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Abstract—Glass transition temperatures (7,) of epoxy resins, diglycidy! ether of bisphenol-A cured with
piperidine, have been measured by differential scanning calorimetry and dynamic mechanical thermal
analysis in order to follow the curing process. Optimum cure conditions have been established as 3% PP
at 120°C. T,s of the neat epoxy system and those modified with 5 and 16% of a carboxyl-terminated
reactive rubger copolymer of butadiene and acrylonitrile (CTBN) have been determined as a function of
the cure time. Addition of 5% of CTBN does not modify the process, but the higher CTBN content
accelerates the initial stage. 7,s after long cure times (7;°) are lower for the modified systems than for
the neat, showing that CTBN is not fully segregated. The amounts of CTBN dissolved in the epoxy

crosslinked network have been estimated.

INTRODUCTION

Crosslinked epoxies are known as thermosets with
high glass transition temperature but they are brittle
materials. Addition of carboxyl-terminated reactive
rubber copolymer of butadiene and acrylonitrile
(CTBN) improves the toughness of cured epoxy
resins [1-3]. During cure, phase separation of the
rubber occurs as a result of the increase in molecular
weight, which reduces the compatibility of the rubber
with the epoxy system. Thus, a microstructure of
rubbery particles in a matrix of cured epoxy is
obtained (4, 5].

There have been many studies on epoxy resins
using amines as curing agents [1-8]. The diglycidyl
ether of bisphenol-A (DGEBA) cured with piperidine
(PP) and modified with CTBN has been used as a
model for studying microstructure and fracture be-
haviour [4, 9, 10]. This system has two peculiar fea-
tures: piperidine causes an athermal cure of the epoxy
resin and the cure time with this amine is relatively
long (several tens of hours). Even though several
conditions for cure have been tried, using different
temperatures and times of curing at constant PP
content [4, 10], the temperature and cure times were
selected in such a way that they do not allow a
systematic discussion of the effects of both variables
on the curing of the epoxy. In effect, the low tempera-
ture cures provided the highest T, for the samples. To
explain these results, it was suggested that the be-
haviour results from different time/temperature paths
or because of volatilization of PP.

In an attempt to understand more fully the be-
haviour of the system of epoxy with PP, the aim of
this work is to study the cure process of two rubber
modified epoxy systems (DGEBA + PP+ 5% or
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16% CTBN) and an unmodified neat system as a
control. A preliminary report has been published [11].
Because of the athermal character of the cure process,
it was monitored by determining glass transition
temperatures (7, ) as a function of the cure time. The
first part of the work involves assessing the optimum
cure conditions with respect to temperature and
content of PP. In the second part, T;;s and degrees of
cure for unmodified and modified systems have been
determined as a function of cure time; the relative
amounts of dissolved and phase-separated rubber
have been calculated from the depression of T, of the
fully cured system.

EXPERIMENTAL PROCEDURES

Materials

The epoxy resin was DGEBA manufactured by CIBA
under the trade name Araldite F (CY205) with an epoxy
equivalent weight of 190 g-equiv~'. Its structural formula
is shown in Fig. 1. The curing agent was PP (Merck)
(b.p. 105°), a secondary amine catalyst that promotes
the homopolymerization of epoxy (see Fig. 1). The
rubber modifier was CTBN 1300 x 8 (B. F. Goodrich);
it has an acrylonitrile content of 18% by wt, mol. wt
3600, density 0.948 gcm~* and —COOH equivalent weight
2000 g-equiv™'.

Method

The simple unmodified epoxy resin was degassed in
a vacuum oven at 50° for 30 min; when it had cooled to
below 30, the piperidine was mixed in gently to avoid air
trapping; the epoxy—piperidine mixture was then cured in
an aluminium pan, according to the chosen cure conditions.
Since the cure agent is relatively volatile, it was checked
that no loss of mass occurred even at the highest cure
temperature.

To prepare mixtures of the rubber-modified epoxy, the
CTBN was added to the epoxy resin and hand-mixed for ca
5 min. This mixture was then heated to 60° on a water bath
and mixed for 5 min; it was then degassed in a vacuum oven
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Fig. 1. Structural formulae.

at 60° until no air bubbles were detected. The addition of
PP was made in the same way as for the unmodified system;
the cure conditions for the modified system were 120° and
3% of piperidine. In all cases, the reaction was stopped at
various times by cooling to room temperature.

Techniques

Differential scanning calorimetry (DSC). DSC measure-
ments were carried out with a Perkin—Elmer DSC-4 over the
range —50-170°. Measurements were made under N, at a
heating rate of 20°/min with samples of about 10 mg.
Subambient measurements were made using liquid N, to
cool the DSC cell. Indium was used for calibration. T, was
taken as the midpoint of the specific heat change.

The increase of T, with reaction time at a given tempera-
ture was followed by using several DSC aluminium pans
filled with reactants placed in an oven at the selected cure
temperature. Pans were removed from the oven at intervals
and scanned in the DSC. Two runs were performed for each
sample, giving equal T, values without observing any
exothermal peak of reaction heat, according to the athermal
character of the cure with piperidine.

Dynamic mechanical thermal analysis (DMTA). Dynamic
mechanical analysis was also used to determine T, of the
thermoset epoxy—matrix polymers, using a DMTA Polymer
Lab. Instrument. For specimen preparation, the degassed
mixture of epoxy with PP was poured into a mould and
cured in an air oven to prepare a casting of dimensions
25 x 8 x | mm. The mechanical study was done at 30 Hz
and a heating rate of 3°/min. Transition temperatures were
identified by the temperature of maxima in tan § during a
temperature scan (20-150°). All the experiments were per-
formed in N, atmosphere.

RESULTS AND DISCUSSION

Unmodified epoxy system

We attempted first to fix the optimum cure con-
ditions, i.e. weight percent of cure agent (PP) and cure
temperature for which the extent of reaction reaches

a maximum. We selected 120 and 160° as cure
temperatures according to preliminary studies
reported by Kinlonch er al. [10], and carried out
several cure experiments with different weight
percent of PP (W), in order to clarify the effects
of temperature/time on the cure reaction.

Figures 2(a) and (b) show T, of the epoxy vs
PP content determined by DSC and DMTA, for
curing conditions 120°/16 hr and 120°/72 hr respect-
ively. As expected, there is a difference (about 15°)
between T, values from the two techniques, neverthe-
less the PP dependences are very similar, so we refer
to results for the DSC values. Figure 2(c) shows
the T, values under cure conditions 160°/6 hr. The
variation of T, with PP content exhibits in all cases
(Fig. 2) a maximum. When time is increased from
16 hr to 72 hr at 120°, T, increases for the same PP
content and the maximum observed is displaced from
5 to 3% PP. At 160°, the maximum is reached at
8% of PP with T, lower than the corresponding value
for 120°. These results can be explained by noting
that the 7, can be considered as a measure of the
extent of reaction. The displacement of the maximum
at 120° towards a lower PP content for a longer
cure time, indicates that the concentration of PP
does not help the overall cure process, and increasing
PP content improves the extent of the reaction only
in the first stages (short cure times). On the other
hand as can be seen in Fig. 2(c), increase of tempera-
ture does not have a great effect on the extent of
reaction at short cure time (6hr); therefore in
this system, cure time has a greater effect than
temperature. Our results agree with those already
reported [4,10], and explain why lower T,s and
higher molecular mass between crosslinks have been
found for the highest cure temperature at short cure
times.
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Fig. 2. Glass transition temperatures for the neat epoxy system vs weight percent of PP, for different cure
conditions. Data from DSC (Q) and from DMTA (@).

In all cases, the decrease of T, when the PP content
is higher than that corresponding to the maxima
seems to indicate a plastifying effect of PP. This effect
is shown also on the moduli of several epoxy systems
(Table 1). The table includes the average molecular
mass between crosslinks (#,) calculated from the
expression [12, 13].

E’ 293-d
log-é—— 6.0 +T

C

m

where E’ is the rubbery equilibrium modulus of the
epoxy determined at 160° (well above T of the epoxy)
and 1 Hz, d is the density of the epoxy (1.18 g-cm™?).

Table 1. T,, E’ and M, values (from DMTA) for the neat system
cured at 120°/290 hr

These M, values must be taken as “‘apparent” values
because the decrease in A1, with PP content may not
be due to a decrease in the crosslinking degree but to
a plastifying effect of PP.

As a consequence of these results, curing con-
ditions of 120° and 3% PP content have been fixed for
a second stage, i.e. the study of the influence of cure
time in the cure of epoxy system. Figure 3 shows T,
at several cure times up to 150 hr. Cure times of
290 hr and 3000 hr, not shown in Fig. 3 both gave
T, = 112°; therefore this value corresponds to com-
plete curing of the epoxy resin. Even though the
process takes a long time, a very high extent of
the reaction has been reached at about 20 hr. Note
that the cure temperature is slightly higher than
the T, obtained at the end of reaction, so one would
not expect a noticeable influence of any process
controlled by diffusion.

On the other hand, although 7s are not expected

W, T, (°C E'-1077 (P A, . .

? : (O 107 e - (g/moD) to vary linearly with the cure degree (x) over the
1.76 110 1.3 540 entire range of cure, a linear relationship between
5.01 104 1.04 640 T,(¢) and «(t) can be applied at degrees of cure that
7.09 99.5 0.698 940

are not very high (7;;s ca 50° below cure temperature)
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Fig. 3. Glass transition temperature vs cure time for the neat epoxy system (Q), modified with 5% CTBN
(@) and with 16% CTBN ().

[15, 16]. With this hypothesis, we can calculate a(r)
from the following expression:

T,()-T°
(1) T — 10 )]
where T} is the value of T, at zero time (T) = —14°).
The results are shown in Table 2.
Rubber-modified-system
Two rubber-modified epoxy-systems (5 and

16% CTBN) were selected in order to compare
their behaviour with that of an unmodified epoxy-
system.

Figure 3 shows that, for 5% CTBN, there is no
significant difference in the 7, vs time behaviour with
the neat epoxy system; only a slight decrease of T, can
be seen at very long cure times, resulting in T, = 108°
(4° lower than T, of the unmodified system).

However for 16% CTBN, the cure of the system
varies not only for long cure times but also for short
times. As can be seen in Fig. 3, for cure times
< 10 hr, the T, values are higher than the correspond-
ing values for a neat system (for example at 5 hr the
difference between T,s is 14°); it means that a large
CTBN content causes increase of the reaction rate in
the initial stages, so we can estimate how quickly the
reaction develops by comparing the degrees of cure

Table 2. Degree of cure, a, at short cure times

Degree of cure, o

Unmodified
Cure time (hr) system 16% CTBN
3 0.16 0.32
5 0.29 0.43
6 0.35 0.53*
7 0.46* 0.60
9 0.57 0.68*

*Interpolated values.

for modified and unmodified epoxy systems; this
comparison is reported in Table 2. This accelerating
effect of the rubber on the reaction might be valid for
several epoxy systems; it has been detected also in
another case [8] using as cure agent a secondary
diamine and as rubber an epoxy-terminated butadi-
ene/acrylonitrile statistical copolymer.

Moreover the T, for cured rubber-modified epoxy
system is 102° (10° lower than T, of the neat system).
The decrease of T is considered to arise from incom-
plete phase separation, i.e. the dissolved-rubber plas-
ticizes the epoxy matrix. From these values, we have
determined the amount of dissolved rubber using the
Fox equation (17) relating T, of a mixture (T;) with
those of the pure components, T, and Ty,.

1 W, W,
—_ =4 —=
TE TSI ng

where T, refers to the rubber modified epoxy matrix;
T,, to the neat system and T, to the unreacted rubber
(220K); W, and W, are the weight fractions of the
epoxy and the rubber in the homogeneous matrix.
The values of W, obtained are 1.4 and 3.7% for 5%
CTBN and 16% CTBN respectively.

Finally for short cure times around 10 hr, the T,s
for the unmodified and rubber modified systems are
the same. This result agrees with those of Kinloch
et al. [10], who obtained equivalent T;s for both
systems indicating virtually complete phase separ-
ation. This fact must be considered as apparent
because the 7, values have been taken when the cure
reaction is not complete and, as we have shown, at
long cure times there is some dissolved rubber
plasticizing the epoxy matrix.
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