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ARTICLE INFO ABSTRACT

Keywords: A new family of dual-curable poly(B-hydroxyamine ether) thermosets based on amine-epoxy formulations has
Epoxy been prepared and characterized. Both curing stages consist in an epoxy-amine polycondensation, each having

Diamine_ different reactivity. Whereas the first one is carried out at relatively low temperature using an aliphatic flexible
?}‘:al'curmg amine, the second is carried out at high temperature with a rigid aromatic amine. The sequentiality of the curing
ermosets

and the stability of the intermediate materials can be established in the basis of the different nucleophilicity of
the amines used. The aromatic amine, with a weakly nucleophilic character, is not able to react with epoxides
during the first stage at low temperature. The intermediate and final materials exhibit a wide range of properties,
thanks to the different glass transition of both epoxy-amine networks, and can be tuned by changing the relative
proportion of both diamines in the formulation. The participation of the epoxy resin in both curing stages
ensures the homogeneity of the prepared materials, rendering them excellent candidates for applications such as
adhesives or smart materials.

Shape memory

1. Introduction

Dual-curing strategy is used in many applications since it provides
great flexibility in product design and control of the curing, especially
when both curing stages take place sequentially [1-4]. In this case,
partially-cured intermediate materials after the first curing stage can be
safely stored, or sent for further processing and assembly.

However, sequentiality in dual-curing is difficult to achieve and could
present some problems and disadvantages. Among the different strategies
used, many papers investigate the use of off-stoichiometric formulations
[5-12]. In these systems, the first stage is a self-limiting step-growth re-
action and the second one a chain-growth polymerization of the excess of
one monomer, thermally or photochemically triggered. Depending on the
mechanism of the second stage, a latent initiator is necessary to ensure the
sequentiality of the curing and the storage stability of the intermediate
materials. These initiators are usually added in elevated amounts since the
released active species constitutes only a small part of the molecule
[10,11]. In this way, fragments of the initiator remain in the final material,
in addition to increasing material costs. Acrylates and methacrylates are
two of the most common monomers used in excess in this strategy [5-9].
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Their UV-induced homopolymerization during second stage presents some
significant drawbacks: (a) the intrinsic oxygen inhibition of free-radical
polymerizations, (b) the insufficient cure in shadowed areas and (c) some
undesired features of the networks obtained via chain-growth poly-
merization such as high shrinkage, low homogeneity and low capacity for
mechanical energy absorption.

The formation of dual networks based on two consecutive click reac-
tions is another widely used strategy. Most of these systems include thiol in
their formulation: (a) photoinitiated thiol-ene followed by thermal thiol-
epoxy reaction [13], (b) combination of base catalyzed thiol-acrylate Mi-
chael addition and radical thiol-ene [14], (c) sequential thiol-isocyanate
and thiol-Michael addition on acrylates in the presence of initiators with
different nucleophilicities [5], (d) thiol/acrylate and thiol/epoxy triggered
by a photobase generator [15] and (e) thermal or UV-induced consecutive
isocyanate-thiol and epoxy-thiol reactions [16,17]. The control of se-
quentiality is not an easy task. In some cases, the curing is accompanied by
secondary reactions such as epoxy or acrylate homopolymerization. The
presence of a latent base is necessary in some of these formulations as well.
The flexible structure of the commercially available thiols and the forma-
tion of flexible thioether linkages, lead to networks with relatively low glass
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transition temperatures and poor mechanical characteristics, thus limiting
their use as structural materials.

Epoxy resins are one of the most important thermosetting resins for
many engineering applications, such as in electrical insulation [18,19]
thanks to their superior mechanical properties and thermal/chemical
stability, coupled with low curing induced shrinkage.

For applications requiring tough materials, the intrinsic brittleness as-
sociated with highly crosslinked structures of epoxies still remains a major
drawback. Extensive research for toughening epoxy thermosets are gen-
erally focused on the incorporation of a second component within the
epoxy matrix, with a significant decrease of the glass transition. The pre-
paration of epoxy thermosets with enhanced toughness and high glass
transition temperature is a problem yet to be solved [20-22].

Taking all of this into account, herein we report the preparation and
characterization of a new family of thermosets based on commercial
amine-epoxy formulations, with two amines of different reactivity and
rigidity. The first stage of curing (stage 1) was an epoxy-aliphatic amine
polycondensation at a relatively low temperature and the second stage
(stage 2) was an epoxy-aromatic amine polycondensation at a higher
temperature. The objective of this work was four-fold: (a) to develop a
new dual-curing concept based on the combination of two thermal
curing autocatalyzed processes at different temperatures, (b) to obtain a
new family of thermosets for flexible processing and tailoring of in-
termediate and final materials (c) to enhance toughness of highly
crosslinked epoxy-amine thermosets and (d) to explore some applica-
tions of the intermediate and final materials as adhesives and con-
formable materials and shape memory materials, respectively

The kinetics of both curing stages, the monomer conversion and the
storage stability after the first stage were studied by calorimetry and FTIR
spectroscopy. Gelation during curing was determined by thermo-
mechanical analysis. The thermal and mechanical properties of the inter-
mediate and final materials were also measured. All materials were highly
stable after the first stage and they exhibited a wide array of properties
depending on the relative contribution of each curing stage. The adhesive
capability of the non-gelled intermediate materials and the shape memory
potential of the final materials have been demonstrated.

2. Experimental methods
2.1. Materials

The tri-glycidyl p-aminophenol epoxy resin (TGAP hereafter) with
trade name Araldite MY0510 (Huntsman Advanced Materials) and an
epoxy equivalent 95 g/ee determined by hydrobromic acid titration
following standard procedures [23], was used after dried in vacuum. As
hardener, 4,4-diamino diphenyl sulphone (DDS hereafter) and poly
(propylene glycol) bis(2-aminopropyl ether) (Jeffamine, M,, = 400 g/
mol) (JEF hereafter), both supplied by Sigma-Aldrich were used as re-
ceived (see Scheme 1).
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Scheme 1. Molecular structures of the chemicals used: (a) TGAP, (b) JEF with
n = 6 and (c¢) DDS.
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2.2. Sample preparation

Samples were prepared in 5mlL vials in 1-2 gr batches using the
following procedure: DDS was weighed and added to TGAP and was
kept under magnetic stirring agitation at 90 °C for 5-10 min until the
solution became clear. The mixture was left to cool down to room
temperature after which the required amount of JEF was added, quickly
stirred and immediately sent to analysis or sample preparation. Neat
TGAP-JEF formulation was prepared mixing both components directly
at room temperature. Although an excess of epoxy is recommended by
some manufacturers, it was decided to use a ratio of 1:1 for epoxy to
amine hydrogen, since these stoichiometric formulations showed
slightly higher glass transition temperatures and heats of reaction in our
preliminary tests.

We coded our epoxy-mixtures as TGAPJEFDDS1 x_y, where x and y
indicate the fraction of epoxy groups that reacts during stage 1 and
stage 2, respectively. As an example, TGAPJEFDDS1 0.75.0.25 is a
formulation in which three parts of epoxy equivalents react with amine
hydrogens coming from JEF and the other part with amine hydrogens
coming from DDS (this formulation contains 100 epoxy, 75 JEF, and 25
DDS equivalents). It should be commented that TGAP has three
equivalents of epoxide per mol and the two diamines possess four
equivalents of NH per mol. Stoichiometric neat formulations were
coded as TGAPJEF11 and TGAPDDS11. Table 1 shows the composition
of all the formulations.

Intermediate and fully cured samples for dynamic mechanical
analysis and thermal analysis assays were prepared in a mould with
dimensions ca. 1 x 13 x 50mm®. For impact tests, samples of
3 x 13 x 25 mm?® were used. Liquid formulations were poured into the
mould and kept in an oven at 90 °C for 180 min to carry out the first
curing stage (TGAP-JEF condensation). Some of these samples were
subsequently cured at 180 °C for 180 min to carry out the second curing
stage (TGAP-DDS condensation) and then postcured at 250 °C for
30 min. This postcuring was performed to all samples, although it was
strictly necessary only for DDS-rich formulations that vitrified at 180 °C.
The curing schedule was selected after inspection of dynamic curing
thermograms and by means of simulations using isoconversional data,
by the methodology explained in previous works (results not shown)
[24]. By means of a dynamic postcuring in a DSC and FTIR, it was
verified that the curing was complete at the end of both curing stages.
Intermediate formulations showed residual heats proportional to the
epoxy part that reacted during stage 2 and final materials did not
produce any residual heat.

2.3. Fourier infrared spectroscopy (FTIR)

A Bruker Vertex FTIR spectrometer equipped with an attenuated-
total-reflectance accessory with a diamond crystal (Golden Gate heated
single-reflection diamond ATR) was used to monitor the curing process.

Table 1

Notation and composition of the formulations studied in this work.
Formulation (eq. NH/  (eq. NH/ Wi gage/Wiot© W2 stage/ Wiot™

ee),” ee),” (%) (%)

TGAPJEF11 1 - 100 -
TGAPJEFDDS1 0.75.0.25 0.75 0.25 79 21
TGAPJEFDDS1 _0.5_0.5 0.50 0.5 55.4 44.6
TGAPJEFDDS1 0.25.0.75 0.25 0.75 29.3 70.7
TGAPJEFDDS1 0.1 0.9 0.10 0.9 12 88
TGAPDDS11 - 1 - 100

@ Equivalents of reactive amine hydrogens of JEF (Stage 1)/equivalents of
epoxy groups.

> Equivalents of reactive amine hydrogens of DDS (Stage 2)/equivalents of
epoxy groups.

¢ Weight fractions (%) of stage 1 and stage 2.
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Fig. 1. Evolution of FTIR spectra at 90 °C (solid line) and at 180°C after
180 min 90 °C (dashed line) for DGJEF DGJEFDDS1_0.5_0.5.

Spectra were acquired in the mid-infrared region (spectral range of
600-4000 cm ™~ ') with a resolution of 4cm™! averaging 20 scans for
each spectrum. The evolutions of the functional groups were monitored
during isothermal curing at 90 °C (stage 1) and 180 °C (stage 2), taking
the band at 1508 cm ~ %, attributed to the aromatic rings, as a reference.
The conversion of epoxides was determined by the Lambert-Beer law
from the normalized change of absorbance at 910 cm ! (epoxy
bending). All formulations were observed to achieve complete curing at
the end of the two stages of curing.

As an example, Fig. 1 shows some spectra collected during reaction
at 90 °C (stage 1) and at 180 °C after 180 min at 90 °C (stage 2) of for-
mulation DGJEFDDS1_0.5_0.5. It can be observed the complete dis-
appearance of the epoxy band at 910 cm ™.

The high temperature of stage 2 raises a concern for the possibility
of epoxy homopolymerization. In fact, at this stage, the primary amine
bands at wavenumbers 1625, 3375, and 3480 cm ™! were observed to
disappear completely (data not shown). As expected, the peak asso-
ciated to secondary amines at 3400 cm ™! increased simultaneously
with the decrease of primary amines. However as the curing progressed,
the peak at 3400 cm ™' decreased, but due to the overlapping of hy-
droxyl absorption band (between 3200 and 3600 cm ™ '), exact quanti-
fication was not possible. Nevertheless, since a DSC scan revealed the
neat TGAP does not begin to homopolymerize below 200 °C (results not
shown), it can be safely assumed that stage 2 is primarily epoxy-amine
condensation.

2.4. Gelation

A Mettler thermo-mechanical analyzer SDTA840 was used to de-
termine the gel point. A silanized glass fiber disc about 5mm in dia-
meter was impregnated with the liquid (uncured) formulation and
sandwiched between two aluminium discs. The sample was placed at
90 °C for 180 min and subjected to an oscillatory force from 0.005 to
0.1 N with an oscillation frequency of 0.083 Hz. The gel time, t,;, was
taken as the onset in the decrease of the oscillation amplitude measured
by the probe. The conversion of epoxy groups at the gel point, g, Was
determined as the conversion reached in the DSC at the gel time. Gel
point of samples that do not gelled during stage 1, was determined in
the same way but at 180 °C for 180 min (stage 2) after the first stage
was finished.

The theoretical conversion of epoxy groups at the gel point, ay,,
during epoxy-amine condensation (stage 1) was calculated assuming
ideal random step-wise reaction, using the well-known Flory-
Stockmayer equation [25,26]:

1

Jrf-De -1

theor __
agel -

(€Y

224

European Polymer Journal 116 (2019) 222-231

where r is the epoxy/hydrogen amine equivalent ratio, f = 3 the epoxy
monomer functionality and g =4 the amine functionality. ocggf‘" of
samples that gel during stage 2, TGAPJEFDDS1 0.1 0.9 and
TGAPDDS11, was estimated taking into account the distribution of re-
active species and polymer distribution at the end of stage 1, following
a similar procedure to the approaches for multi-stage processes de-
scribed in the literature [27,28] and the activation of pre-existing
branching points proposed by Dusek and Duskova-Smrckova [29]. Non-
idealities such as substitution effects or intra-molecular cyclization

were not considered in the calculations, as a first approximation.
2.5. Differential scanning calorimetry (DSC)

Calorimetric analyses of materials were carried out on a Mettler
DSC822e thermal analyzer calibrated using an indium standard (heat
flow calibration) and used to monitor reactions heats and residual re-
action heats or to determine glass transition temperatures (T,). Samples
of 10 mg ( = 0.1 mg) were placed in aluminium pans and were scanned
under N, atmosphere in the analyzer using various temperature pro-
grams depending on the type of measurement. Dynamic curings, post-
curings and T, determinations were performed by choosing a tem-
perature ramp of 10°C/min. Isothermal curing for gel time
determination were performed at 90 °C for 180 min (stage 1) and at
180 °C for 180 min (stage 2).

Non isothermal degree of conversion was determined as the quo-
tient between the reaction heat released up to a temperature and the
total reaction heat released during the dynamic experiment. For iso-
thermal storage stability experiments, conversion was calculated as the
quotient between the reaction heat released up to a time, determined as
difference between the total dynamic heat and the residual heat, and
the total dynamic heat.

The T, of the uncured, intermediate (after 180 min at 90 °C in oven)
and final (after 180 min at 180 °C plus 30 min at 250 °C in oven) ma-
terials were determined from a scan at 10 °Cmin~?, and taken as the
half-way point in the jump in the heat capacity step, following the DIN
51007 method in the STARe software by Mettler and the error was
estimated was =+ 1°C. The jump in the heat capacity, AC, of uncured,
intermediate and final materials were also measured.

To compare with experimental results T,’s were calculated using the
copolymer rule given by Fox equation [30], the weight compositions
and the experimental T, of TGAP-JEF and TGAP-DDS networks in their
cured or uncured states, depending on the curing stage analyzed.

2.6. Dynamic mechanical analysis (DMA)

Fully-cured and gelled intermediate materials were analyzed using a
TA Instruments DMA Q800 device. Prismatic rectangular samples
(about 1 X 13 x 20 mm®) were analyzed by DMA using a single can-
tilever clamp at a frequency of 1 Hz and 0.05% strain at 3 °C/min from
—50°C up to a temperature sufficiently high for complete network
relaxation. The peak temperatures of tand curves were taken as a-re-
laxation temperatures, related with the glass transition temperatures.

2.7. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out with a Mettler TGA/
SDTA 851e/LF/1100 thermobalance. Samples, obtained by dual curing,
with an approximate mass of 10 mg were degraded between 30 and
800 °C at a heating rate of 10 °C/min in N, atmosphere (50 cm®/min
measured in normal conditions).

2.8. Storage stability
Isothermal storage stability experiments were performed for all dual

formulations. After stage 1 (180 min at 90 °C), samples were stored in a
thermostatic oil bath at controlled temperatures of 30°C. T,’s and
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residual heats of intermediate materials at different times of storage
were measured by DSC, as explained in Section 2.5. Intermediate ma-
terials are reactively stable as long as they maintain their T,, and their
residual heats stay equal to the reaction heat of stage 2.

2.9. Microhardness

Microindentation Knoop hardness was measured with a Wilson
Wolpert 401 MAYV device following ASTM D1474-13. For each material,
a minimum of 20 determinations were made with a confidence level of
95%. The Knoop microindentation hardness (KHN) was calculated from
the following equation:

HRN = 2= L
12Cp

Ap (2)

where L is the load applied to the indenter (0.025kg), Ap is the pro-
jected area of indentation in mm? Cp is the indenter constant
(7.028 x 10%) relating 2 to Ap.

2.10. Impact resistance

Impact test was performed at room temperature by means of a
Zwick 5110 impact tester according to ASTM D 4508-10 using rectan-
gular samples. The pendulum employed had a kinetic energy of 1 J. For
each material, a minimum of 10 determinations were made with a
confidence level of 95%. The impact strength (IS) was calculated from
the energy absorbed by the sample upon fracture as:

_E-E
S

IS
3
where E and E, are the energy loss of the pendulum with and without
sample respectively, and S is the cross-section of the samples.

3. Results and discussion
3.1. Dual curing behaviour

Although previously reported data on the curing of epoxides using
JEF and DDS as curing agent [10,31] suggest that the dual-curing of a
ternary TGAP-JEF-DDS formulation could be sequential, there are no
published works on TGAP-JEF systems. So, first of all, we investigated
the possibility to use these ternary formulations as precursors of ther-
mosets obtained via dual sequential curing. Fig. 2a and b show the DSC
traces and conversions versus temperature of different formulations
cured dynamically al 10 °C/min. The dual nature of curing can be ob-
served, with two clearly separated processes. By comparison with the

2 -
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neat formulations, these can be attributed to the TGAP-JEF condensa-
tion at low temperature and to the TGAP-DDS condensation at high
temperature, respectively. The large difference between the curing
temperatures of the systems containing JEF and DDS can be attributed
to the different nucleophilic character of the two amines. The low re-
activity of DDS is due to the fact that the nitrogen lone pairs are de-
localized by resonance over the aromatic rings. The sequentiality of the
curing process is also evident from the conversions achieved at the two
curing stages (see Fig. 2b) which practically agree with the composition
of the mixture. Besides, there is no significant overlapping of the two
stages.

The total reaction heats of all the systems studied (see Table 2) are
in agreement with the literature which reports that most epoxy/amine
values are close to 100 kJ/ee [10,32]. This indicates that epoxides re-
acted almost completely. There is a certain interaction between the
curing stages: on increasing JEF content, Stage 2 shifts to higher tem-
peratures, because of the dilution of DDS in the formulation and the
negative effect of the polyether structure of JEF on the amine-epoxy
nucleophilic addition, which can results in the formation of non-re-
active amine-ether complexes, as reported by Swier et al. [33]. On the
contrary, when the amount of JEF is reduced, Stage 1 tends to shift to
lower temperatures. This effect can be rationalized in terms of the de-
creasing negative impact of polyether structures on epoxy-amine re-
activity, in spite of the dilution of amine groups of JEF.

As mentioned in Section 2.2, for sample preparation and char-
acterization, the first curing stage was carried out at 90 °C for 180 min
and the second at 180 °C for 180 min. Fig. 3 shows the dynamic DSC
postcurings after isothermal curing for different durations and tem-
peratures for TGAPJEFDDS1_0.5_0.5 formulation. The residual peak
associated to Stage 1, decreases until the cure is complete after 180 min
at 90 °C, whereas the residual peak associated to Stage 2 remains con-
stant, indicating that at 90 °C, DDS is not able to react. Moreover, the
Stage 2 curing is completed after 180 min at 180 °C. These results
confirm once more that this schedule allows a sequential and full
curing. Fig. 3 also shows the increasing of T, on increasing the curing
time during Stage 2.

Table 2 shows equivalent results for all formulations. As can be
seen, the residual heat associated to Stage 2 (Ah; ;) is proportional to
the DDS content and that DDS only reacts during Stage 2.

TGAPJEFDDS1 0.1_0.9 and TGAPDDS11 produce, after dual curing
(180 min at 90°C + 180 min at 180 °C), residual heats of 1.5 and
4.5kJ/ee, respectively. Since the curing temperature is below the ul-
timate T, vitrification can take place. As a consequence, both for-
mulations need postcuring at a higher temperature (e.g. 250 °C) to
achieve full curing.

—TGAPJEF11
—TGAPJEFDDS1_0.75_0.25
—TGAPJEFDDS1_0.5_05
—TGAPJEFDDS1_0,25_0,75
—TGAPJEFDDS1_0,1_0,9
TGAPDDS11

0.8

0.4 -

0.2 4

b)

150 200 250 300
Temperature (°C)

100

Fig. 2. DSC thermograms corresponding to the dynamic curing at 10 °C/min of (a) and epoxy conversions versus temperature (b) for all the systems studied.
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T and AC, before and after each curing stage in the oven (o, int and - indicate before stage 1. after stage 1 and after stage 2, respectively). Relationship between the
segmental mobilities of the crosslinked and noncrosslinked polymers, calculated as A = AC,../AC,,. Total reaction heat Ah,, (obtained dynamically), residual

reaction heat after Stage 1 Ahy s (obtained dynamically after 180 min at 90 °C).

Formulation Tg (°C) ACy, (J/gK) Tgine CC) ACpine (J/gK) Tg-. (°C) ACy.. (J/gK) A AR pes (kJ/e€) Ahyy, (kJ/e0)
TGAPJEF11 -70 0.713 63 63 0.403 0.56 102
TGAPJEFDDS1_0.75_0.25 —48 0.674 36 0.505 84 0.342 0.50 27 102
TGAPJEFDDS1_0.5_0.5 -35 0.652 27 0.482 119 0.222 0.34 49 100
TGAPJEFDDS1_0.25_0.75 -23 0.635 12 0.555 184 0.161 0.25 75 93
TGAPJEFDDS1 0.1 0.9 -18 0.537 -5 0.461 195 0.124 0.23 89 92
TGAPDDS11 -16 0.467 235 0.100 0.21 97 97
0.8 240
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0.6 © —20mingoc <
£ 170 4
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Fig. 3. Evolution of the postcuring at 10°C/min of TGAPJEFDDS1_0.5.0.5
samples during isothermal dual curing. DSCs of initial mixtures after curing at
90 °C for different durations (solid curves). DSCs of intermediate materials after
curing at 180 °C for different times (dashed curves).

3.2. Thermal properties of epoxy-amine materials

Table 2 shows how some thermal parameters, Tgs and ACps, asso-
ciated to the different stages, change between pure formulations as a
function of composition. Unreacted materials have increasing T, and
decreasing AC, with increasing DDS content, due to its high rigidity.
Intermediate materials have decreasing T, with increasing DDS content
due to the plasticizing effect caused by the growing amount of un-
reacted epoxy groups from TGAP and DDS molecules. A significant
increase in T, takes place during stage 2 due to the higher T, of TGAP-
DDS network. For the same reason, fully cured materials have in-
creasing T, and decreasing AC, and A (quotient of segment mobilities)
with increasing DDS content. This behavior can be related with the
higher crosslinking density of TGAP-DDS network, and to the higher
rigidity of aromatic rings coming from DDS that prevent free bond ro-
tations and reduce the segmental mobility of the materials. According
with Gibbs and DiMarzio [34], an increase in the density of the cross-
linking gives rise to an increase in the stiffness of the chains and con-
sequently in T, This stiffness involves lower configurational entropy
that can cause a reduction of AC,,.

Fig. 4 compares the experimental intermediate and final T, of the
different formulations studied in this work, with predictions made using
Fox equation [30]. The agreement between experimental and predicted
data is excellent, as for other dual-curing systems [10,12,35]. This re-
sult suggests that the materials prepared are fully cured and highly
homogeneous, without any part of the formulation forming a separate
phase. Probably the participation of TGAP in both curing stages along
with the hydrogen bond interactions between NHs of JEF and DDS help
avoid the tendency of JEF to become incompatible with TGAP, when
DDS is added to the formulation. The stacking interactions between
aromatic groups of DDS and TGAP also help to compatibilize both

226

Fig. 4. Intermediate (circles) and final (triangles) experimental glass transition
temperatures (Tg) and Fox Equation fits (solid line) against weight fraction of
Stage 1 network. The theoretical minimum Stage 1 wt fraction Wy seage = 0.19
(critical ratio of r, = 6) for gelation takes place during stage 1 (shown as a
dashed line).

components.

Fig. 4 also highlights (a) the possibility of designing materials with a
broad range of glass transition temperatures, from —5 °C to 63 °C in the
intermediate stage and from 63 °C to 235 °C at the final stage, just by
controlling the Stage 1/Stage 2 ratio in the formulation, (b) the possi-
bility of obtaining ungelled or gelled materials after the first curing
stage and (c) the drastic change in properties that takes place between
the intermediate and final materials, especially at higher DDS content.
The wide property range of this family of materials makes them optimal
for a variety of applications such as adhesives, structural composites or
shape memory materials.

3.3. Gelation of mixtures

Gelation during curing was studied by isothermal DSC/TMA com-
bined experiments and the results are summarized in Table 3. Most
formulations gel during the first curing stage, with the exception of
TGAPDDS11 and TGAPJEFDDS_0.1_0.9. The first one, as mentioned
previously, does not react at 90 °C and the second one does not contain
enough JEF to reach gelation.

Assuming ideal stepwise behavior, the theoretical conversion of
epoxy groups at the gel point, oz;e“f‘)r, was calculated using the well-
known Flory-Stockmayer equation [25], considering that JEF and DDS
only react during Stage 1 and 2, respectively. Formulations produce a
valid gel point conversion only for values of r (epoxy/hydrogen amine
ratio) lower than r,, where r. is the critical gelation ratio [25], calcu-
lated as

For our system, with f = 3 and g = 4, we estimate a r, of 6, that
corresponds to a formulation TGAPJEFDDS_ 0.17_0.83. The experi-
mental results agree with the theoretical r. value. The
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Table 3
Experimental gelation data (ag," and tg;) obtained by isothermal DSC/TMA
{heor obtained by using Flory-Stockmayer equation.

combined assays. oty

Formulation r ag;leor ot;:,p toer (min)
Stage 1 (90°C)

TGAPJEF11 0.408 0.622 57.2
TGAPJEFDDS 0.75_0.25 1.33 0.353 0.464 29.6
TGAPJEFDDS_0.5_0.5 2 0.289 0.402 35.1
TGAPJEFDDS_0.25_0.75 4 0.204 0.246 51.8
TGAPJEFDDS 0.1 0.9 10 0.129 Not gel Not gel
Stage 2 (180°C)

TGAPJEFDDS 0.1 0.9 1.1 0.348 0.48 12.3
TGAPDDS11 0.408 0.535 11.0

@ Ratio between epoxy groups and reactive amine hydrogens.

TGAPJEFDDS _0.1_0.9 formulation with a r higher than r. = 6 does not
reach gelation during Stage 1. In accordance with theoretical values, a
formulation must contain 17 NH eq of JEF per 100 epoxy equivalents to
be able to gel during stage 1, while TGAPJEFDDS_0.1_0.9 only has 10
NH eq of JEF per 100 epoxy equivalents. Therefore, the theoretical
value of . is a useful tool to predict which formulations gel during stage
1 or 2 and the potential application of the different formulations.
According to this value, it is expected that solid samples from
TGAPJEF11 to TGAPJEFDDS1 _0.17_0.83 can be shaped as conformable
solids, whereas liquid samples from TGAPJEFDDS1 0.17_0.83 to
TGAPDDS11 can show adhesive behavior.

Table 3 shows that the conversion at gel point, ag, is strongly af-
fected by the composition of the formulation, as predicted by the Flory-
Stockmayer equation, decreasing with increasing DDS content. This
result is in agreement with the fact that DDS is not able to react during
the first stage of curing, since otherwise all formulations would be
gelled at a theoretical conversion close to 0.408, such as neat for-
mulations. In the formulations that gel in Stage 1, it is observed that gel
time first decreases with increasing DDS content but then increases
again. This result is a trade-off between two effects, the decrease of gel
conversion that tends to shorten the gel time and the dilution effect of
DDS that tends to increase it.

Table 3 also shows that the theoretical conversion at gel point,
ocg,?f"r, and the experimental values, ag,, show similar trends, the ex-
perimental values being always higher. Setting aside experimental un-
certainties associated with comparison of data using different analysis
equipments, intramolecular loop formation observed in equivalents
system [36,37], can explain this result, since this kind of reactions leads
to cyclic structures and delays the gel point. Following the above line of
reasoning, JEF-rich formulations should show higher differences be-
tween af* and gl  as it is observed in Table 3, since the long and
flexible structure of JEF allows more intramolecular cyclizations than
the short and rigid structure of DDS. In the case of gelation with DDS,
deviations from non-ideal behaviour should also be attributed to sub-
stitution effects, but the effect would be minor [25].

3.4. Storage stability

Characterization of the storage stability of intermediate materials is
pivotal for applications where materials are required to be stored for
prolonged periods before carrying out Stage 2 curing. In addition,
certain latency is necessary when intermediate materials are manipu-
lated. We studied experimentally the storage stability of all inter-
mediate materials. DSC pans containing samples were cured 180 min at
90 °C (after Stage 1) and then placed in sealed glass tubes which were
inserted into thermostatic oil baths at 30 °C for a maximum of 70 days.
Tes and residual heats were measured after several storage durations.
The results of the analysis are shown in Fig. 5.

The low reactivity of DDS at 30 °C should ensure a certain storage
stability but, additionally, vitrification, resulting in a significant
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Fig. 5. Intermediate glass transition temperatures (circles) and residual heat
(squares) against storage time.

mobility of reactive species, plays a prominent role. Initially, formula-
tion TGAPJEFDDS_0.75_0.25 is already vitrified after Stage 1 (Tg higher
than storage temperature, 30 °C), therefore it experiences very little
changes with the passing of time. As the DDS content increases, the
initial T, of the intermediate material decreases and the amount of
available reactive species increase, hence allowing some slow reaction
(i.e. increase in Tg and decrease of residual heat) in the first weeks but,
as the T, gets closer to or increases above storage temperature, vi-
trification reduces drastically the reaction rate, therefore imparting a
significant storage stability afterwards. Changes during storage are
more relevant for DDS-rich formulations, especially for TGAPJEF-
DDS1_0.1_0.9. However, from a practical point of view, such changes
may not be relevant if the intermediate samples are processed within a
few days, up to 2-3 weeks, so that handling or relevant properties (i.e.
rheological behaviour) are only little affected. In any case, storage
stability can be enhanced by storage in a fridge, at a lower temperature.
This behaviour contrasts with that previously reported for dual-curing
off-stoichiometric epoxy-amine formulations [10], where the use of a
thermally latent catalyst for the epoxy homopolymerization taking
place in the second curing stage ensured an excellent storage stability
regardless of whether the material was vitrified or not.

3.5. Dynamic mechanical properties of epoxy-amine thermosets

Fig. 6 shows the tan § and storage moduli against temperature of
final materials determined by DMA. The relaxation curves are shifted
towards higher temperatures with increasing DDS content, in agree-
ment with calorimetric T,’s shown in Table 2, This can be interpreted in
terms of the increasing crosslinking density and, especially, the stiffness
of polymer chains in DDS-rich formulations, imparted by the highly
rigid aromatic structure of DDS. Although it is somewhat difficult to
observe due to the overlapping with the beginning of thermal de-
gradation, rubbery modulus increases with increasing DDS content,
again due to the increase of crosslinking density and low chain mobi-
lity. Theoretical concentration of crosslinking points were estimated as
3.6 and 4.4 mol/kg for TGAPJEF11 and TGAPDDS11, respectively, as-
suming that all epoxy groups have reacted. These values agree with the
trend observed with the rubbery modulus. All DMA curves show un-
imodal peaks with no shoulders, indicating that the materials are highly
homogeneous. The participation of TGAP in both curing stages ensures
the covalent linkage between the TGAP-JEF and TGAP-DDS networks
and a higher homogeneity of the material. Only TGAPJEF-
DDS_0.75_0.25 formulation presents a small shoulder at high tem-
perature, which decreases with increasing DDS content. This suggests
that there is a certain incompatibility between TGAP-JEF and TGAP-
DDS networks, caused by the drastic change in molecular structure
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Fig. 6. Storage moduli and tan & curves as function of temperature of fully
cured epoxy-amine formulations. Inset shows tand-T curves of intermediate
materials that gelled during stage 1. The same legend applies to the inset.

which gave rise to inter-molecular interactions between JEF and DDS.
However, this produces only a broadening of the relaxation process,
indicating some heterogeneity in the network structure, because both
polymer networks are covalently linked.

Inset of Fig. 6 shows the tan 6 curve of intermediate materials that
gelled during stage 1 and have sufficient network build-up to withstand
the strain without flowing. Intermediate TGAPJEFDDS_0.75_0.25 and
TGAPJEFDDS _0.5_0.5 show higher damping capacity than fully cured
samples due to the presence of unreacted TGAP and DDS, swelling and
plasticizing the TGAP-JEF network. During Stage 2, a-relaxations
change from high and narrow to low and wide as commonly observed
for highly crosslinked thermosets [25].

As it will be shown later, the temperature ranges where tan § peaks
appeared along with their shape suggest that gelled intermediate ma-
terials are highly shape-conformable at near-ambient temperature,
since at this temperature the materials are partially relaxed.

3.6. Thermal stability of epoxy-amine thermosets

Fig. 7 shows the thermogravimetric curves for all formulations
studied. It can be observed that the degradative curves are shifted to-
wards higher temperatures with increasing DDS content, due to the
high stability provided by the aromatic rings of DDS and to the high
crosslinking density of DDS-rich formulations. It can also be observed
that the degradation takes place in two steps. Observing the
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thermograms of the neat TGAPJEF11 (300-420 °C) and TGAPDDS11
(350-500 °C) networks, the degradation steps of the dual formulations
can be mapped (Fig. 7b). However, it should be pointed out that the
degradation steps overlap significantly and therefore it is not possible to
assign each peak exclusively to each neat network, in contrast with
other dual-curing systems [6,10]. Moreover TGAPJEF11 degrades in
two overlapped steps. The rings formed by intramolecular cyclization,
more stable than the rest of network, might be tentatively considered
responsible for the appearance of a peak at higher temperatures. The
presence of aromatic rings coming from DDS leads to a higher char
yield in the thermosets with a higher proportion of this amine.

3.7. Mechanical characterization

Microindentation hardness measurements are very useful to study
the resistance of one body against penetration to another under static
loads. These measurements were carried out with a Knoop micro-
indenter and the results are shown for all the materials prepared in
Fig. 8(a). As can be seen, on increasing the proportion JEF in the
thermosets, microhardness decreases, due to the flexibility introduced
by the long chains of JEF.

The results of the impact tests are collected in Fig. 8(b) for all the
materials prepared. The values correspond to the energy consumption
of the material preventing crack propagation. It is possible to observe
that the modification of neat TGAPDDS11 with JEF improves impact
strength, doubling the value for the neat TGAPJEF11 formulation.
Toughness enhancement is achieved because stresses acting on the
TGAPDDS matrix can be efficiently transferred to the softer TGAPJEF
matrix across the covalent bonding between TGAP and both types of
networks.

Epoxy systems with low hardness and high impact resistance can be
suitable for a range of applications where surfaces require a flexible
coating or where fibre reinforced composite parts are required which
always remain flexible such as frequent impact areas, connecting tubes
for ducting or articulated components. When necessary, by replacing
the JEF (M,, = 400 g/mol) used in this work with more flexible JEF
(e.g. M,, = 4000 g/mol) the range of properties can be extended, re-
ducing the inherent rigidity of epoxy systems. For applications re-
quiring materials with enhanced toughness and flexibility but having a
high T,, TGAPJEFDDS_0.25_0.75 could be attractive.

3.8. Prospective applications of the developed materials

In this last section, potential applications of the prepared materials
are explored and discussed. First of all, the intermediate ungelled
T —
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Fig. 7. Remaining weight curves (a) and rate of weight loss (b) against temperature at 10 °C/min in nitrogen atmosphere of fully cured formulations.
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Fig. 8. Microhardness (a) and impact strength (b) for some of the thermosets obtained.

materials were tested for adhesive bonding (see Fig. 9). First, the un-
cured TGAPJEFDDS_0.1_0.9 formulation was poured into a vial and
cured at 90 °C for 180 min, then a small amount of this liquid for-
mulation was applied on top of the metal rod (with 800 g of weight) and
a screw was placed on the adhesive applied patch. The assembly was
put in the oven for the second curing stage (180 °C for 180 min plus
250°C for 30min). At the end of curing, excellent adhesion was
achieved, as the two pieces had adhered to each other perfectly and
they could not be separated by any hand manipulation. It was estimated
that the screw receives an axial tension of 280 MPa in the configuration
showed (see Fig. 9). Although, the curing schedule followed in this
section is the same as that employed in the rest of the work, curing
durations and temperatures can be optimized to reduce energy con-
sumption. In accordance with the Tgs of the intermediate (—5 °C) and
final (195°C) materials and the kinetic parameters available, first
curing stage may be performed at room temperature for 24 h (pre-
paration of the adhesive) and second curing stage for 60 min at 200 °C.

Secondly, we investigated the conformability of the gelled inter-
mediate materials and the shape memory potential of final materials.
TGAPJEFDDS _0.75_0.25 formulation was chosen and representative
samples were prepared. Having and intermediate T of 36 °C, it can be
readily shaped. Fig. 10 illustrates the procedure employed. (a) The li-
quid formulation was poured into a steel mould and cured at 90 °C for
180 min to obtain an intermediate prismatic-shaped material. (b) The
deformable intermediate material at 40 °C was easily rolled onto a glass

Fig. 9. Illustration of the adhesive bonding test for TGAPJEFDDS_0.1_0.9 for-
mulation.
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vial of 24 mm of diameter covered with a layer of Teflon to obtain the
bent-shaped surface. (c) To fix permanent shapes, the sample was he-
ated up at 180°C for 180 min (Stage 2), cooled down to room tem-
perature and peeled off from the moulds. (d) The programming of the
temporary shape (prismatic-shape) was performed between two stain-
less steel plates at programming temperature of 90 °C applying suffi-
cient pressure to flatten the sample and then cooling down to room
temperature. (e) The recovery of the original permanent bent-shape
was made by immersing the sample into a silicon bath at 90 °C. Full
shape recovery was achieved in approximately 30s. This time can be
shortened by increasing the temperature of the silicon bath. Although
no formal quantification of the shape memory capability was done, the
shape recovery was virtually reproducible in at least 4 subsequent cy-
cles of shape programming. These promising results can be exploited in
the field of the shape memory polymers in applications such as actua-
tors, self-deployable structures or sensors.

One of the attractive features of this new family of materials,
compared to existing systems, is that they are prepared with commer-
cial materials at affordable prices and formulations are free of solvents
and catalysts [10,38]. Replacing petrochemical-derived epoxy mono-
mers with those obtained from natural resources, such as tetraepoxy
derivative of bis-eugenol [39], or other vegetable oil based epoxides
[40] completely environmentally-friendly materials can be obtained.

4. Conclusions

A new family of dual-curable epoxy thermosets was designed, pre-
pared and characterized. The curing involves two consecutive amine-
epoxy polycondensation at different temperatures each involving a
diamine with a different nucleophilic character, and therefore, re-
activity.

Intermediate materials have a remarkable stability at room tem-
perature for at least two months, depending on the formulation com-
position. This stability is controlled by the low reactivity of the aro-
matic amine used as curing agent of stage 2 and, especially, by
vitrification taking place in some formulations during the first curing
stage or during storage.

The novel strategy is versatile and allows tuning of intermediate and
final material properties through an adequate selection of monomers
and by changing the relative contribution of the two curing steps.
Prepared materials show characteristics ranging from ungelled liquids
to highly crosslinked solids, whose applications range from adhesives to
conformable smart materials with shape memory. The toughness of
brittle epoxy thermosets can be easily enhanced by partial replacement
of the aromatic rigid amine by a flexible aliphatic amine of higher
molecular weight.

Some outstanding features of the proposed strategy are the
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Fig. 10. Representation of the bent-shaped sample processing, shape memory programming and recovery process.

possibility to use low-cost commercial products, solvent-free reaction
conditions, no requirement of initiators or additives, and highly
homogeneous materials thanks to the participation of the epoxy
monomer in both stages of curing via two consecutive step-growth
polymerizations.
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