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ABSTRACT: A detailed study investigating the relation
between the initial resin composition and mixing ratio on
the viscoelastic behavior was performed. The resin system,
containing a difunctional aromatic epoxy (DER 332), was
mixed with three aliphatic amines containing functional-
ities of 2, 3, and 4 in different stoichiometric mixing ratios
and was cured. For each of the cured mixtures, the visco-
elastic master curve and corresponding shift factors were
determined. Depending on the crosslink density, the visco-
elastic curves shifted by about 12 decades with respect to

the frequency scale. This shift in the viscoelastic curve was
predicted by the combination of the Miller-Macosko
theory for crosslink density with a parameterized Havri-
liak-Negami model for the master curve. A single set of
9 parameters turned out to be sufficient to describe all
viscoelastic data. © 2008 Wiley Periodicals, Inc. ] Appl Polym
Sci 108: 1414-1420, 2008
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INTRODUCTION

The reliability of any product depends on its long-
term performance. The end-product performance of
thermoset materials depends mainly on the visco-
elasticity. The position of the viscoelastic-transition
region is characteristic for the determination of the
thermomechanical properties of these thermoset
materials. This viscoelastic-transition region of the
thermosetting materials is sensitive to the variation
of the reacting mixture (or group) functionality, mix-
ing ratio, conversion, and curing conditions.! To pre-
dict the effect of such changes, a model is proposed
that relates the chemistry of the reacting resin-hard-
ener mixtures to the final viscoelastic behavior. The
proposed model can be achieved in two steps.

First, we assume that the governing factor for pre-
dicting the viscoelastic properties of thermosets is the
crosslink density. Because the crosslink density is a
function of the reacting functional groups, mixing ratio,
and conversion, these inputs have to be determined.
Theoretically, the crosslink density can be predicted by
the Macosko-Miller theory,> and experimentally, it
can be estimated from the rubbery modulus (E,) with
the concept of rubber elasticity. In the second step, we
use the thus calculated crosslink density (v<) for the
shape of the viscoelastic master curve. In this work, the
effect of the epoxy/amine functionality, mixing ratio,
and conversion on the viscoelastic behavior is dis-
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cussed. Stoichiometric ratios of an epoxy to an amine
with various functionalities were cured so that full con-
version of the epoxy was achieved. The fully cured
products were then tested for their thermomechanical
properties in the tension mode in a dynamic mechani-
cal analyzer. Time-temperature superposition was
applied to the data obtained from the dynamic mechan-
ical analysis (DMA) tests. We then parameterized the
shape changes of the relaxation master curves. This
resulted in a set of parameters including the glassy
modulus (Eg), E,, the position of the glass-transition
region (relaxation time constant), and the shape of the
glass-transition region. The obtained parameters were
then related to the crosslink density. The Havriliak—
Negami fitting function was used to describe the visco-
elastic behavior of these resin systems.

It is clear that this way of predicting the visco-
elastic behavior from the knowledge of the constitu-
ent properties can never be universally valid, but the
idea is that it will be applicable to describe the effect
of the formulation for a set of closely related mono-
mer molecules, such as monomers that differ in only
functionality (number of reactive groups). Therefore,
if this is understood, the initial resin chemistry can
be tailored to meet the desired viscoelasticity, which
can very well be used for the end applications.

EXPERIMENTAL
Materials

Bisphenol A diglycidyl ether (DER 332; 97%) and
three aliphatic amine curing agents—ethylenediamine
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Figure 1 Compound names, structures, and average func-
tionality (f) values of the epoxy and three aliphatic amines:
(a) DER 332 (f = 2), (b) EDA (f = 4), (c) MEDA (f = 3),
and (d) DMEDA (f = 2).

(EDA; 99% pure), methyl ethylenediamine (MEDA;
95% pure), dimethyl ethylenediamine (DMEDA; 99%
pure)—were purchased from Sigma—Aldrich Logistik
GmbH (Schnelldorf, Germany). These materials were
not purified and were used as received. The purities
of the amines were checked with gas chromatogra-
phy/mass spectroscopy. The chemical structures
of the epoxy and amines are shown in Figure 1,
and the curing reaction between them is shown in
Figure 2.

Calculation of the average functionality and
stoichiometric ratio

Let us consider an arbitrary mixture of polydisperse
monomers with f; functional groups (A;) and mono-
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mers with g; functional groups (B;). The number-av-
erage functionalities then become

fMFM’ gn_’B:M 1)
> N4 > "Bjo

where 14,0 and npj denote the initial number of

moles of the A; and B; monomers, respectively. For

future use, we also define the molar fractions of

crosslinkable A and B groups (4; and b;, respectively)

as follows:
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The stoichiometric ratio is defined as the initial
ratio of all available A groups to all B groups (r4):

Initial number of A groups " najof;i

A~ Tnitial number of B groups B > nBjog; ®)

For equal numbers of A and B groups, this ratio
equals unity. Consider now the case in which there
are more B groups available (r4 < 1) and the A
groups have reacted to the extent of p, (which is
defined as the number of reacted A groups divided
by the initial number of A groups). Because the
number of reacted B groups equals that of the
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Figure 2 (a) Epoxide ring-opening reaction with the primary amine, (b) epoxide ring-opening reaction with the second-
ary amine, and (c) etherification reaction between the hydroxyl group of the reacted epoxy and unreacted epoxy groups
(usually at temperatures above 100°C) or homopolymerization of the epoxy.
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TABLE I
Average Functionality (f) Values, Compositions, and Postcure Schedules of Different
Stoichiometric Mixing Ratios

f Sample Stoichiometric mixing ratio Postcure

2.0 DD_1_1 1 DER332 + 1 DMEDA 4 h at 100°C
22 DMD_1_03_07 1 DER332 + 0.3 MEDA + 0.7 DMEDA 4 h at 100°C
24 DMD_1_05_05 1 DER332 + 0.5 MEDA + 0.5 DMEDA 4 h at 100°C
2.6 DMD_1_07_03 1 DER332 + 0.7 MEDA + 0.3 DMEDA 4 h at 100°C
3.0 DM_1_1 1 DER332 + 1 MEDA 4 h at 150°C
3.2 DEM_1_03_07 1 DER332 + 0.3 EDA + 0.7 MEDA 3 hat 150°C
34 DEM_1_05_05 1 DER332 + 0.5 EDA + 0.5 MEDA 3 h at 150°C
3.6 DEM_1_07_03 1 DER332 + 0.7 EDA + 0.3 MEDA 3 h at 150°C
4.0 DE_1_1 1 DER332 + 1 EDA 4 h at 150°C

reacted A groups, the conversion of B (pg) can then
be expressed as follows:

Number of reacted B groups
Initial number of B groups

P =

_ Number of reacted A groups . @
Initial number of B groups Pa

Neat Resin Castings
Preparation

Neat resin castings for DMA studies were prepared
in aluminum molds. The aluminum mold consisted
of an aluminum insert with gaps of 6.0 X 1.5
X 3 mm® and was fastened between two aluminum
plates into which the premixed resin was poured
and cured at different curing schedules. A high-tem-
perature mirror-glaze wax (Meguiar’s, Inc., Irvine,
CA) was used as the mold-releasing agent.

First, a known amount of epoxy resin (DER 332)
was placed in a beaker. Because the epoxy partly
crystallized at room temperature, it was heated at
80°C for half an hour so that the epoxy crystals
melted and the absorbed moisture was removed. To
this, a stoichiometric amount of amines was added
and mixed thoroughly. The prepared mixture was
then cast in the aluminum mold. Then, they were
cured and postcured at different temperatures to
obtain full conversion of the epoxy. Cured samples
of stoichiometrically mixed amines and epoxy were
prepared with different mixing ratios and cure
schedules. For all formulations containing different
mixing ratios, curing was done initially at 80°C for 3
h and at 100°C for 1 h, and then postcuring was per-
formed. Table I shows the different stoichiometric
mixing ratios and postcuring temperatures. Prelimi-
nary measurements showed that too high a postcure
temperature for the lower functionality resins
resulted in the undesired etherification reaction
shown in Figure 2(c). Therefore, those mixtures were
postcured at 100°C.
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Viscoelastic measurement

A TA Instruments (Ettenleur, Netherlands) model
Q800 dynamic mechanical analyzer was used. A
viscoelastic study of the cured resins was done on
rectangular bars of cured specimens in the tension
mode at different frequency sweeps (0.3-60 Hz) at a
heating rate of 1°C/min. The evolution of the storage
modulus (E’) and energy dissipation (tan 8) with the
temperature was measured. The resulting visco-
elastic data were then shifted along the frequency
axis to obtain both a master curve and the corre-
sponding shift factor curve.

Differential scanning calorimetry (DSC)

A TA Instruments DSC2920 differential scanning cal-
orimeter was used to measure the reaction heat of
the epoxy cured with different stoichiometric ratios
of amines. The heating rate was 10°C/min from
—50°C to an ending temperature of 175°C under a
nitrogen atmosphere.

Density

The densities of the cured resins were measured
with Archimedes’ principle, which states that the
volume is proportional to the difference in the
weight between dry and submerged samples. The
experimental setup consisted of a weighing balance
and glass filled with silicone oil (type M100, Dow
Corning, Haltermann B.A.B.V., Kallo, Belgium).

Crosslink density calculation

To relate the resin chemistry to the viscoelastic
behavior, the crosslink density has to be determined.
vgalc, which is a function of the conversion (p4), mix-
ing ratio (rs), and functionality (f;), can be deter-
mined from the Miller-Macosko theory*” and is
given by the following relation:
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Figure 3 Cure initiation temperature (T;), peak curing
temperature (T,), and reaction enthalpy (AH) of DD_1_1 in
DSC. T; is the point of intersection of the dotted line and
the baseline line. T, is the temperature at the maximum
heat flow (W/g). AH is the total area under the peak curve
and baseline.
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where 14, is the molar concentration of Ay, f; is the
highest functionality, and V is the network volume
related to the mass network (M,). The density (p) is
determined as follows?:

M,
V=— (6)
P
P,,5(x) is the probability that an Af monomer has
become an effective crosslink of degree m:

Py (x) = ({’;)xf"‘m(l —x)" )

x stands for the probability that a randomly picked
A¢ group is connected to a finite chain (dangling
end). This quantity follows by solving

pay b {1 —TApA (1 - Zaixfi‘l)}gj_l —x—pa+1=0
®)

where 0 < x < 1. A numerical solution for x is read-
ily obtained with mathematical tools such as Mat-
Lab. For the system A, + A; + A, + B, however, a
closed-form solution exists:

\/aé —a4(3ay + 2a3 + 4a — rA‘;A) —a3 1
- N
X 2 ;3 O

RESULTS AND DISCUSSION
DSC studies

DSC was used to find the cure initiation tempera-
ture, peak curing temperature, and enthalpy during
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the reaction, as shown in Figure 3. Table II shows
the DSC results. The DSC data show that in all the
epoxy—amine mixtures, there was a single exother-
mic reaction peak. The cure initiation temperature*”
increased from 26 to 56°C from the two-functional
amine to the four-functional amine in the epoxy-
amine mixture. This was expected because the two
methyl substituent groups in the two-functional
amine curing agent (DMEDA) act as electron-activat-
ing groups and increase the reactivity of the amine
and thereby decrease the cure initiation temperature.
In the four-functional amine (EDA), the absence of
methyl substituents led to a higher cure initiation
temperature. The enthalpy (heat content) increased,
with the highest enthalpies for DEM_1_05_05 and
DMD_1_05_05 (these mixtures had higher enthalpy
than the others). This can be attributed to steric hin-
drances caused by reactive amine groups during the
curing reaction.

Density study

The densities of the cured resins were determined
by Archimedes’ principle at room temperature. The
sample weight was determined in both air and oil.
The density was calculated as follows:

Poil X Sampleg;y

Density = Samplegry, — Sampleyet (10)

where py is the density of silicone oil (0.96 g/ cm®),
Sampleg,y, is the weight of the sample in air (g), and
Sample,; is the weight of the sample in silicone oil
(g). The test procedure was calibrated with polysty-
rene and polycarbonate samples of known density.
An increase in the density was observed from sam-
ples containing two-functional amines to four-func-
tional amine epoxy mixtures. This was due to an
increase in the network crosslink density. The den-
sity values are shown in Table II.

TABLE II
Average Functionality (f), Cure Initiation Temperature
(T)), Peak Curing Temperature (T,), Reaction
Enthalpy (AH), and Density Values at Different
Stoichiometric Ratios

AH Densit’}/

Sample f T; T, J/g) (g/cm”)
DD 11 2.0 26 68 370 1.160
DMD_1_03_07 2.2 28 70 369 1.159
DMD_1_05_05 24 33 74 452 1.171
DMD_1_07_03 2.6 28 72 333 1.176
DM_ 1.1 3.0 39 80 312 1.191
DEM_1_03_07 3.2 47 87 422 1.189
DEM_1_05_05 34 40 77 475 1.193
DEM_1_07_03 3.6 51 86 445 1.194
DE_1_1 4.0 56 92 341 1.196

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Plot of E' with respect to pq for the
DD_1_1_100_4h formulation. The dotted lines are the mod-
ulus values of all frequencies at different temperatures.
The master curve is shown by the solid line. A plot of log
ar versus the temperature is shown as an insert.

DMA studies

DMA was used to study the viscoelastic behavior of
the thermoset materials. The obtained modulus data
at different temperatures from the DMA experiment
are plotted with respect to the frequency scale in
Figure 4. According to the time-temperature super-
position principle,® the modulus data can be shifted
along the frequency axis to generate a so-called mas-
ter curve (included in Fig. 4). Figure 4 shows the E’
master curve plotted against the reduced angular
frequency (0;q) for the DD_1_1 formulation
obtained after the shifting of the modulus data on
frequency to a reference temperature (Tyf) of 100°C.”
Oreq i given by

(O]
=2 11
Wred ar ( )

where ® is the angular frequency (rad/s) and ar is
the shift factor. The corresponding shift factor is

2.6 1.6
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Figure 5 Plot of E” and tan A with respect to ®cq. The
master curve is shown by dots, and the full line is the av-
erage of the dotted points for the DD_1_1_100_4h formula-
tion. The primary axis is for E”, and the secondary axis is
for the tan A data.
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Figure 6 Plot of master curves obtained after frequency—
temperature superposition to Ty,s = 100°C for various av-
erage functionality (f) values with respect to ®eq.

shown as an insert in Figure 4. If the same shift
factor is applied to the loss modulus (E”) and
damping (tan 8) data, the master curves obtained are
as shown in Figure 5. This results in a reasonable
superposition of this dataset as well. Figure 4 shows
the unique E’ master curve; therefore, for all our
resin formulations, we chose E’ data, and their corre-
sponding master curves were obtained. The E’ mas-
ter curves and their corresponding shift factor curves
for all our formulations were obtained by the shift-
ing of modulus data toward T, = 100°C, and they
are shown in Figure 6. Figure 6 shows that the rub-
bery modulus plateau increased steadily from 11 to
34 MPa with the increase in the average functional-
ity. This was due to the increase in the crosslink
density of the network formed. We can also see that
the viscoelastic-transition region shifted to lower fre-
quency scales with the increase in the average func-
tionality. Note that the glass transition shifted from
about 107° for the curve of an average functionality
of 2 to 10° for the curve of an average functionality
of 4. This means that there was a shift of 12 decades
along the frequency axis. Also in Figure 7, we can
see that the log ar curves shifted to higher tempera-
tures with an increase in the average functionality.

20
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Figure 7 Graph showing ar values corresponding to the
obtained master curves of various average functionality (f)
values with respect to the temperature (T,s = 100°C).
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Figure 8 Effect of vgalc (mol/m®) on E, at 60°C below T,.

Furthermore, it can be observed from Figure 6 that
E, was not much affected by the functionality of the
mixture. This is shown in detail in Figure 8.

In Figure 8, it can be seen that E, is independent
of the crosslink density. This is because below the
glass-transition temperature (T,), the molecular
motion is limited, and hence the crosslink density
has no effect. A typical viscoelastic master curve
(Fig. 4) contains three regions, that is, a glassy pla-
teau, a rubbery plateau, and a transition region. E,
will be seen at a lower temperature (a temperature
below T,). Above T, E, is directly related to the
crosslink density. According to the theory of rubber
elasticity, E, is directly proportional to the crosslink
density®:

E, = 3AV™RT (12)

where A is the front factor and is often assumed to
be unity, R is the Universal Gas Constant and is
equal to 8.314 J/mol/K, T is the absolute tempera-
ture (K), and v*** is the measured crosslink density.
Because some of the viscoelastic data of our DMA
studies showed a broad transition region, the mini-
mum E, value was taken to measure the crosslink
density. This is v, To compare the v and velc
results, a graph (Flg 9) has been plotted between

o0+—— 77— T T T T T T
0 500 1000 1500 2000 2500 3000

V. (mol/im?)

Figure 9 vgalc (mol/m®) versus V€ (mol/ m®) for differ-
ent stoichiometric formulations.
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Figure 10 v (mol/m?) versus T, determined by DMA
(Tq is the temperature at the max1murn value of tan & at a
frequency of 1 Hz).

vﬁalc (mol/m?) and viess (mol/ m®). From Figure 9, it
can be seen that V¢3¢ agreed relatively well with the
v values.

The DMA results were also used to determine T,.
T, is the temperature at wh1ch the 1-Hz frequency
tan & curve shows a maximum.’ To analyze the effect
of v&l¢ (determined by the Miller-Macosko theory) on
T,, V¢ has been plotted against T, and is shown in
Flgure 10. v and v™3 can be compared with the
theoretical crosslink dens1ty of Halary’s work."” T,
increased linearly with the increase in v¢i¢. Figure 10
shows that T, increased linearly with an increase in
veale (mol/ m?®), and this can be modeled as follows'!

Ty = Ty, + BV (13)

where B is the slope, which is of the order of 0.0148 C
m3/mol.*? T¢vo shows the axis offset value, which
represents the glass transition for the uncrosslinked
linear polymer chains.

Modeling of the relaxation curves

The main features of all the master curves are fitted
to the Havriliak-Negami fitting function'”:

E,—E,

E =E, + — (14)
' [1 + (®reaTo) m]n

1E+09 5

1 '
1E+05 1 i’ ')/

To [sl] ] /

1E+01 1 //
1E-03 +———7F——

3.5 4

N
N
o

f

Figure 11 Plot of 1y with respect to an increasing average
functionality (f).
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Figure 12 Master curves obtained after the use of a com-
mon shift factor in comparison with the globally fitted
master curves (full lines; T, = 100°C).

The Havriliak-Negami fitting function is a simple
analytical function used to describe the measured
relaxation master curves and contains five parame-
ters: E, (MPa), E, (MPa), o4 (rad/s), the position of
the transition region [i.e., relaxation time constant 1
(s 1], and power-law parameters m and n (the
shape of the transition region). Parameter m is the
slope of the transition region, and n is the slope at
the start of the transition. To compare the different
experimental master curves, it is necessary to use a
common shift factor curve. In our case, this is possi-
ble because all experimental curves are already close
together. We can therefore choose T, as Tyef and deter-
mine the Williams-Landel-Ferry fitting parameters.

CH(T—Ty)

Cs+(T—Ty) (15

logar =

This common shift factor parameters C; and C§
have been determined to be 26.01 and 116.97. It is
well known that 1y in Eq. (14) depends strongly on
the temperature. Therefore, for thermorheologically
simple materials, this temperature dependence can
be taken into account with the so-called shift func-
tion, ap(T,Tier) = To(T)/T0(Tref). To is determined at
T = 100°C as follows:

19 = Togar (T, Tg [V]) (16)
The determined 1, values have been plotted
against the average functionality to determine the
effect of the average functionality on 1y. It can be
seen from Figure 11 that 1y increased linearly with
respect to the average functionality. The full line in
Figure 11 is the prediction using egs. (16) and (15).
The determined common shift factors C; and C,
were used for obtaining new master curves. The
new master curves were then fitted to Eq. (14) to
obtain a set of single parameters: E, = 1500 MPa,
Tog = 1's, m = 025, and n = 6. With this set of

Journal of Applied Polymer Science DOI 10.1002/app
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parameters, global or predicted master curves could
be generated for each of the 9 formulations (from an
average functionality of 2 to an average functionality
of 4). In Figure 12, these predictions (full lines) are
compared with the experimental data (symbols). We
can see that the Havriliak-Negami fitting function
describes the measured curves relatively well.

CONCLUSIONS

In this article, a model is proposed to relate the ini-
tial resin chemistry to the viscoelasticity of the final
cured product. Bisphenol A epoxy and a series of al-
iphatic amines were taken as starting reacting com-
pounds and cured and were then tested by DMA for
their viscoelastic behavior. It was observed that sys-
tematic variation of the functionality and stoichiome-
try of the reacting compounds led to the shifting of
the relaxation master curves by 12 decades on the
frequency scale. This was mainly due to the increase
in the crosslink density. The measured and predicted
crosslink density values were in agreement with
each other. The shift of the relaxation master curves
to a higher frequency scale, which was due to the
increase in the crosslink density, was predicted well.
A single set of 9 parameters (m, n, B, vgak, Cy, Cy, E,,
E,, and 1) turned out to be sufficient to describe all
viscoelastic data. The deviations of the predicted
master curves from the measured curves in some of
the cases could be attributed to the difference in v
and v™®. Finding an optimum cure schedule so that
the epoxy is fully reacted with the amine curing
agent without any secondary reaction such as etheri-
fication (or homopolymerization) is very important
in the determination of v"¢%.

The authors are grateful to Jan de Vreugd and Jos Van
Driel for their help in making the aluminum mold.
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