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Abstract: This paper illustrates a study of the thermal oxidation of several epoxy amine networks.
Oxidation was followed at the molecular scale using Fourier Transform InfraRed spectroscopy (FTIR)
and at the macromolecular scale using tensile tests. FTIR showed the major formation of amides, while
tensile tests showed the progressive increase in the elastic modulus (~0.5 GPa for room temperature
Young modulus) and decrease in ultimate strain and volumic energy for failure (assessed using the
integrals of stress-strain curves). Both ultimate strain and volumic energy were divided by more than
two. Linear correlations between oxidation trackers (amide concentration) and changes in mechanical
parameters are presented and discussed.
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updates 1. Introduction

Citation: Delannoy, R; Tognetti, V.; Epoxy-amine networks are easily obtained from the condensation reaction between

polyglycidyl molecules and amines. Since there is a quasi “infinity” of networks differing
by the flexibility of monomers and crosslink densities, epoxy-amine networks are thus
undoubtedly the most investigated family of thermoset polymers in terms of structure—
properties relationships [1-4]. From an industrial point of view, they are used in demanding
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The present paper, therefore, aims at identifying the simple structure—properties re-
lationships involved in embrittlement so as to « link » the output data of kinetics models
(oxygen absorption and concentration in oxidation products) with mechanical properties
(ultimate stress and strain, and toughness and the elastic modulus) of several oxidized
epoxy amine networks. This will be helpful for a direct prediction of failure in the case of
thin films (typically epoxy coatings). In the case of the prediction of the residual mechanical
properties of “thick” samples (typically where oxidation is governed by oxygen diffusion),
a simulation approach was previously used [15]. The inputs were “local” mechanical
properties, varying with the oxidation level. Since kinetic models can describe the change
of oxidation as a function of time and polymer thickness, using relationships between oxi-
dation level (for example, concentration in oxidation product) and mechanical parameters
is expected to simplify the prediction of failure for a bulky material.

2. Experimental Procedure
2.1. Materials

Several epoxy-amine thermoset systems composed from the same epoxide prepolymer
DGEBA were used for this study of their macromolecular properties. D.E.R. 332 (CAS
1675-54-3, with EEW 171-175 g/eq) was chosen for this purpose as it consists of almost only
mono-units of DGEBA, making the length of chains between crosslinks more predictable.
Networks were cured with three different amine hardeners: ethylene diamine (EDA, CAS
107-15-3), diethylenetriamine (DETA, CAS 11-40-0, with AHEW 20.6 g/eq) and 4,7,10-
trioxa-1,13-tridecanediamine (TTDA, CAS 4246-51-9, with AHEW 55.1 g/eq). All these
chemical products (with formulas developed in Figure 1) were provided by Sigma-Aldrich.

DGEBA HsC CHj,

EDA DETA H
HpN™ >Nz HaNT >SN,
TETA
Ho NSNS SN2
TTDA "

HZN/\/\O/\/O\/\o/\/\NH2

Figure 1. Chemical formulas of epoxide prepolymer and hardeners used to synthesize the networks
under investigation.

A commercial epoxy resin was also studied. It was obtained by mixing a type of
DGEBA prepolymer together with a mixture containing triethylenetetramine (TETA, CAS
112-24-3) and a cycloaliphatic diamine hardener. This industrial epoxy system also con-
tained benzylic alcohol, which is used as a plasticizer to improve the processing and the
curing [16] in practical conditions typically encountered in the field of civil engineering.

Systems were cured according to the following procedures:

- DGEBA-TTDA was cured for 1 h at 60 °C with a heating press and post-cured for 3 h
in a vacuum at 80 °C.

- DGEBA-EDA and DGEBA-DETA were cured according to the following experimental
procedure: After mixing the prepolymers in stoichiometric proportions (according to
the equivalent weights previously listed), the blends were set to thicken for up to 3 h
in closed vials at ambient room temperature (actual time being heavily dependent on
the nature and volume of the mixture and atmospheric conditions). Once they were
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Heat flow (W g)

thick enough, the blends were pressed using a hydropress for 1 h at 50 °C and 1 h at
90 °C. They were then post-cured for 30 min at 170 °C under vacuum.
- Commercial epoxy was cured at room temperature (48 h).
Thermograms for uncured and fully cured networks are given in Figure 2. Curing
parameters are recalled in Table 1.

(a) DGEBA-EDA and DGEBA-DETA (b) DGEBA-TTDA (c) commercial
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Figure 2. DSC thermograms before and after curing for DGEBA-EDA and DGEBA-DETA (a), DGEBA-

TTDA (b) and commercial epoxy (c) under investigation.

Table 1. Curing parameters of epoxy systems.

System Tonset (°C) Tmax O AH( g™} Thnal (°0)
DGEBA-TTDA 82 114 355 63
DGEBA-EDA 76 103 440 145
DGEBA-DETA 70 100 501 147
Commercial epoxy 66 112 182 71

No exothermic peak was detected using Differential Scanning Calorimetry (DSC) for
unaged samples, and the curing process was therefore assumed to be complete. It was
carried out using a DSC Q10 (TA Instruments©, New Castle, DE, USA) at 10 °C min~!
with samples of about 15 mg. The same machine was later used to follow glass transition
temperatures of aged samples. The heating rate was chosen in line with literature [17,18].

2.2. Exposure Conditions
Punched samples were aged at 80, 120, 160 and 200 °C in ventilated ovens (AP60,
System Climatic Service, Saint Ouen L’Aumone, France).

3. Characterization
3.1. Fourier Transform InfraRed Spectroscopy

FTIR spectroscopy in transmission mode was carried out using a Frontier spectropho-
tometer (PerkinElmer) by averaging eight scans with a resolution set at 4 cm ™! between
400 cm ™! and 4000 cm 1!

3.2. Differential Scanning Calorimetry

In order to measure the glass transition of unaged and aged samples, the latter were
submitted to the following thermal cycle: after equilibrating at 100 °C to clear structural
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ageing relaxation, they were quickly equilibrated at 0 °C and then heated to 150 °C at
10 °C min~! during the heating ramp. Analyses were done using a DSC Q10 apparatus
(TA Instruments) with aluminium pans and lids under 50 mL min~! nitrogen flow. Results
were analysed using TA Analysis software.

3.3. Mechanical Test

H4 type samples were punched before ageing and tested using an Instron 4301 tensile
apparatus equipped with a 100 N force sensor. Tests were carried out at a 1 mm min~! rate
in tensile mode. Data were extracted and are illustrated in Figure 3.

100 T T T 60 T T T
- / (a) Fraglle _ i (b) Ductile
g 80 ‘_T Tensile modulus (MPa) ] g A Tensile modulus (MPa)
E Vield " Rupture Stress at §, J oo Yield stress
, *--> break (MP: 40 | / Yield MP: Rupt -
3 60 - /’l reak (MPe) ] g { R (MEg) u;i_l_lre Stress at
Qo V4 [ ," d break (MPa)
= of Strain at &= !
i 40 ,’/ broak i @ y Strain at
g 4 (mm/mm) g 20 break (mm/mm) <
o / 7] Vol ko/m?) N
g 20 Volumic energy (kJ/m3) ] % olymizanony (o) §
i NN i
0 L 0 L
0% 5% 10% 15% 20% 25% 0% 10% 20% 30% 40%
Strain (%) Strain (%)

Figure 3. Exploitation of stress-strain curves in the case of fragile epoxies (a) and ductile epoxies (b).

4. Results and Discussion
4.1. Accumulation of Stable Oxidation Products

Thermal oxidation resulted in the appearance of stable products, which is presented
in Figure 4. They depict the major appearance of amides (characterized by a peak centred

at about 1660 cm 1) [7,10].
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Figure 4. FTIR spectra in the carbonyl region for DGEBA-EDA (a), DGEBA-DETA (b), DGEBA-TTDA

(c) and commercial epoxy (d) aged at 160 °C in ventilated ovens.
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20% r

(a) DGEBA-EDA and DGEBA-DET.

The band centred at 1730 cm ™! stems from several species, resulting from the oxidation
of several groups located either on DGEBA groups or on the hardeners. In the case of
DGEBA-TTDA, it was proposed that the oxidation of ethylene glycol moieties located on
the hardener side results in esters [19]. In each case, the product absorbing at 1660 cm ™!
predominated. This is ascribed to the amide formation resulting from the oxidation of
methylene in the vicinity of nitrogen atoms (being the crosslink nodes). In the case of
DGEBA-EDA and DGEBA-DETA, the methylene held by hardeners groups would be more
sensitive to oxidation than those held by DGEBA groups, as discussed in another work [20].

4.2. Changes in Mechanical Properties

A typical comparison of stress-strain curves for unaged and aged systems is illustrated
in Figure 5. During oxidation, mechanical properties changed, as depicted in Figure 6.
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Figure 5. Typical stress-strain curves before and after several ageing durations at 160 °C for DGEBA-
DETA (a) and DGEBA-TTDA (b).
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(c) commercial epoxy
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Figure 6. Changes in mechanical properties vs. time for DGEBA-EDA and DGEBA-DETA (a),
DGEBA-TTDA (b) and commercial epoxy (c).

They can be summarized as follows:

The elastic modulus continuously increased.

Ultimate strain continuously decreased.

Stress at break first increased in link with the increase in the elastic modulus and
decreased in link with the decrease in ultimate strain. Its changes were driven by two
opposite trends: (i) the total loss of plasticity, so that the decrease in ultimate stress
is linked to the decrease in ultimate strain, and (ii) the «antiplasticization», due to
loss of plasticizer and loss of beta relaxation inducing the increase in ultimate stress.
In DGEBA-TTDA, another phenomenon must be taken into account: the increase in
yield stress due to crosslinking, which seems to have induced an increase in ultimate
stress (stress at break). Lastly, the comparison of DGEBA-EDA, DGEBA-DETA and
commercial epoxy suggests that plasticizer loss (if any) had a negligible influence.
As a matter of fact, the stress-strain curves for commercial epoxy before and after
evaporation under vacuum of plasticizer are depicted in Appendix A and do not
show significant differences.

@  The volumic energy (determined as the “area under the stress-strain curve”) decreased
with the decrease in ultimate strain (both phenomena being undoubtedly related).

There were no significant differences between DGEBA-EDA and DGEBA-DETA, pre-
sumably because both samples display very close Tg, molecular structure and reactivity [20].
Despite a much lower Tg, the industrial epoxy and DGEBA-TTDA also followed the same
behaviour, apart from ultimate stress in the case of DGEBA-TTDA. This will be commented
on in the next section.

® 06

4.3. Correlation between Chemical and Mechanical Changes

The last step was to establish a relationship between the main stable tracker for chemi-
cal changes (the formation of amides) and the depletion of mechanical properties, similarly
to results for polypropylene where the FTIR band for methyl groups (1456 cm~!) was
shown to be correlated with changes in crystallinity, molar mass and micro-hardness [21].

For that purpose, absorbances due to amides were first converted into concentrations
with the Beer-Lambert Law, using a molar absorptivity value equal to 400 L. mol ~* em~! [22].
Those concentration values were then correlated with mechanical properties, as depicted in
Figure 7, showing several trends.



Polymers 2022, 14, 4685

7of 11

(a) DGEBA-EDA and DGEBA-DETA
20% — : : : 100 — 20— 10
o ®m DGEBA-EDA
18% @ DGEBA-DETA 7 0 1
18}
16% [ { ~ 80} } 1% 8 s 8r
= a g £
REYAS i 1= 70 T 1 =16l =2
= [] [ T 7] ~
g 12% q -‘!“ 60 FY J:|- i T 1 3 a 6
= [ L ] =3
8 0% | 1 5 sof J_J.' i S14f -I G
= 1 ° . £
it 8% ® 40 E n o 4
c [ b q b (4] r
‘® 9 2 2] J. ‘E
s 6%f E i o 3t {1 2" 5
0 ‘1;- 5 [ ] ] ]
% ] o ] "1.0-]. i > 2r }E
2% ] 10} ]
0% b . . . o b . . . 08 L . . . ol . . .
00 04 08 12 16 00 04 08 12 16 00 04 08 12 16 00 04 08 12 16
Amide concentration (mol/L) Amide concentration (mol/L) Amide concentration (mol/L) Amide concentration (mol/L)
(b) DGEBA-TTDA
50% — — - 100 ——— - 2.0 12
v 160°C & & stress at yield
v 200°C 90 [ v Y/ stress at break ] 18l
: 10}
40% |- 80l 1% '
3 - o £
e nop i Ay 13
s g R < of
© 30% o 60} Ik 18 -
2 = S I 12
o -~ L 1 o L
a2 @ 50 v S # g s v
© 2 g12f |l o
c 20% £ af i 13 v o
® 7] $ 1 = 1 E 4f I
= v 30t 1 210} ¥ 13 il &Y
» s " | 3 v Yk
10% - &&; 20f i r l St \E
v wl 1 osf 1 J
uyn 1 1 1 1 1 o 1 1 1 1 1 5 1 1 1 1 1 D 1 1 1 1 1
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10
Amide concentration (mol L") Amide concentration (mol L') Amide concentration (mol L") Amide concentration (mol L)
(c) commercial epoxy
12% . 100 2.4 4
80°C
+ 120°C 90 F
10% + 160°C | " 20 -
e 200°Cc { = 80 w20 a
z . P o Es}
S et { ] % 2 4
= >
© x gof S16f >
g ¢ 2 E o
Q % 5 S0fF ° 21
- 3 § & [=] c L
© -~ £ @
c } ® 4l § Saap ° 3
T 4%l @ § = } £l ¢ ¢
- E 30F 7] =
o = S St
2ul 20} o8l s {
10
0% L A L L o b . . : 04l L N A . A L L
00 02 04 06 00 02 04 06 00 02 04 06 00 02 04 06

Amide concentration (mol/L)

Amide concentration (mol/L)

Amide concentration (mol/L)

Amide concentration (mol/L)

Figure 7. Structure properties involved in the degradation induced embrittlement of DGEBA-TTDA
(a), DGEBA-EDA and DGEBA-DETA (b) and industrial epoxies (c).

Notably, the elastic modulus increased with the concentration of amides. The ratio was
about 0.2-0.3 GPa L mol~! for model systems and higher in the commercial epoxy. This
result seems at first sight counterintuitive since DGEBA-DETA and DGEBA-EDA undergo
mainly chain scission [23], whereas DGEBA-TTDA [24] and the commercial epoxy resin
mainly undergo crosslinking [25]. However, the main reason for this is the following: The
elastic modulus of thermoset polymers (in a glassy state) is given by [13,14]:

E(T) = Eo- (1 - aé) ~ Y AE; 1)
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where Ey depends on the cohesive energy [26], « expresses the thermal expansion effect
and AE; corresponds to the drop corresponding to the activation of a sub-glassy mobility.
In the case of epoxies, the main relaxation is 3 relaxation, so that between T, and Tg:

E(T) = Eo.<1—a£> ~ AE %)

Using the orders of magnitude reported for glassy polymers, it is easy to verify that the
first term on the right-hand side of Equation (2) is negligible compared to the second one. In
other words, Ty changes (induced either by chain scission or by crosslinking) have a minor
effect on the elastic modulus compared to the effect of mobility on AEg (about 1 GPa).
In other words, the consumption of small groups responsible for sub-glassy mobility is
the main explanation for an increase in the modulus. To go further, let us assume that
the amplitude of 3 relaxation is directly proportional to the (residual) concentration of
hydroxypropylether groups (denoted by c), which can easily be deduced from the structure
of the constitutive repetitive unit:

co — [Amide]
co

c
AEg = AE50~5 = AEpy (©)]
According to Table 2, one sees that AE(/cg actually is on the order of 1 GPa, which
is a reasonable order of magnitude. In the case of the commercial epoxy, the slope of the
elastic modulus vs. amide is higher, but this can be easily explained by plasticizer loss
occurring during ageing.

Table 2. Description of repetitive units in model epoxy-amine systems.

Number of Hydroxypropylether

-1 -1
System Mycr (g mol—1) Groups/UCR ¢o (mol L—1)
DGEBA-TTDA 904 4 ~5.3
DGEBA-EDA 744 4 ~6.8
DGEBA-DETA 904 5 ~6.6

Despite its first increases due to the antiplasticization effect reported above, the
changes in ultimate stress seem in greater part explained by the progressive decrease
in ultimate strain. In the specific case of DGEBA-TTDA, a yield stress was observed. It
increased regularly during ageing. This trend is straightforward to discuss since yield
stress is linked to glass transition according to Kambour’s law [27]:

oy = C(Tg - T) + O‘yo (4)

This result is depicted in Figure 8. An approximated engineering rule is obtained
in line with comparable equations found in the literature (in particular with a slope of
C~1) [28,29]. However, it is difficult at this stage to establish a direct link with amide
concentration since ageing can lead to chain scission or crosslinking, depending on the
flexibility of segments [24].
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Figure 8. Stress at yield vs. glass transition and carbonyl concentration for DGEBA-TTDA.

Another important trend was that the ultimate strain and volumic energy decreased
almost linearly with amide content. The effect of oxidation seems higher for DGEBA-
TTDA than for other networks (for example, by inspecting the slope of volumic energy
vs. amide concentration). However, it is worth highlighting that a drop of 50% of initial
elongation at break was observed only at a high concentration of amides (typically more
than 0.25 mol L™ for DGEBA-TTDA and up to 1 mol L ™! for DGEBA-EDA and DGEBA-
DETA) contrary to polyolefins, for example, where embrittlement is obtained at a relatively
low degree of oxidation (typically [carbonyls] < 0.1 mol L~1) [30,31].

Studies from the literature data have shown comparable behaviour: For example,
DGEBA-IPDA becomes brittle for [amide] ~0.6 mol L™, whereas ¢y ~4.7 mol L1 [19].
This means that a perfect understanding of chemistry up to high conversion levels is
needed to establish a reliable kinetic model for predicting embrittlement. From an applied
point of view, the value of this “critical” amide concentration can be commented on
regarding the initial hydroxypropylether concentration: it corresponds to about 10% of its
initial concentration.

According to Figure 7c, data obtained for the commercial epoxy at several temperatures
from 80 to 200 °C overlap reasonably. This suggests that the embrittlement induced by
oxidation can be observed at enhanced temperatures usual for accelerated ageing and
extrapolated to service temperatures. This also means that the development of a kinetic
model predicting chemical changes in accelerated conditions can be used for predicting the
lifetime of epoxy parts in natural ageing.

5. Conclusions

Model epoxy-amine networks consisting of DGEBA cured with trioxa-tridecanediamine,
or ethylene diamine, or diethylene triamine, or commercial system consisting triethylenete-
tramine and a cycloaliphatic polyamine hardener was cured. They were submitted to
thermal ageing at various temperatures (from 80 to 200 °C). At the molecular scale, and
despite differences in chemical structure, all networks were shown to undergo fast oxida-
tion (occurring in less than 24 h at 160 °C) with the predominant formation of amides as
stable chemical trackers. At the macroscopic scale, mechanical properties were followed by
classical stress-strain curves in tensile mode. The elastic modulus increased mainly to the
previously documented effect of antiplasticization associated with the destruction of small
groups responsible for sub-glassy mobility. Ultimate strain and volumic energy for failure
(i.e., area under stress-strain curves) progressively decreased. A correlation between chemi-
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cal trackers and mechanical parameters was observed for all systems under investigation.
Building a kinetic model for the prediction of degradation in service conditions is possible
by extrapolating data obtained by accelerated ageing at high temperature.
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Figure A1. Effect of plasticizer loss on mechanical properties for commercial epoxy.
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