99
140 33.1 0.98
EOCN-C 110 31.0 0.88
120 38.2 0.94
130 40.1 0.93
140 23.6 0.98
EOCN-1020 110 29.9 0.65
120 27.7 0.68
130 23.6 0.83
140 224 0.82
NC-3000P 110 25.1 0.80
120 28.1 0.83
130 29.4 0.82
140 18.0 0.81

the molecular structure of other hardeners. It can be
seen that the absolute values of C, decrease with the
bulky molecular structures of epoxy resins for the
epoxy—-phenol novolac hardener systems with the
same system constant. However, for the epoxy—Xylok
hardener systems, the decrease of chain mobility can
be observed in the YX-4000H epoxy resin system,
which has a relatively small molecular structure, and
the change of system constant can be seen in the
NC-3000P epoxy system with the most bulky structure
among the epoxy resins. It can be shown that the
deviation of the system constant according to the
change of epoxy resin is obtained in the epoxy systems
with DCPDP hardener, which has the most bulky
structure among the hardeners. The curing character-
istics of epoxy systems are mainly influenced by the
kind of hardener, although they are more dependent
on the epoxy resin than on the curing agent used for
the epoxy systems with a hardener that include a
bulky group moiety.

The curing model of the epoxy resins with differ-
ent phenolic functional hardeners based on a cure
system using a biphenyl epoxy resin—amine type
curing agent'® is suggested in Figure 7. As seen in
this figure, the curing agent can act as a spacer and
control the distances between epoxy resin units. It is
postulated that an autocatalytic cure reaction (in
which a secondary hydroxyl group produced by a
cure reaction between epoxy and the phenol group
would participate in the cure reaction) occurs in
epoxy resin systems with phenol novolac hardener,
in which R, is a methylene group with short length.’
If R; were a bulky group like Xylok or DCPDP as a
curing agent, it can be considered that an nth-order
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TABLE IV
Kinetic Parameters of Epoxy Resin Compositions Using Xylok Hardener According to the Change of Epoxy Resin
Temperature dependency Average
Epoxy resin Temperature (°C) k(s™h n C a, of the rate constant n value
YX-4000H 110 0.62 X107 1.0 36.4 0.89 k = 4.84 X 107exp(—7.99 x 10*/RT) 1.2
120 1.14 X 1073 1.0 20.1 0.86
130 222X 1073 1.3 347 0.91
140 3.77 X 1073 1.3 40.0 0.96
EOCN-C 110 062x107° 12 261 082 k=310 X 107exp(—~7.85 X 10*/RT) 13
120 1.14 x 1073 1.2 21.8 0.84
130 220X107° 13 200  0.84
140 3.74 X 1072 1.5 17.9 0.92
EOCN-1020 110 0.68 X 1072 1.4 26.9 0.65 k = 7.08 X 107exp(—8.09 x 10*/RT) 1.5
120 1.17 X 1073 1.5 21.0 0.66
130 222 X102 1.5 221 0.70
140 425 %1073 1.5 20.1 0.74
NC-3000P 110 075X 1072 14 207 061 k=117 X 107exp(~7.47 X 10*/RT) 16
120 1.36 X 1072 1.5 243 0.62
130 243 X103 1.8 26.9 0.60
140 409%x107° 18 260  0.63
TABLE V
Kinetic Parameters of Epoxy Resin Compositions Using DCPCP Hardener According to the Change of Epoxy Resin
Temperature dependency Average
Epoxy resin Temperature (°C) k(s n C o, of the rate constant n value
YX-4000H 110 0.94 1073 0.6 14.5 0.76 k = 1.44 X 10%exp(—8.28 x 10*/RT) 0.7
120 1.63x107° 07 200 080
130 3.41x 1073 0.8 32.4 0.83
140 5.80 X 1073 0.8 42.1 0.87
EOCN-C 110 1.46 X 1073 0.7 18.0 0.70 k = 7.04 X 107exp(—7.88 X 10*/RT) 0.8
120 3.06 X 1073 0.8 18.4 0.71
130 4.75x 1073 0.8 14.7 0.74
140 9.00 X 1073 0.8 24.8 0.80
EOCN-1020 110 1.76 X 1073 1.0 16.1 0.80 k = 2.62 X 107exp(—6.93 X 10*/RT) 1.0
120 211 %1073 0.9 17.5 0.82
130 3.06 X 1072 0.9 16.6 0.84
140 5.46 X 1073 1.0 13.4 0.84
NC-3000P 110 1.15 X 1073 1.0 17.7 0.63 k = 1.93 X 10%exp(—8.30 X 10*/RT) 1.0
120 215 %1073 0.9 21.5 0.72
130 430 x 1073 0.9 15.5 0.77
140 723 X107 1.1 13.2 0.73

cure reaction (in which a secondary hydroxyl group
cannot participate in cure reaction) can proceed be-
cause the reaction between the secondary hydroxyl
group and the epoxy group in an epoxy resin unit is
very difficult because of broadened distances be-
tween the groups. It can be shown that the cure
characteristics of biphenyl-type epoxy resin systems
are mainly dependent on the curing agent, although
they can be more greatly influenced by the kinds of
epoxy resin in epoxy resin systems with a very large
group like DCPDP as a curing agent. This influence
is a consequence of the emergence of a different cure
system, which is attributed to the decrease of mo-
lecular interactions such as hydrophobic interaction
between biphenyl groups of epoxy resins because of
expanding distances between the groups.

TABLE VI

Values of C, and C, in the DiBenedetto Equation for
Epoxy Resin Systems with Different Hardeners

Epoxy resin Hardener C, C,

YX-4000H Phenol novolac -0.1 —0.18
EOCN-C —-0.1 -0.13
EOCN-1020 -0.1 -0.14
NC-3000P -0.1 —0.09
YX-4000H Xylok —-0.1 —-0.10
EOCN-C -0.1 -0.13
EOCN-1020 -0.1 —0.14
NC-3000P -0.2 —0.05
YX-4000H DCPDP -0.1 -0.14
EOCN-C 0 —0.14
EOCN-1020 -0.2 —-0.08
NC-3000P -0.2 —-0.01
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Figure 7 Curing model of the epoxy resin systems with different phenolic functional hardeners.

CONCLUSIONS

The curing characteristics of epoxy resin systems that
include a biphenyl moiety with the change of harden-
ers were investigated by the thermal analysis method.
It can be shown that the curing properties of each
epoxy resin system are mainly dependent on the kind
of hardener rather than the kind of epoxy resin, al-
though an epoxy resin can influence the properties of
the epoxy resin system with a bulky hardener group.
The reaction conversion rate of the EOCN-C epoxy
resin system, made by physically mixing biphenyl
epoxy resin with o-cresol novolac epoxy resin, is the
fastest among the epoxy resin systems, in which the
phenol novolac hardener follows an autocatalytic ki-
netic mechanism, which is attributed to the higher
reaction rate constant, the reaction order, and lower
activation energy. In the epoxy resin systems with
Xylok and DCPDP hardener following an nth-order
kinetic reaction, high reaction conversion rate values
of the NC-3000P epoxy resin system, synthesized by
chemically reacting the biphenyl unit with the novolac
epoxy group, were obtained. The cure model using a
curing agent as a spacer was suggested, and the curing
characteristics of these epoxy systems with different
phenolic functional hardeners can be explained in
terms of this model.
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