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Thermal Reaction Characterization of an Epoxy Molding Compound

Man Geng Lu, Hyeong-Ki CHo1,* Hong-Ki LEE, ** Mi-Ja SHIM, *** and Sang Wook Kim****:

Fine Polymer Co. Ltd., 629-7 Seongkok—Dong, Ansan 425-110, Korea,

* Division of Biotechnology and Environmentel Eng., NITQ, Kwacheu 427-010, Korea,
** Department of Chem. Eng., WooSuk University, Wanju 565-800, Korea,
***Department of Life Sci., The University of Seoul, Seoul 130743, Korea,

**** Department of Chem. Eng., The University of Seoul, Seoul 130743, Korea

(Received June 12, 2000; Accepted December 15, 2000)

ABSTRACT:

A novel epoxy molding compound for electronic industry application was used to conduct thermal

analysis characterization using differential scanning calorimetry (DSC) and thermogravimetric analyzer (TGA). The re-
action kinetics of cure and thermal degradation have been analyzed based on a proposed iso-conversional model. The ki-
netic results showed that the cure and decomposition process are complex, and the values of activation energy are de-

pendent on the degree of conversion.
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Electrical and electronic devices have been encapsu-
lated in a variety of resinous materials, including epoxy,
silicone and phenolic materials. Epoxy molding com-
pounds for the encapsulation of electronic components
are considered a specialty market by the epoxy manufac-
tures. The worldwide consumption of electronic grade
molding compounds is approximately 100000000 metric
tons (1997) and growing. The amount of epoxy resin
used in these compounds is approximately 10% of that
figure. The electronic grade epoxy resins must have a
higher degree of purity than the commodity epoxy res-
ins. The halogen content of these resins is usually less
than 800 ppm and are much more difficult to manufac-
ture than the standard resins.!

The useful properties of epoxy resins appear only after
curing. The curing step transforms the epoxy from a low-
molecular-weight material to a highly crosslinked space
network. The properties of the cured resin depend on
either the type of epoxide and the curing system used or
the extent of cure. Recently, epoxy molding compounds
have been widely used in the electronic industry and en-
capsulation of integrated circuits by means of transfer
molding.? Only limited information, however, may be
found in the literature concerning the cure and degrada-
tion characterization of these molding compounds.
Therefore, kinetic characterization of thermoset systems
is necessary for a better understanding of structure-
property relationships.?

The attractive feature of isothermal experiments is
that the rate constants at each temperature are better
defined and the constants obtained at different tempera-
tures would permit the determination of the activation
energy associated with the thermal degradation.*® How-
ever, the nature of the reactions and the final products
may differ at different temperatures, and the kinetic pa-
rameters thus obtained are not without ambiguity.®

Dynamic experiments, conducted at a specified heat-
ing rate using DSC, will yield -conversion-time-
temperature data that are comprehensive enough to per-
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mit direct evaluations of the kinetic parameters. A sin-
gle dynamic run gives as much information as do several
isothermal runs. Furthermore, dynamic measurements
can provide kinetic information over a larger tempera-
ture range and there is no preheating problems as is the
case with isothermal experiments in which the sample
must be first heated to the isothermal hold temperature
during which thermal reactions may take place. It is
valuable as a precursor to isothermal studies and is
often the only means to analyze the cure kinetics of sys-
tems with multiple exotherms.” One shortcoming of this
method based on the mechanistic model is the require-
ment of an assumed reaction order.

Comparing with the isothermal method, the case of
dynamic cure is theoretically more difficult for the phe-
nomenological kinetic model due to the complex tem-
perature dependence of rate constant and the peculiar
feature of cure, although it is a case which more closely
simulates the fabrication process.?

In this paper, an isoconversional analytical model was
proposed, where flar) has the same form regardless of
the temperature for the same degree of conversion o.
The kinetic parameters of cure and degradation of epoxy
molding compounds, and the dependence of activation
energy on conversion were described on the basis of DSC
and TGA measurements.

Theoretical Analysis
Different methodologies can be used to evaluate ki-

netic parameters and are available on the cure and deg-
radation behavior of epoxy resins. In general, kinetic ex-
pressions may be phenomenological or mechanistic. All
kinetic studies can start with the basic equation that re-
lates the rate of conversion at constant temperature to
some function of the concentration of reactants:

da

& kflor) (1)

or in the integrated form:
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_[da_
g=[% fkdt )

where ((11—? is the rate of reaction; « is the fractional con-
version at any time ¢; k, the Arrhenius rate constant,
and fla), a function form of o that depends on the reac-
tion mechanism.

In our previous work, the kinetic parameters from
various published models have been compared and used
to elucidate the thermal reaction behavior for several ep-
oxy resin systems.® It has also been observed that for the
kinetic analysis involved multiple constant heating
rates, Osawa and Kissinger methods are superior to
other methods.*®

In the case of dynamic curing, when the temperature

varies with time with a constant heating rate, §=d7/d¢,
eq 2 is represented as follows:
E,
RT dar 3)
where A is the pre-exponential factor, E, is the activa-
tion energy.

Integration of eq 4 proceeds as follows:

o da ¢ —E/RT 7 (T —EJRT
= —:Z =
gla) fof(a) foe dt 5 fToe dT

de (A
fTa—)—f,B exp(

T
-Z | Oe—EJRTde“;% p(E./RT) @

where T is the initial temperature in the DSC analysis
and T is the final temperature, and

plx)= j:o ex'; dx

where x is a polynomial vs. (E,/RT).

For the kinetic study, many authors consider that,
during the curing and degradation process, the reaction
mechanism does not change and flar) in eq 1 has the
same form. In fact, the reaction process of thermosets is
complex and, in many cases, it is not correct to consider
that the reaction mechanism remains constant during
the whole process, or that there is a single activation en-
ergy.

Herein, we consider that flar) has the same form re-
gardless of the temperature for the same degree of con-
version ¢. Thus, eq 3 can be integrated using the meth-
ods independently derived by Osawa'! and Flynn and
Wall,'2 and the activation energy E can been given by
plotting f3; vs. Ty,; ! (here i is ordinal numbers of DSC
runs performed at different heating rates, f;). Generally
the E values found by these methods require further cor-
rection which can be avoided when using the plot In (3;/
Ta,iz) vs. Ta,i—1413,14

EXPERIMENTAL

Materials

The resin used in this study is a commercial mineral
filled DGEBA-based epoxy compound (MG 6-0330, The
Dexter Corporation, USA), which contains acid anhy-
dride hardeners, about 72% of fused silica and 4% of car-
bon black, and other additives, according to the supplier.
The samples for analysis of thermal degradation were
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Figure 1. Dynamic scans of epoxy molding compounds at differ-
ent heating rates.

processed by transfer molding at 135—177°C and post-
cured at 150°C for 2 h.

Dynamic Scans

Dynamic curing were performed in a Solomat DSC
4000 at different heating rates from 3 to 20 Kmin ™!
with 10—15 mg of samples. A Instrumental Specialists
Incorporated TGA-1000 Thermogravimetric Analyzer is
used to obtain weight loss data for cured samples. Con-
stant heating rates of 5, 10, 20, and 50 Kmin ! are
used. The sample weights are in the range of 20—50 mg
in all cases and purged with nitrogen gas at a flow rate
of 50 mL min . More details about the calibration pro-
cedure and thermal conditions can be found elsewhere.!®

RESULTS AND DISCUSSION

Curing Reaction

The dynamic DSC thermograms at different heating
rates are shown in Figure 1. It is seen that the cure exo-
therms are shifted to higher temperatures with increas-
ing the heating rates. Although the DSC thermograms
can shift by changing the amount of sample, we found
that the curves have not been significantly affected in
the limited weight range (10—15 mg) as conducted in
this experiments. The area under the exotherm is re-
lated to the curing heat, which is used to estimate the
extent of cure. To perform iso-conversional analysis, the
DSC scans were transformed into the form o; vs. T; for
each i-th heating rate as shown in Figure 2. It is clear
that, for a given conversion, the larger the heating rate,
the higher the temperature required.

The plots of —In (B/T, ;) vs. Ty, ! are given in Fig-
ure 3, resulting in the very good linear relations for the
whole curing process. These results confirm that the ba-
sic idea of iso-conversional analysis is appropriate to de-
scribe the dynamic cure for the observed system. The
values of activation energy, E,, for curing reaction, at
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Figure 2. Degree of conversion vs. curing temperature at differ-
ent heating rates.

Table I. Kinetic parameters analyzed by iso-conversional model

Activation energy Pre-exponential factor

Conversion E/kJ mol A*min
0.1 121.8 8.73%x 10
0.2 111.3 1.82x 10"
0.3 101.1 5.48 X 10°
0.4 96.9 1.12x10°
0.5 87.6 5.33X10°
0.6 85.5 2.20x10°
0.7 82.9 7.76 X 10°
0.8 82.1 4.39%x10°
0.9 81.3 2.12x108

A= pE, pexp(E, ,/RT,)RT,

different conversions can be calculated from the slopes of
the straight lines and have been listed in Table I. The
dependence of E, on « for the epoxy curing was given in
Figure 4. The shape is somewhat close to the result dis-
covered in our previous work for a isothermal cure proc-
ess.’® It is clear that the values of activation energy are
not a constant, as supposed in many works throughout
the whole cure process. At the early stage of cure reac-
tion, the activation energy takes a maximum value, then
decreases, and finally remains practically constant.

In general it is apparent that these reactions occurred
during curing are very complex and precise kinetics can-
not be predicted with the confidence for given composi-
tions and conditions. It has observed that in the base-
catalyzed reactions the formation of ether groups is rela-
tively insignificant.}” The base catalysis can be further
activated by an acid co-catalyst. For example any resid-
ual hydroxyl groups can act as internal co-catalyst. Hy-
droxylic species are present in oligomers of bisphenol A
diglycidyl ether resins as part of the structure, and may
also be present as impurities.

Poly-carboxylic acid anhydrides can react with epoxy
resins to produce ester links, in the presence of acidic or
basic catalysts. Tanaka and Kakiuchi proposed the fol-
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Figure 3. Iso-conversional plots for epoxy molding compounds at
different heating rates.
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Figure 4. Activation energy of curing as a function of conversion.

lowing scheme for the reaction catalyzed by base (B)
with acid co-catalyst (HA):'®

B + HA -_—‘BWHA (5)

/O\ ..HA..B

B .HA + CH,CH- == CH,-CH-

(EHAB) (6)
O
EHAB +0C]__CO —= A-OC-R-COOCH,CH- + B
I
R OH )
(HA)
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Table II. Calculation of Arrhenius parameters by ASTM
E698-79 method

B T, 10 °A E,,
K min ! K % min ! kJmol !
3 3975 0.438 5.07
5 403.8 0.427 5.83 69.9
7 410.7 0.488 5.49 :
10 416.7 0.485 5.56

Table III. The characteristic temperatures of materials by

TGA analysis
Heating rate T onset T ax Residual
Kmin ™! T T %
5 312.3 402.5 79.04
10 339.3 412.7 78.39
20 325.3 431.6 78.27
50 412.6 471.7 78.29

Propagation can proceed with the repetition of steps
(5) to (7) involving the newly formed species, HA', to
form a polyester. It was assumed that reaction (7) was
rate-controlling.

Therefore, the value of activation energy of 125 kJ
mol ! at a—0 (Figure 4) should be ascribed to the
anhydride-epoxide reaction initiated by HA impurities.
The value is markedly higher than the results reported
by some researchers during the early stage curings (63
kJ mol %,<12% conv. by Peyser,'® 95 kJ mol "}, 2—22%
conv. by Mohler?®). However, in all the above cases, the
curing process was considered as a single step so that
the activation energies obtained were supposed to be
constant throughout the entire reaction interval. It does
not correspond to the autocatalytic mechanism of the
process. As mentioned above, the hydroxyl groups
formed during the cure facilitate ring opening. So it is
reasonable to expect a decrease (from~125 kJ mol ! at
a—0 to about 80 kJ mol 1) in the activation energy of
cure reaction as compared to the very beginning of the
process.

The pre-exponential factor can be calculated using the
method given in ASTM E698.2! It assumes the extent of
the reaction at the exotherm peak, ¢, is constant and
independent of heating rate. Based on the obtained lin-
ear relationship between the reciprocal of exotherm
peak temperature (T},) and the logarithm of the heating
rate (Inf/T,?), the activation energy can be obtained
from the slope of the straight line, and pre-exponential
factor be calculated:

A :_ﬂi_EzazE exp( E&E ) (8)
T RT,;

where T}, is the temperature at which maximum conver-
sion rate occurs on DSC curve.

The pre-exponential factor generally reflects the colli-
sion frequency of the reactant molecules. During the
early stages of the reaction, the monomer concentration
is expected to be higher and thus the pre-exponential
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Figure 5. TG thermograms of epoxy molding compounds at vari-
ous heating rates.

factor is also higher. Higher temperature induces higher
motion speed of molecules, and thus increases the possi-
bility of collision and reaction rate. This temperature de-
pendence can be estimated by the Arrhenius equation
and expressed with reaction rate constant &.

The data from ASTM E698 are given in Table II. As
can be seen, the activation energy obtained by this
method seems to be little lower than that by the iso-
conversional analysis. It is not surprising since the con-
versions at exotherm peak are not a constant as sup-
posed, and ASTM E698 method treats the complex cure
process as a single-step reaction of the first order. Com-
pared to the results of iso-conversional analysis, the acti-
vation energy evaluated by this method is a single point
to the dependence of E on & at o = «,,.

Thermal Degradation

Figure 5 shows the TG curves of samples at different
heating rates from 5 to 30C min~!. The cured epoxy
molding compounds show very excellent temperature-
resistance although their glass transition temperature
(101.3C) are much lower than that of aromatic amine
cured systems. It may be attributed to the high content
of inorganic filler and the high quality resin used in
molding compounds.

A number of experimental indices are often used to
characterize the process of thermal decomposition, in-
cluding the onset temperature of decomposition (Ty,set),
the temperature of the maximum rate of decomposition
(T3 max), and the activation energy of decomposition (Eg).

These indices, especially the characteristic tempera-
tures, are dependent on the rate of heating rate applied
during the pyrolysis (listed in Table III). As dynamic
DSC scans, the thermograms shifted to higher tempera-
tures as the heating rate increases. The shift of onset to
higher temperature with increasing heating rate is due
to the shorter time required for a sample to reach a
given temperature at the faster heating rates. It is inter-
esting that the TGA curves also significantly shift de-
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Figure 6. Iso-conversional plots for epoxy molding compounds
from different heating rates.
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Figure 7. Activation energy of thermal degradation as a function
of conversion.

pending on the sample forms and amount. In here, TGA
experiments are performed with uniform sample and
limited sample weight. Therefore, the curve shift is con-
sidered to be practically resulted from the heating rate.
The iso-conversional analysis can been used to charac-
terize the degradation kinetics of thermosets as men-
tioned above. Figure 6 shows plots of the logarithm of
heating rates vs. the reciprocal of the analyzed tempera-
ture at various conversions resulting in high linearity.
The decomposition activation energies at different con-
versions obtained are plotted in Figure 7. They are in
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the range from about 120 to 135 kJ mol 1. It is worthy to
note herein that the activation energy values of cured
compounds are not a constant, as supposed in many
works throughout the whole degradation process. Unlike
the case in curing, it increases with increasing conver-
sion. Detailed mechanisms are still not clear. Perhaps it
is related to the fact that the samples do not reach the
completed curing under isothermal conditions, and aro-
matization occurs during degradation.

CONCLUSIONS

The cure and thermal degradation behavior of epoxy
molding compounds can be characterized using an iso-
conversional model that does not require the knowledge
of reaction rate equation flar). The kinetic results show
that the activation energy values for both curing and
degradation processes are dependent on the degree of
conversion and the cure process is auto-catalytic. The
cured materials exhibit very good thermal stability and
the activation energy value of decomposition increases
with increasing conversion.
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