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Abstract

The cure kinetics of DGEBA with aliphatic diamines was studied on the diffusion-controlled region. Two different diamines
(ethylene-diamine (EDA) and N-(methyl)ethylenediamine (MEDA)) were selected, to achieve different cross-linked networks.
Additionally, reaction of DGEBA with butylamine was followed to compare non-cross-linked systems with the above mentioned ones.
Curing temperatures were between 20 and 60 °C. Concentrations of epoxy and primary amine functionality were both followed by near
FTIR, and T was analyzed by DSC. An autocatalytic model was applied. Diffusion control kinetic in cross-linked polymers was
analyzed in terms of free volume decrease. In that region, a model based on a WLF equation provides a good fi to the experimental data.
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1. Introduction

Of all the thermosetting polymers, curing of DGEBA
with amines has probably been the most extensively studied.
Earlier work of Horie et al. [1] analyzed successfully the
reaction by two different paths, one of them catalyzed by
hydroxyl groups, which supplies a suitable mechanism for
the polymerization reaction. This work was later modifie
with no significan variations [2—4].

Nevertheless, epoxy curing leads to a highly cross-linked
polymer with higher glass transition temperatures. At the
last stage the reaction becomes diffusion-controlled and the
classical kinetic scheme is not applicable. The proposed
models for this region point to two directions. A classical ap-
proach [5] gives diffusion-controlled reaction rates in terms
of (T — Ty) from a semiempirical WLF relationship. T'is the
curing temperature and Ty is the glass transition temperature
of the system, and it is taken as the reference temperature.
Actually, T, is dependent on conversion, increasing with
time. The model loses it relation with the theoretical argu-
ment on which it is based, i.e., the free volume change in the
system. What is more, the determination of glass transitions
in highly cross-linked polymers is sometimes difficult The
second approach is the application of semiempirical meth-
ods [6,7], which relate diffusion-controlled reaction rates
with chemical reaction rate by exponential functions of

o — ac, where o is a critical conversion corresponding to
the beginning of the diffusion control. ac is difficul to eval-
uate with precision, so the diffusion control stage remains
unsolved.

In this work we have studied the cure kinetics of the
well-known system DGEBA/ethylenediamine (EDA), as
well as other amines which lead to different cross-linked
structures. Kinetics was followed at temperatures where
vitrificatio occurs in the system and data were collected
for a long time in that region.

2. Experimental
2.1. Materials

Bisphenol-A diglycidyl ether (DGEBA) (Aldrich, molec-
ular weight 348 g/mol) was degasific prior to use. EDA,
N-(methyl)ethylenediamine (MEDA) and n-butylamine
(n-BuA) were also Aldrich products. Both amines were
boiled under reflu over potassium hydroxide and rectifie
under nitrogen atmosphere.

2.2. Methods

2.2.1. Differential scanning calorimetry (DSC)

A Perkin Elmer DSC-7 differential scanning calorimeter
equipped with a standard Perkin Elmer cooling unit was
used for measurement. Samples of weight 1015 mg were
employed. The glass transition temperature of stochiometric



mixtures of DGEBA with the amines was measured for
different curing degrees, with the computer software sup-
plied by PE. Tests were performed from —50 to 150°C at

a heating rate of 10°Cmin~".

2.2.2. Fourier transform infrared spectroscopy
(FTIR)

A Perkin Elmer GX FTIR spectrometer was used to mon-
itor the rate of disappearance of the epoxy ring and primary
amino groups. All spectra were collected in the near IR
(70004000 cm™1). Each spectrum was obtained depend-
ing on the curing temperature, by averaging 4-20 scans at
4cm™! resolution with scanning rate (OPD) of 0.2cms™!.
Measurements at 40 and 60 °C were carried out using a
temperature controller SPECAC. The epoxide formulations
were cured in disposable cells made from microscope-glass
slide plates, with an optical path of 1.0 mm determined by
the thickness of a Teflo spacer. The values of absorbance
and integrated absorbance corresponding to ultimate cur-
ing were obtained after curing at 180 °C (DGEBA/n-BuA)
or 200°C (DGEBA/EDA and DGEBA/MEDA) for at
least 2 h.

Band assignation was done according to literature [8—10].
The main features in spectra are: (i) a decrease in the epoxi
band at around 4530 cm™'; (ii) a decrease in the primary
amine group at 4938 cm™!; (iii) an increase in the hydroxyl
band in the region around 4800 cm™!. An isosbestic point
between the disappearance of the epoxy band and the ap-
pearance of the hydroxyl group indicates that both are di-
rectly related and Beer’s law is obeyed over a wide range of
conversion [8]. Integrated absorbance was done at two dif-
ferent wavelengths, one corresponding to the reacting group
and the other to an invariant CH band. Band areas were re-
ferred to the invariant one.

3. Results and discussion
3.1. Curing of DGEBA with the amine systems

3.1.1. T, vs. conversion

In Fig. 1 the variation on the glass transition temper-
ature with epoxy conversion is represented for the three
systems studied. The infinit 7§ (i.e., the T for o = 1) is
about 115 °C for DGEBA/EDA, 63 °C for DGEBA/MEDA,
and 0°C for DGEBA/n-BuA. Good fi to the classical
DiBenedetto equation [11] were achieved for the firs one.
Ty on DGEBA/n-BuA is almost invariable because there is
no cross-linking on the system. Ty, of DGEBA/MEDA does
not have a good fi and has an anomalous variation for ther-
mosetting polymers. The T, of this system increases faster
at medium conversions compared to higher conversions. As
will be stated later, for this system tertiary amine appears
in the early stages of the reaction and it can be responsible
for this behavior.

3.1.2. Reaction mechanism

A modificatio of the classical kinetic mechanism devel-
oped early by Horie et al. [1] was applied. This model takes
into account two different reaction pathways, autocatalyzed
and non-catalyzed. For stochiometric mixtures the follow-
ing expression is achieved for a diepoxide/primary amine
mixture:

da
— =l—-a)A+R(B—-21—)

dt
X I:K’l + K| (Z_Z —i—a)] ©)

where « is the epoxy conversion, ey and cq are the initial
concentrations of epoxide and catalyst, respectively. B is a
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Fig. 1. Plot of glass transition temperature (7y) vs. epoxy conversion: DGEBA/EDA (squares), DGEBA/MEDA (triangles) and DGEBA/n-BuA (circles).

Fit line was made with Dibenedetto equation.
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Fig. 2. (a) Time variation of the primary, secondary and tertiary amine for
and tertiary amine for the DGEBA/MEDA system at 40 °C.

constant, which means the initial ratio primary amine/epoxy
(B = 2a10/eo0) and A the ratio primary amine/ey (A =
ai/eg). K1 and K are the global rate constants for the au-
tocatalyzed and the non-catalyzed pathways, respectively. R
represents the ratio of the rate constants kx/ky (or k% /k})
for the conversion of secondary amine into tertiary amine
or from primary into secondary amine. Further details were
published elsewhere [12]. In the case of the DGEBA/MEDA
system, we found a very similar equation with only substi-
tute B for 3/2B (B = 2a1.0/eo = 2a2.0/¢€0).

The concentration of epoxy and primary amine was di-
rectly evaluated from the experimental data, and the con-
centration of secondary and tertiary amine were obtained
by mass balances, which have the following expressions for
n-BuA and EDA:

ay =ep(f—a) (2a)

a3 = eo(a — B/2) (2b)

where B is the conversion of primary amino groups. In
Fig. 2a the time dependence of concentration of primary,
secondary and tertiary amine is shown for the DGEBA/EDA
system at 60 °C. For the DGEBA/MEDA system there are
two types of secondary amino groups, the ones formed by
reaction of the primary amine with an epoxy group, and sec-

Table 1
Reaction rate constants for the epoxy/amine systems studied®
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the DGEBA/EDA system at 60 °C. (b) Time variation of the primary, secondary

ondary amino groups already present in the MEDA at the
beginning of the reaction. Mass balances can be modified
leading to Egs. (3a) and (3b):

ay =2a10B — epo + aﬁv (3a)
as = epa — ay op (3b)

where aé\’ and aév are the concentration of secondary and
tertiary amine attached to the methyl group, respectively.
The time dependence of primary amine, overall sec-
ondary amine and tertiary amine concentration is shown in
Fig. 2b for the DGEBA/MEDA system at 40 °C. Unlike the
DGEBA/EDA system, the concentration of tertiary amine
does not have an induction period, and begins to appear at
very low conversions.

If we consider the reaction rate for the primary amine, the
following expression can be derived in all cases:

(day/dn(1/ay)

l -«

= K| + K (c—o—a> @)
€0

By plotting the firs term of Eq. (4) against @ we have ob-

tained the values for the reaction rate constants that figur

in Table 1. The ratio between constants R = ky/ k1 = k) / k|

was obtained by the method described by Paz-Abuin et al.

[13]. Its value is about 0.2-0.25 for all the systems.

K’ (min~!)

K (min~")

k} (kgmol~! min~1)

ki (kg? mol~2min~")

System Temperature (°C)
DGEBA/EDA 20

40

60
DGEBA/MEDA 40
DGEBA/n-BuA 40

(1.15 £ 0.2) x 1073
(413 £ 1.0) x 1073
(148 £ 1.3) x 1073
51.7 £ 1.9°

(10.6 + 1.0) x 1073
(3.55 £ 0.2) x 1073

(126 + 0.2) x 1072
(5.80 = 1.2) x 1072
(13.8 + 2.3) x 1072
(48.7 £+ 5.9)°

(5.70 £ 0.9) x 1072
(5.50 &+ 0.2) x 1072

224 04) x 1074
(7.8 £ 1.9) x 10~*
(28.0 £ 2.5) x 10~*

(21.1 £ 2.0) x 10~
(7.5 £ 02) x 1074

4.5+ 0.5) x 107
(20.7 £ 4.3) x 1074
(492 +9.3) x 1074

(225 £3.6) x 1074
(243 £22) x 1074

2 For DGEBA/EDA system activation energy was calculated.

Y £, (kImol™).



From the results presented in Table 1 we can conclude the
following features. (i) The reaction rate constants for the cat-
alyzed processes are two times higher than the ones for the
non-catalyzed processes. (ii) Good agreement between con-
stants at 40 °C with n-BuA and EDA as hardeners shows that
the initial reaction mechanism is the same and, therefore, in-
dependent of amine functionality. (iii) The reaction rate con-
stant for the system DGEBA/MEDA strongly disagrees with
the above mentioned, being greater for the non-catalyzed
process. The methyl substituent on the amino group seems
to increase the reaction rate only for the non-catalyzed pro-
cess. That means that a kinetic model based on similar reac-
tivities for all the secondary amino groups is not accurate.

3.1.3. Autoacceleration

The theoretical curves obtained using the rate constants
shown in Table 1 provide good fit till « < 0.3, except
for DGEBA/MEDA system, where aexp is always above the
predicted. An autoacceleration phenomenon was observed
and was interpreted in terms of an excluded volume factor,
f, define as f = 1/(1 — Vex/Vr) [12], where V't is the
total volume in the reaction mixture and Ve the excluded
volume to the surplus reactants. That is, Ve is the volume
occupied by branched high molecular weight species. We
can now defin an effective concentration ¢* of epoxy and
amine define as ¢* = ¢f and the kinetic equation (1) is
modifie by multiplying the reaction rate constants K and
K by the f factor squared and cubed, respectively.

For the initial mixture f = 1, and it increases gradually
with the conversion till a point where the reaction becomes
diffusion-controlled. In Fig. 3 fit of the modifie Eq. (1) to
the experimental data for DGEBA/EDA and DGEBA/n-BuA
at 40 °C are represented.

The beginning of the diffusion-controlled region is clearly
observed on the cross-linked system. For the non-cross-
linked system, good fit are achieved during the entire in-
terval. Nevertheless, for DGEBA/EDA, predictions clearly
lead to higher conversions than the experimental ones for

T T T T T T T
0 100 200 300 400
(a) t (min)

o > 040 at 20°C, ¢ > 0.55 at 40°C and o > 0.62
at 60°C, in other words, at conversions 20% below the
ultimate conversion for each temperature.

3.2. Diffusion-controlled region

Diffusion-controlled kinetic rate constants were included
applying the Rabinovitch model [14]:

1 1 1 5
Ke K Kp ®)
where Kg is the overall rate constant, K the rate constant
(chemical) and Kp the diffusion-controlled rate constant. We
can now replace K| and K| with Kg and K, in Eq. (1). One
assumes bimolecular mechanism for the two processes. That
can be done because the catalyzed process consists really
of a fast activation stage followed by a slow reaction stage
[15]. Here K and K, have the following expressions, where
kq and k4. are the diffusion-controlled rate constant for the
non-catalyzed and the autocatalyzed process, respectively

1 1\!
K} = eg <— + —) (6a)
E K 2 ka
Kp=e [ 4 h (6b)
E=< kl f3 kdc

Analytical solution for the above mentioned equations is
not possible. A non-linear Newton algorithm was used to
fin numerical solutions. Fig. 4 shows the values obtained
for k4 and k4. for the system DGEBA/EDA at 60 °C. One
observes that initially only k4. decreases with conversion
whereas kq remains unchanged and its value is near 1. Ac-
cording to this result, diffusion control in the early stage is
of the vitrificatio region acts over the autocatalyzed path
but, at a certain conversion (marked with a row in the figure)
the non-catalyzed path begins to be diffusion-controlled too.
This conversion is 0.76 for curing at 60 °C, 0.70 for curing
at 40°C and 0.57 for curing at 20 °C, which corresponds to
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Fig. 3. Time variation for epoxy conversion at 40 °C: (a) DGEBA/EDA at 40°C; (b) DGEBA/n-BuA at 40 °C. Fit lines were made by plotting Eq. (1)

modifie with f factor (see text).
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Fig. 4. Logarithmic plot of diffusion-controlled reaction rate constants with conversion for the non-catalyzed path (squares) and for the autocatalyzed

path (circles). DGEBA/EDA system at 60 °C.

glass transition temperatures (Fig. 1) of 70, 61 and 42 °C,
respectively.

This approach allows differentiating between the two
different processes. The firs process to become diffusion-
controlled is the autocatalyzed path. When the curing is only
5% far from the limit conversion, and the T, of the thermoset
is at least 10°C higher than the curing temperature, the
non-catalyzed process begin to become diffusion-controlled
too, and it is responsible for the last advances in the reaction
before complete vitrification

Assuming a linear relation between epoxy conversion and
T of the thermoset (this is a good approach only for low con-
version intervals, as can be seen in Fig. 1), a modifie WLF
equation with the form log(kq/kqr) = Pl(o — o) /[P2 +
(¢ — ay)] can be used to fi kg values, with the reference
state fi ed to from the point where kg < 1 on. Values of P1
and P2 were interpreted according to the WLF equation. f;
(the free volume at the reference state) is about 0.1 and the
free volume expansion coefficien is comparable in the liter-
ature. Adjust reveals that apparent free volume in the system
is about 10% when reaction becomes diffusion-controlled.
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