Characterization of the Curing Agents Used
in Epoxy Resins with TG/FT-IR Technique
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Abstract: Samples of epoxy resin (EP) based on the diglycidyl ether of bisphenol A (DGEBA), cured with nadic methyl
anhydride (NMA) and mercaptan (CAPCURE 3-800), or amine-phenol (CAPCURE EH-30), respectively, SE 4 and SE 5,
were prepared in the stoichiometric ratio determined by the supplier. The curing behaviour of the epoxy systems SE 4 and
SE 5 was followed by DSC (Differential Scanning Calorimetry). These SE and their ingredients were analyzed using
FT-IR transmission techniques (KBr pellets, pyrolysis without control and controlled pyrolysis-FT-IR, the CONTROLPIR/
FT-IR) for characterizing the curing agents (CA). The temperature range used for samples pyrolysis was found from TG
(thermogravimetry). Thus, the FT-IR bands of liquid pyrolysate obtained by CONTROLPIR/FT-IR were evaluated, in
comparison to the reference spectrum of CA. The characterization of CA was also possible, by the analysis of such SE

with the TG/FT-IR technique.
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Introduction

The use of several materials in aerospace industry
composites stimulates the development of new method-
ologies that establish the relationship structure/property, an
important factor for the suitable application of these
composites in aerospace researches, as those developed in
our laboratories in Brazill':?. Epoxy systems are used as
matrix in aerospace composites and properties of their
formulations such as CA type and the EP/CA stoichiometric
ratio have influence over mechanical properties of the
compositel*l. The identification of the types of CA is
important to get the suitable properties. Sugita et al.[®
showed that carbonylic CA are more easily identified
because in the analysis by FT-IR pellet technique of sample
as received the presence of C=O ester group resulting of
the curing reaction of epoxy ring with anhydride can be
observed. However, for the identification of CA structure
more complex methodologies with several steps were
needed. We developed in CTA laboratories in Brazil an
analytical method based on FT-IR for the separation and
characterization of anhydride and amide-amine CA used
in epoxy systems with a simple methodology, controled
pyrolysis FT-IR (CONTROLPIR/FT-IR), that analyse the
liquid product resulting from the sample decomposition at

a defined temperature!'l. It is interesting to point out that
this method is also applicable even with composites, where
the presence of others compounds add some difficulties.

The aim of this previous work[!l was to ensure that the
methodology CONTROLPIR/FT-IR and TG/FT-IR coupled
analysis, in comparison to usual FT-IR techniques, present
the advantage of separate and identify the curing agent in
these epoxy systems, in suitable conditions. This permits
its characterization, even if the organic function has not
been evidenced in the analysis of cured sample without
further sample treatment.

It is well known that coupling instrumental techniques
for analyse of the composition of products is a powerful
analytical tool, where advantages of each technique are
combined and contribute to the identification of com-
pounds!”l. The coupling of thermogravimetry (TG) and
Fourier transform infrared spectroscopy (FI- IR) is a good
practical example (TG/FT-IR) of such an instrumental
approach for solving specific analytical problems. The core
ofthe TG/FT-IR coupling is the transfer line, which consists
of a heated pipe that connects the TG apparatus to the infrared
gas cell (which is heated as well)U’. In this case the whole
gas stream flows throughout the detector and not just a
fraction of it. The advantages of the transfer line are the simple
handling, its flexible application and the relative low cost.
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The methodologie of TG/FT-IR was successfully applied
to study DGEBA systems with mercaptan (SH), SH in the
presence of polyamine amide, and polyamine modified
compounds as CAL.

Now, in this article, are described the results of the
technique CONTROLPIR/FT-IR for liquid pyrolysis products
of DGEBA epoxy and two others differents CA and the results
of'the TG/FT-IR technique for the gaseous pyrolysis products.
The last results were obtained by researchers of INSA
(France), which are collaborating in this study.

Experimental

GENEPOXY 190 and NMA, CAPCURE 3-800 and
CAPCURE EH-30 were kindly supplied by Cognis S.A, and
EPON 828 by Shell. The Figure 1 shows the chemical structures
of compounds used in this work. DSC analyses were carried
out in a DSC-910/TA2100 TA Instruments analyser. Mixtures
SE 4 (EPON/NMA/CAPCURE 3-800 (1:1:0.2)) and SE 5
(EP190/CAPCURE EH-30 (100:10)) were prepared, mixed and
analysed imediately by DSC, in hermetic aluminum pans, under
nitrogen (<5 ppm H,0, 50 ml/min) at 10 °C/min, from room
temperature to the end the of the cure exotherm (350 °C and
300 °C, respectively), to define the cure cycle. Mixtures freshly
prepared were cured in a stove at 110 °C/ 1 h+ 150 °C/2 h +
190°C/ 1 h (SE 4) or 50°C/ 1 h+70°C/1 h+ 100°C/ 1 h.
(SE 5). TG analyses were carried out in a TGA-951/TA2100
TA Instruments analyser. The samples EP, CA e SE (~20 mg)
were analysed in a platinum pan, under synthetic air (<5 ppm
H,0, 50 ml/min) at 10 °C/min from room temperature to
700 °C. The results represent the average of duplicates for each
sample. FT-IR analyses were performed with a 2000 Spectrum
PerkinElmer spectrometer (resolution 4 cm™, gain 1, 4000 to
400 cm™, 40 scans). The samples of EP cured (SE 4 and
SE 5) were analysed by potassium bromide (KBr) technique
(1:400 mg) and also pyrolysed without control and the
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Figure 1. Molecular structures of EP and curing agents used in this work
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condensed phase was analysed as liquid film. In the
CONTROLPIR/FT-IR methodology, 0.5 g of SE samples was
pyrolysed at the apparatus of pyrolyse SPECTRA-TECH PY-
2 (SE 4: 400 °C/ 10 min; SE 5: 450 °C/10min) by using the
suitable support for collecting the condensed phase, that was
analysed as liquid films.. TG/FT-IR analyses were carried out
inaTG7/FT-IR SPECTRUM 2000 PerkinElmer, in a platinum
pan under synthetic air (50ml/min), at 10 and 40 °C/min from
150 °Cto 700 °C. Two aliquots were analysed for each sample.
The identification of gaseous products was performed on line
by coupled FT-IR.

Results and Discussion
FT-IR analyses of EP and CA

The main IR bands of epoxy resins are in 3504 cm
(v OH), 1247 cm™! (v aromatic C-O), 1035 cm™' (v aromatic
C-0), 915 cm™! (v epoxy group). Characteristics bands of
NMA are at 1857 and 1780 cm™! (v C=0), 1227, 1083 and
914 ¢cm! (v C-O)[', The intensity of bands at 1857 and
1780 cm™!, weak and strong, respectively, is characteristic of
cyclic, five-membered ring, nonconjugated anhydride, and
this is also used for characterization of this compound in the
SE 4. Characteristics bands of CAPCURE 3-800 are at
2559 cm™! (v SH), 1416 and 1299 c¢m™ (8, CH; S) and
1106 cm™ (v C-0), and for CAPCURE EH 30 are at 1612 cm'!
(v Ar C-C), 1280 cm™! (v C-N), 1258 cm™! (v phenolic C-O),
888 to 754 cm! (& Ar C-H).

DSC analyses of EP/CA mixtures

The DSC curves (Figure 2) showed one exothermic peak
between 110 °C and 190 °C, with maximum at 152 °C for
SE 4 mixture, and one between 30 °C and 180 °C with
maximum temperature at 112 °C for SE 5 mixture, indicating
the cure of the epoxy system. The DSC curves were used to
design the temperature program for the cure process of the
molded epoxy systems.

TG analyses of ER CA e SE

TG curves of SE and its ingredients are shown at Figure 3
and Table 1 contains the interval of temperature (AT) where
mass loss (Am) was observed, averaged values of duplicates.
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Figure 2. DSC curves of uncured SE 4 and SE 5 (nitrogen, 10 °C/min)
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Figure 3. TG curves of SE 4, SE 5 and its ingredients (air, 10 °C/min)

Epon 828 and Genepoxy 190 resins showed the same TG
profile. The residue at the end of heating was less than 1% for
all samples, except for the resins. CAPCURE 3-800 exhibited
a fast weight loss after 320 °C, and the curve time/temperature
(not showed here) had a peak, revealing that it was very
exothermic. The TG curves of SE samples were different from
expected by overlapping the curves of pure compounds what
does not allow to presume which is being evoluted in each
region. The derivative thermogravimetric curve (DTG) is
proportional to decomposition rate and the maximum peak
temperature indicates where the decomposition is faster. This
temperature is presented in Table 1 for the steps where the
weight loss was above 10% and was used to estimate the
temperature range to be used in the techniques CONTROL-
PIR or TG/FT-IR.

FT-IR (CONTROL-PIR) analyses of SE

DTG data for SE (Table 1) show DTG peaks in the region
350 and 550 °C, that were used to establish the temperature

Table 1. TG results of EP, CA ¢ SE

for the analysis CONTROL-PIR and 10 min was suitable to
produce enough quantity of pyrolysate for analysis.

Figure 4 shows spectra of SE 4, obtained by KBr pellet
technique (A), pyrolysis without control (B) and controled
to 400 °C/10min (C). The pellet technique (A) shows that
the resin is cured due the lack of band at 917 cm! assigned to
terminal epoxy group, that is the main difference between
the spectra of epoxy cured or not. The ester carbonyl band
suggests that the resin is cured with anhydride, but the other
bands of this anhydride, 1227 cm!, 1083 ¢cm™! and 914 cm™!
(v C-0) are not observed. The pyrolysis without control (B)
still shows the epoxy resin bands between 1300 cm™! and
930 cm! (v COC, ring bands). The CONTROLPIR/FT-IR
technique (C) is suitable for identification of NMA, due to
bands at 1857 cm! (v C=0), 1780 cm™! (v C=0), 1227 cm™!,
1083 ¢cm™ € 914 cm™! (v C-O). Thus, the CONTROLPIR/
FT-IR technique shows the advantage in relation to others
conventional IR due to it be able to separate the curing agent,
allowing its characterization, avoiding complex steps for
sample preparation. The observation of NMA bands only is
considered normal, because it is in higher proportion than
CAPCURE 3-800 in the epoxy system.

The same methodology was used for the analysis of SE 5
and the spectra obtained at 450 °C are presented in Figure 5.
KBr pellet technique spectra (A) of system cured not allowed
to identify the CA, cause only epoxy bands are seen. However,
in the C spectrum, it is possible to observe bands of
CAPCURE EH-30 in the finger-print region, but as expected,
some bands are in same wave numbers of decomposition
products of resin (B spectrum) due the C-O and aromatic
groups, although they were sharper in the C spectrum.

It is possible to observe by Figures 4 and 5 that the spectra
of pyrolysates obtained by CONTROL-PIR/FT-IR for SE 4
and SE 5 are differents and allow the characterization of CA

Sample AT Am AT Am AT Am AT Am
0 (%) 0 (%) °C) (%) 0 (%)
RESIN¢ — 200-346  (85) | 346-420 ®) | 420-600 @)
3400
NMA 50-250 (94) | 250-500 (5) — —
220
CAPCURE 3-800 26-206 (@ | 206370 (93) | 370-600 ) —
320b
SE 4 28200 (0.6) | 200-373  (18) | 373-477  (36) | 477-671¢  (44)
3500 425 5900
CAPCURE EH-30  27-300 (92) | 300-660 ) — —
220
SE 5 24200 (0.6) | 200-448  (68) | 448-695  (30) —
4000 5500

a - same TG profile for Epon e Genepoxy 190 resins; b - DTG peak maximum; ¢ - shows T increase
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Figure 4. FT-IR spectra of SE 4 by techniques: A) KBr pellets 1:400mg; B)

pyrolysis without control; C) CONTROLPIR/FT-IR 400 °C/10 min; D)
curing agent NMA (liquid film).
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Figure 5. FT-IR spectra of SE 5: A) KBr pellets 1:400mg; B) pyrolysis

without control; C) CONTROLPIR/FT-IR 450 °C/10 min; D) curing agent

CAPCURE EH-30 (liquid film)

in the epoxy systems. Thus, we can conclude that CONTROL-
PIR/FT-IR methodology, developed in our laboratories, is
suitable for the study of CA of epoxy systems based on
anhydride, pure or in presence of small quantity of mercaptan,
amine-phenol, in specific conditions, as was possible for
mercaptan pure or in the presence of polyamine amide and
polyaminel®l,

TG/FT-IR analysis of EP and CA

The Figure 6 shows the FT-IR spectra of decomposition
products of EP and CA used in this work. It can be observed
that the spectra show differences in some characteristics
regions, suggesting that bands of decomposition products of
resin will not influence in a significant way the character-
ization of CA in the epoxy systems.

The main bands of decomposition products of EP are at
3015 ¢cm™, 1731 cm™ and 1018 ¢cm’!, probably assigned!'?, to
C-H groups aromatic, C=0 and C-O (aromatic ether),
respectively, in according to decomposition process established
for epoxy resins and epoxy system by Dyakonov!'!l. The main
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Figure 6. FT-IR spectra of decomposition products of: A) EP, B) CAPCURE
3-800, C) CAPCURE EH-30.

absorptions!!?! of decomposition products of CAPCURE 3-
800, are at 3566 cm™ (H,0), 2978 cm™! and 2937 cm™! (C-H),
2355 em’! (CO,), 1732 cm™ (C=0) and 1110 cm™! (C-O). The
main absorptions!®!'! of decomposition products of CAPCURE
EH 30 are at: 2951, 2821 and 2778 ¢cm™' (C-H), 1257cm™!
(C=N), and 837 cm™! (NH,).

TG/FT-IR analysis of SE

The Figure 7 shows that it is possible to identify NMA in
SE 4 by absorption at 1800 cm™ (C=0). It is interesting to

Abs

4000.0 3000 2000 1500 1000 600.0

cm-!

Figure 7. FT-IR spectra of decomposition products of A) Capcure 3-800,
B) SE 4.

Abs
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cm!
Figure 8. FT-IR spectra of decomposition products of A) SE 5, B)

CAPCURE EH-30.

97



Romao, B. M. V. et al. - Curing agents used in epoxy resins by TG/FT-IR technique

observe that is also possible identify the presence of
CAPCURE 3-800, by others bands assigned in this Figure,
besides of his low content in this system, probably because
its bands are strong . The Figure 8, as observed for the SE 4,
shows that is possible to identify the curing agent CAPCURE
EH-30 in the epoxy system SE 5.

Conclusions

It was possible by CONTROLPIR/FT-IR methodology
developed in our laboratory, identify curing agents used in epoxy
resin DGEBA, based on anhydride, pure or in the presence of
small quantity of mercaptan, amine-phenol, in specific
conditions and suggest that by suitable conditions, it can evaluated
for the investigation of others kinds of curing agents. TG/FT-IR
technique allows to identify the differents CA independent of its
low content in the epoxy systems as at SE 4.
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