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Although epoxy resins are used in a broad variety of applications due to their good mechanical and thermal
properties, their low fracture toughness is a limitation, exhibiting brittle behavior. This study explored the po-
tential use of imidazolium ionic liquids (IL) as toughening agents for epoxy resin based on diglycidyl ether of
bisphenol A (DGEBA) with triethylenetetramine (TETA) as curing agent. Fracture toughness was evaluated for
DGEBA-TETA epoxy resins with eleven imidazolium IL and the best results were found for the IL with the

chloride anion and the shortest N-alkyl side chain, C4MImCl. The use of 1.0 phr of C4MImCI lead to the
reduction of the crosslink density of the post-cured resin, resulting in the increase of 25.5% in stress intensity
factor and 8.2% in tensile strength with no significant loss in other mechanical properties.

1. Introduction

Diglycidyl ether of bisphenol A (DGEBA)-based resins, widely used as
polymer matrices for high-performance composite materials, form dense
three-dimensional networks after curing (Fig. 1), leading to excellent
mechanical properties and low thermal shrinkage. This also brings low
fracture toughness and low impact strength, with a characteristic brittle
fracture.

Several additives have been used to increase toughness, such as
elastomers [1,2], solid nanoparticles [3-5] and thermoplastic polymers
[6,7]. Nevertheless, many additives are insoluble solids that are difficult
to disperse and increase resin viscosity, with a detrimental effect on
composite manufacturing processes like those of the liquid molding
type. Thus, liquid or soluble additives are preferred [8,9].

Ionic liquids (IL) are organic salts that have a maximum melting
point of 100 °C, and many of them are liquid at room temperature
[10-12]. IL such as 1-n-butyl-3-methylimidazolium tetrafluoroborate
and 1-ethyl-3-methylimidazolium dicyanamide are latent curing agents
for epoxy, and their reactivity as curing agents has been related to their
thermal decomposition temperatures [13,14].

Imidazolium IL can attack the —CHy— unit of an oxirane ring in
DGEBA following three possible mechanisms, as depicted in Fig. 2 for 1-
n-butyl-3-methylimidazolium chloride [15]: (i) nucleophilic attack of

the anion over a wide range of temperatures, depending on its reactivity.
At the same time, the imidazolium cation can activate the oxirane for a
nucleophilic attack by the anion through hydrogen bonding (imidazo-
lium C2-H---O oxirane); (ii) deprotonation of the imidazolium ring at ca.
60 °C to form a N-heterocyclic carbene, and subsequent reaction with an
epoxy group; (iii) dealkylation of the imidazolium ring at ca. 90 °C,
which is more prominent at higher IL contents, and subsequent reaction
with an epoxy group. In mechanisms (i) and (ii), the imidazolium IL will
result in branches (see A), and only in the case of mechanism (iii) it can
be directly involved in DGEBA crosslinking. Altogether, this illustrates
the complexity of these IL-cured epoxy resin systems.

IL can participate in curing reactions of epoxy resins in an even more
complex way in the presence of a traditional curing agent, as reported by
several authors. Guo et al. [16] observed an increase in activation en-
ergy for higher conversion rates of the DGEBA/Jeffamine® mixture
containing  1-n-butyl-3-methyl-imidazolium hexafluorophosphate,
attributed to hydrogen bond formation between Jeffamine® and IL. For
an aromatic curing agent, Soares et al. [17] and Shi et al. [18] achieved
an increase in storage modulus below the glass transition temperature
(Tg) with an imidazolium IL. The higher curing temperatures used for
aromatic curing agents contributed to the formation of a more densely
crosslinked polymer. A decrease in Ty of DGEBA-based epoxy resins was
also observed, suggesting a plasticizer effect due to the presence of
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Fig. 1. Representation of the formation of a three-dimensional network between DGEBA and triethylenetetramine (TETA), and DGEBA dimerization within the
DGEBA-TETA network.
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Fig. 2. 1-n-Butyl-3-methylimidazolium chloride and DGEBA interaction through the mechanisms: (i) nucleophilic attack of the anion, (ii): N-heterocyclic carbene
formation (network A); and (iii) dealkylation of the imidazolium ring (network B), i.e. as a crosslinking curing agent.
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Table 1
List of IL used in this work.
Chemical structure Nomenclature Acronym
©) 1-n-butyl-3- C4MImCl
Cl methylimidazolium
~ N/@\ N/\/\ chloride
=/
e 1-n-decyl-3- C10MImCl
Cl methylimidazolium
hloride
NN ¢
N N/\ﬁ7/\
2y
) 1-n-octadecyl-3- C1sMImCl
Cl methylimidazolium
hloride
NN ¢
\9/
) 1-n-hexadecyl-2,3- C16MoImCl
J\ Cl dimethylimidazolium
chloride
~
NON T
\2/
) 1,3-di-n-hexadecyl- (C16)2ImCl
Cl imidazolium chloride
13
/(")\/\ AN
N N
13
\9/ /\(\‘)/\
@) 1-carboxymethyl-3- HO,CC;MImCl
Cl methylimidazolium
hloride
~N N OH c
NON Y
(0]
) 1,3-dicarboxymethyl- (HO,CCy)oImCl
Cl imidazolium chloride
HO N OH
Y NN
=/
00 1-n-butyl-3- C4MImNTf,
FaC. é’\ :\S/CFS methylimidazolium bis
O/’ N ‘\o (trifluoromethylsulfonyl)
© imide
N
~ N ® N/\/\
&) 1-n-hexadecyl-3- C16MImBr
Br methylimidazolium
bromide
L U
NON e
\9/
©® 1,3-di-n-hexadecyl- (C16)2ImBr
Br imidazolium bromide
13
AN
/“\/\ N ® N/\(“)1/3\
=/
fe) 1,3-di-n-hexadecyl- (Cy6)2ImMeS
H C_g_oe imidazolium
@ 6 methanesulfonate
13
PN
NN YL

excess IL. For an aliphatic curing agent, however, Soares et al. [19]
obtained the opposite effect, that is, a decrease in storage modulus
below Tg, making the material more ductile with the addition of IL.
Addition of IL to epoxy may also affect its fracture toughness.
Nguyen et al. [20], using phosphonium-based IL, reported an inverse
correlation between crosslink density and Kj¢ (stress intensity factor).
This way, the IL could be used as additive for the modification of
physical and mechanical properties of epoxy resins. In this context, this
work investigates the potential and novel use of imidazolium IL
(Table 1), with different anions and imidazolium N-alkyl and
—carboxyalkyl, and C2-substituents, as toughening agents for epoxy
resin in the presence of a conventional, low temperature, aliphatic
amine curing agent. Fracture toughness was evaluated based on stress
intensity factor and critical strain energy release rate results and
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correlated to crosslink density.
2. Experimental
2.1. Imidazolium salts

1-n-Butyl-3-methylimidazolium chloride (C4MImCl), 1-n-decyl-3-
methylimidazolium chloride (CioMImCl) and 1-n-butyl-3-methyl-
imidazolium bis (trifluoromethylsulfonyl) imide (C4MImNTf,) were
obtained from Sigma-Aldrich. 1-Methyl-3-n-octadecylimidazolium
chloride (C1gMImCl) was purchased at CJC China JIE Chemical. 1-n-
Hexadecyl-3-methylimidazolium bromide (C;6MImBr; see Fig. S1 for
the 'H NMR spectrum) [21], 1-carboxymethyl-3-methylimidazolium
chloride (HO2CC;MImCI; see Fig. S2 for the IH NMR spectrum) [22],
1,3-di-n-hexadecylimidazolium chloride ((C16)2ImCl; see Fig. S3 for the
1H NMR spectrum) [23], 1,3-bis(carboxymethyl)imidazolium chloride
((HO2CC1)2ImCl; see Fig. S4 for the H NMR spectrum) [22], n-hex-
adecyl methanesulfonate (C16MeS; see Fig. S5 for the THNMR spectrum)
[24] and 1-n-hexadecylimidazole (Ci¢lm; see Fig. S6 for the lH NMR
spectrum) [25] were synthesized according to the cited references, and
the spectral data were in agreement with the reports.

The cited NMR spectra were recorded in a Bruker (400 MHz)
equipment at room temperature. The chemical shifts are given in parts
per million (ppm) and referenced to the residual solvent signal (CDCl3 =
7.26 (‘H), 77.16 (**C); DMSO-ds = 2.50 ("H); D0 = 4.79 (‘H)).
Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), in the mid infrared range (4000-500 cm’l), was obtained
in an ALPHA-P compact Bruker FTIR spectrometer. High-resolution
mass spectrometry was performed in an electrospray ionization (ESI)
Q-Tof Micro™ equipment (Micromass, Manchester, UK) in the positive
mode.

A modified literature procedure was used for the synthesis of 1-n-
hexadecyl-2,3-dimethylimidazolium chloride (C16M2ImCl) [26]. The
mixture of n-hexadecyl chloride (21 mmol, 1.05 equiv.), 1,2-dimethyli-
midazole (20 mmol, 1.00 equiv.) and acetonitrile (3 mL) was stirred and
heated at 78 °C for 42 h. Next, the crude product was washed five times
with a 1:1 mixture of acetonitrile:diethyl ether. After solvent removal
under reduced pressure, C;¢M2ImCl was obtained in 84% yield as a
white solid. See Fig. S7 for the 'H NMR spectrum. 'H NMR (400 MHz,
CDCl3) 6 7.80 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 2.0 Hz, 1H), 4.17 (t, J =
7.5 Hz, 2H), 4.03 (s, 3H), 2.78 (s, 3H), 1.84-1.73 (m, 2H), 1.34-1.18 (m,
26H), 0.85 (t, J = 6.8 Hz, 3H). See Fig. S8 for the !3C NMR spectrum. 3C
NMR (101 MHz, CDClg) § 143.57, 123.22, 120.91, 48.76, 35.88, 31.86,
29.94-29.02 (11Q), 26.37, 22.63, 14.07, 10.39. See Fig. S9 for the
ATR-FTIR transmittance spectrum. MS-ESI(+): Co1H41N3 - calculated:
321.3264, obtained: 321.0663.

A modified literature procedure was used for the synthesis of 1,3-di-
n-Hexadecyl-imidazolium methanesulfonate ((Cig)2ImMeS) [26]. The
mixture of n-hexadecyl methanesulfonate (C;6MeS) (3.42 mmol, 1.00
equiv.) and 1-n-hexadecylimidazole (C36Im) (3.42 mmol, 1.00 equiv.)
was stirred and heated at 90 °C for 24 h. Next, the crude product was
recrystallized from ethyl acetate, obtaining (C16)2ImMeS in 81% yield as
white crystals. See Fig. S10 for the 'H NMR spectrum. 'H NMR (400
MHz, CDCl3) 5 10.08 (t, J = 1.5 Hz, 1H), 7.24 (d, 3J = 1.5 Hz, 2H), 4.29
(t, 355=7.4 Hz, 4H), 2.79 (s, 3H), 1.87 (m, 4H), 1.31-1.23 (m, 52H), 0.86
(t, 3J = 6.9 Hz, 6H). See Fig. S11 for the *C NMR spectrum. 13C NMR
(101 MHz, CDCl3) 6§ 138.17, 121.37 (2C), 50.06 (2C), 39.55, 31.90 (2C),
30.22 (2C), 29.83-29.24 (18C), 28.99 (20C), 26.23 (20), 22.67 (20),
14.11 (2C). See Fig. S12 for the ATR-FTIR transmittance spectrum.
MS-ESI(+): C35HgoN3 - calculated: 517.5455, obtained: 517.6363.

2.2. Preparation and characterization of DGEBA-TETA epoxy resin
samples

The IL was mixed with the diglycidyl ether of bisphenol A epoxy
resin (DGEBA; Araldite® GY260, Huntsman) by sonication at 50 °C for



E. Fonseca et al.

1185

L L 1 L 1 L | 1 1 1 1 L 1 L | L J

1500 1400 1300 1200 1100 1000 900 800 700

Wavelengh (cm™)

Fig. 3. FTIR transmission spectra of freshly mixed DGEBA/TETA (a), DGEBA/
TETA after post-curing (b), and DGEBA/TETA + 4.0 phr C4MImCl after post-
curing (c).
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Fig. 4. DSC curves for DGEBA/TETA (neat), DGEBA with C4MImCl, and
DGEBA/TETA with C4MImCl or C4MImNTf,.

30 min and triethylenetetramine (TETA; Aradur® 951, Huntsman) was
added (13.0 phr), followed by magnetic stirring for 5 min. All compo-
sitions were cured in a silicone mold at room temperature for 24 h, then
demolded and subjected to post-curing for 3 h at 100 °C. Another
DGEBA/TETA composition was prepared following the same protocol,
but without IL, for comparison.

Fourier-transform infrared spectroscopy (FTIR) was carried out in a
PerkinElmer Spectrum 1000 spectrometer, studying DGEBA-TETA
before and after curing, and the composition with 4.0 phr of C4MImCl
after curing. The liquid DGEBA-TETA was dropped on a KBr pellet. The
cured samples were grounded and mixed with KBr to produce pellets.
The 915 cm ™! band related to the C-O stretching of oxirane groups was
used to evaluate the degree of conversion (X (%)) of epoxy groups (Eq.
(1) [27]), with the 1183 cm ™! band related to the C-O group of the ether
linkage as reference, since it remains unaltered during curing.
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Table 2

Total reaction energy (AHr), curing onset temperature (Tonser), temperature at
maximum curing rate (Tray), glass transition temperature (T), storage modulus
at 25 °C (E’) and crosslink density (v) for DGEBA/TETA compositions with
C4MImCl or C4MImNTf,; and Topsec for DGEBA with 4.0 phr of C4MImCI.

IL (phr) AHp Tonset Tnax Ty E vx 1072
0/ Co® co® Q"  (MPa)’  (mol/
cmS)I)
- 524.2 64.9 105.2 1049 2889 3.24
C4MImCl 516.6 64.4 104.2 106.8 2840 3.32
0.2)
C4MImCl 499.3 59.7 101.6 107.1 2005 2.23
1.0)
C4MImCl 357.4 54.7 99.6 98.6 2026 2.35
(4.0)
C,MImNTf, 462.0 57.2 101.2 1042 2906 3.09
1.0)
C4MImCl - 124.5 - - - -
(4.0)°
& AHr, Topser and Tiay from DSC.
b Tg, E' and v from DMA.
¢ Composition without TETA.
X(%) =R =R 00 o)
Ro

where Ry is the ratio of the areas of the 915 cm ™" and 1183 cm™! bands
for the freshly mixed composition, and R, is the same ratio at a particular
reaction time t, or after post-curing.

Thermogravimetric analysis (TGA) was performed using a TGA Q50
from TA Instruments in the temperature range of 25-940 °C, at a heating
rate of 20 °C/min, to evaluate degradation temperatures of some IL.
Differential scanning calorimetry (DSC) was performed in a DSC Q20
from TA Instruments in the temperature range of 25-250 °C at a heating
rate of 10 °C/min, for freshly prepared neat epoxy and for epoxy com-
positions with IL, to evaluate onset temperature, maximum curing rate
temperature and total heat of reaction (AHr, from the integration of the
exothermic peak). 'H NMR spectra of C4MImCl and C4MImCl + TETA
were recorded in DMSO-dg on a Bruker (400 MHz) equipment at
ambient temperature. The chemical shifts are given in parts per million
(ppm) and referenced to the residual solvent signal of DMSO-dg (2.50).
Dynamic-mechanical analysis (DMA) was carried out on prismatic
specimens (40.0 x 12.7 x 3.0 mm) under three-point bending using a
DMA 2980 from TA Instruments at a frequency of 1.0 Hz, from 30 to 200
°C. The crosslink density (v) was estimated based on storage modulus in
the rubbery state, E'g, using Eq. (2):

— E’R
YT 3RT,

@

where R is the universal gas constant (8.314 J/mol.K) and Ty is the
absolute temperature 50 K above Tg. The calculated v values were only
used for comparison purposes since Eq. (2) is intended for less cross-
linked polymers like rubbers [28].

The unnotched Izod impact test was performed with 70.0 x 12.7 x
3.0 mm specimens according to ASTM D4812 in a Ceast Impactor II
equipment with a 2.75 J pendulum. Three-point bending tests were
performed in prismatic 70.0 x 12.7 x 3.0 mm specimens, applying a
span of 48 mm and a displacement rate of 1.35 mm/min in accordance
with ASTM D790. Tensile tests were performed with 80.0 x 10.0 x 4.0
mm specimens at 2.0 mm/min based on ASTM D638.

The single-edge-notch bending (SENB) fracture toughness test was
carried out using 75.0 x 10.0 x 5.0 mm specimens for the calculation of
Kic (stress intensity factor) and Gjc (critical strain energy release rate),
according to ASTM D5045. The specimens were notched with a Ceast
NotchVis machine and a pre-crack was produced at the notch tip by
sliding a razor blade. The test was performed at a crosshead speed of 1
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Fig. 5. Hydrogen bond between TETA and IL, and N-heterocyclic carbene formation.
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Fig. 6. TGA curves for the IL C4MImCl and C4MImNTf>.

mm/min, observing the criteria established in the standard to ensure a
state of plane strain at the crack tip. Fracture toughness, flexural and
tensile tests were performed in an Instron Universal Testing Machine
model 3382 with a 5.0 kN load cell. The crack surface of SENB speci-
mens was observed via polarized optical microscopy with an Axioscope
Al equipment and scanning electron microscopy with a Phenom ProX
Desktop equipment at an acceleration voltage of 10 kV A.

For each mechanical test, 5-6 specimens were tested. The results
were submitted to one-way statistical analysis of variance (ANOVA),
with significance level of 5%, followed by analysis between each pair of
groups with the Fisher Least Significant Difference (LSD) method.

3. Results and discussion

Fig. 3(a) shows the FTIR transmission spectrum of freshly mixed
DGEBA/TETA and Fig. 3(b) the spectrum obtained after post-curing. An

epoxy group conversion of 97% was calculated after post-curing. In
Fig. 3(c), greater attenuation of the 915 cm~! band is noticed after post-
curing for the resin with 4.0 phr of C4MImCI, indicating higher con-
version degree of the epoxy groups. Nevertheless, this does not neces-
sarily imply greater crosslink density, as will be discussed later.

Fig. 4 shows the DSC results for freshly mixed DGEBA/TETA,
DGEBA/TETA with different C4MImCI contents, DGEBA/TETA with 1.0
phr C4MImNTf, and DGEBA with 4.0 phr C4MImCl. For all composi-
tions with TETA, there is a single, strong, exothermic peak, with an onset
temperature around 60 °C (see Table 2), due to the DGEBA curing.

Differently, the DGEBA/C4MImCl composition without TETA
showed two well-defined exothermic events, indicating the occurrence
of reactions at different temperatures. The initial weak exothermic peak,
with an onset temperature of 124.5 °C, can be attributed to the IL and IL-
DGEBA reactions identified by Binks et al. and Liebner et al. (Fig. 2) [15,
29], although not all of them were necessarily present. The subsequent
higher energy peak can be predominantly ascribed to DGEBA curing, as
well as IL and IL-DGEBA reactions. This calorimetric profile was also
observed by Rahmathullah et al. [30], Soares et al. [31], and Maka and
Spychaj [32] for DGEBA cured with dicyanamide anion-based IL, N,
N'-dioctadecylimidazolium iodide and 1-ethyl-3-methylimidazolium
chloride, respectively.

As shown in Table 2, there is a reduction in curing onset temperature
with the addition of IL, together with a decrease in temperature at
maximum curing rate, which suggests an IL-effect. This is most likely
related to one or a combination of the mechanisms depicted in Fig. 2,
and the N-heterocyclic carbene mechanism (ii) may have been promoted
through an acid-base reaction between TETA and IL (Fig. 5).

Furthermore, even a small amount of IL attenuates the total energy of
reaction (AHt). This was also observed by Soares et al. [31] when
DGEBA was cured with 4,4’-methylene-bis(3-chloro-2,6-diethylaniline)
(MCDEA) in the presence of IL. The decrease in AHt was attributed to
the formation of hydrogen bonds between IL and TETA, lowering reac-
tivity of the curing agent with a detrimental effect on its reaction with
DGEBA. This hydrogen bond formation is represented in Fig. 5, which
was studied by 'H NMR spectroscopy. The spectra of C4MImCI, and
C4MImCl + TETA (Fig. S11) confirmed such interaction, that is, when
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Fig. 7. Storage modulus (a) and tan § (b) curves for neat DGEBA/TETA (0 IL) and DGEBA/TETA with C4,MImCl or C4MImNTf,.
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Table 3
Tensile, flexural and impact properties of DGEBA/TETA-based compositions
with different contents of C;MImCIl and C;MImNTf,.

1L (phr) Tensile Young Flexural Flexural Impact
strength modulus strength modulus strength
(MPa) (MPa) (MPa) (MPa) (kJ/m?)
ANOVA P* 0.010 0.135 0.028 0.134 0.126
Neat” 64.37 + 1045+97 11249+ 2858 +70 26.50 +
1.27 B¢ AB 2.54% AB 5.95%
C4MImCl 61.38 + 1000 + 119.70 + 2677 + 37.28 +
0.2)° 2.37 AB 254 7.79% 714 7.838
C4MImCl 69.66 + 1140 + 11248 + 2859 + 37.15 +
1.0)° 1.36¢ 128 4.20% 176 10.83%
C4MImCl 61.30 + 1014 + 107.84 + 2856 + 27.91 +
(4.0)" 9.14 4B 1074 3.75" 1938 8.81 AB
C4MImNTf, 56.51 + 914 + 56" 11537+ 2923 + 29.67 +
1.0)° 6.13% 1.19 A8 808 3.95 AB

@ Values lower than 0.05 mean that there is a statistical difference in the
property in relation to the DGEBA-TETA system.

b Different capital letters indicate statistically different groups from the Fisher
LSD analysis.
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Fig. 9. Representative stress vs strain tensile curves for epoxy compositions
with C4MImCl or C;MImNTf,, and for neat epoxy.

C4MImCl was in the presence of TETA, the peaks related to its imida-
zolium ring hydrogens (C2-H, C4-H, C5-H) shifted. For the most acidic
hydrogen of the imidazolium ring (C2-H), the largest displacement was
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Fig. 10. K¢ (a) and Gyc (b) results for 1.0 phr of various imidazolium IL in the
DGEBA/TETA-based compositions (the same letter indicates no statistical dif-
ference between samples).

observed, shifting from 9.57 ppm to 9.46 ppm. Thus, it is reasonable to
say that strength of the hydrogen bond is IL-dependent.

The stronger acidity of the C2-proton in C4MImCIl, compared to
C4MImNTf,, implies in a stronger TETA-IL hydrogen bond interaction,
which could explain the lower crosslink densities in the 1.0 phr and 4.0
phr of C4MImCl samples, despite the higher reactivity of C4MImCl,
based on its lower degradation temperature from the TG results shown
in Fig. 6 [14].

Guo et al. [16] identified an increase in activation energy with IL
addition at lower temperatures, and an opposite behavior above 100 °C.
Even so, a slight exothermic shift above 175 °C is seen for samples with
greater C4MImCI content, especially for the 4.0 phr of C4,MImCI,
probably due to the IL reaction with the remaining epoxy groups, or by
its plasticizing effect, promoting mobility for final curing reactions. This
reaction could occur at a post-curing stage at higher temperatures,
eliminating oxirane groups, which can partly justify the previous FTIR
results.

Storage modulus and tan & curves are shown in Fig. 7(a)-(b). For
compositions with higher C4MImCl content, i.e. 1.0-4.0 phr, there is a
pronounced decrease in E’ at room temperature suggesting a softening
effect of the additive that is likely to be related to a reduction in crosslink
density (see v values shown in Table 2). Besides the previously
mentioned role of the TETA-IL interactions (Fig. 5), IL-promoted DGEBA
curing (Fig. 2) would produce branches through mechanisms (i) and (ii),
and disturb crosslinking formation, producing a less rigid chemical
structure. This was named by Hsu et al. [33] as nanostructured ether
crosslinked domain. Except for the composition with 4.0 phr of
C4MImCl, where excess IL yielded a plasticizing effect [31], no
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Fig. 11. Optical micrographs of the crack surface of neat epoxy SENB specimen after fracture toughness testing (scale bars on a = 500 pm; b = 100 pm; and ¢ =

50 pm).

Fig. 12. SEM micrographs of the fracture initiation site for neat DGEBA/TETA (a) and DGEBA/TETA with 1.0 (b) or 4.0 phr (c) C4MImCI (scale bar = 200 pm).

significant changes in T of epoxy occurred.

Fig. 8 shows the Kjc and Gy results along with the crosslink density
results (from DMA) and an almost inverse correlation between them is
apparent. In addition, there is a statistically significant increase in Kj¢ as
the C4MImCI content in the resin increased up to 1.0 phr, and K¢
increased 25.4%, from 1.10 to 1.38 MPa m Y 2, compared to the neat
epoxy. Gic increased even more (37.6%), from 0.532 to 0.732 kJ/m?, for
the same IL, but this increase was not supported by the statistical
analysis due to the greater deviation in results. These results suggest that
the reduced crosslink density allowed a higher degree of chain mobility,

increasing plastic deformation at the crack tip during crack propagation.

The results of tensile strength and modulus, flexural strength and
modulus, and impact strength are shown in Table 3. These mechanical
properties were evaluated to verify nay detrimental effect from the IL
addition, especially considering its effect on crosslink density (Table 2).
There’s a trend for increased impact strength for the addition of 0.2 and
1.0 phr of C4MImCI, but this difference is not statistically significant due
to dispersion in results, which is expected for brittle materials. No sig-
nificant changes were noticed in Young and flexural moduli, but 0.2 phr
of C4MImCl yielded a significant increase in flexural strength, while 1.0
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phr of the same IL resulted in an 8.2% increase in tensile strength.

Fig. 9 shows typical stress versus strain curves of epoxy compositions
containing C4MImCI or C4MImNTf,, and for neat epoxy. An increase in
tensile strength and a decrease in strain at break occurred for higher
C4MImC I content. This strain reduction can be justified by the increase
in stiffness. Addition of 1.0 phr of C4MImNTf, did not improve tensile
strength, differently from Soares et al. [19], who reported higher
strength for imidazolium and phosphonium based IL.

The previously mentioned reduced reactivity between DGEBA and
TETA in the presence of IL (Fig. 5) could promote DGEBA homo-
polymerization through etherification. This may justify the improve-
ment in tensile strength with a reduction in crosslink density observed
with the addition of 1.0 phr of C4MImCI. Such a change in reaction
profile would yield an epoxy resin with longer distances between
crosslinks, intensifying secondary interactions between crosslinked
chains, such as inter-chain hydrogen bonds, dipolar interactions as well
as entanglements [34]. These interactions could hinder chain movement
when under stress at low temperatures.

Based on the optimum content of C4MImCl for fracture toughening,
compositions with the same content of other IL were produced. The K¢
and Gy results for the various IL used in this work are shown in Fig. 10.
In general, the best results were obtained with chloride anion IL, where
C4MImCl produced the highest K¢ values and C;oMImCl the highest Gi¢
values, indicating a trend for shorter N-alkyl chain-substituted imida-
zolium cations to produce tougher materials. Indeed, C4MImNTf; also
yielded improved toughness, whereas the other IL were mostly similar to
neat epoxy.

It is important to stress that different IL may show different optimal
contents. Thus, effectiveness of the IL in reducing the crosslink density
depends not only on reactivity itself, but also on its molar content, i.e.
the number of reacting groups. In this study, the IL with the greater
molar content (1:0.0214 for DGEBA/C4MImCl) produced the best re-
sults. However, this does not mean that other IL would behave similarly
and, in fact, HO,CC;MImCI, with almost the same content, resulted in
lower Kjc. In the compositions with HO2CC1MImCl or (HO2CCj)2ImCl,
precipitation of agglomerates was observed after addition of the curing
agent. This could be attributed to the acceleration of the resin cure in the
presence of IL, or a direct reaction between IL and TETA. This adverse
effect may justify their lower fracture toughness.

The flexural-fractured epoxy surfaces (Fig. 11) appeared similar to
those described by Wu et al. [6]. Three different regions were identified
from the crack initiation site (the red circle in Fig. 11), which were: (i) a
very small mirrored and flat zone (Fig. 11(b)); (ii) a smooth zone,
formed by arrays of parabolic marks, which can be seen inside the blue
dashed circle in Fig. 11(a) and with higher magnification in Fig. 11(c);
and (iii) a rough, three-dimensional zone that can be seen at the bottom
of Fig. 11(a).

Fig. 12 shows SEM micrographs of fracture initiation zones in the
SENB test for neat epoxy and specimens with 1.0 or 4.0 phr of C4MImCl.
In all samples, a zone of plastic deformation (ZPD) is observed, with
microcracks on both sides that lead to the fracture initiation region. The
composition with 1.0 phr of C4MImCI showed a broader ZPD compared
to neat epoxy, possibly indicating greater absorption of energy, most
likely due to its lower crosslink density. This material also exhibited
microporosity in the region just ahead of the ZPD. And since this
porosity was only observed in that region, it is expected to have been
produced during fracture. The composition with 4.0 phr of C4MImCl
presented a deeper ZPD, with greater plastic deformation and larger
lateral microcracks, which could be related to the plasticizing effect of
this IL at higher content.

4. Conclusions
The potential of imidazolium IL as liquid toughening agents for

conventional low temperature TETA cured DGEBA epoxy resin was
evaluated in terms of crosslink density and fracture toughness. Among
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the tested IL, C4MImCI was identified with the highest potential. The IL
reduced TETA reactivity and took part in the epoxy curing reactions,
decreasing onset temperature, temperature at maximum curing rate,
and total reaction energy between TETA and DGEBA. The highest frac-
ture toughness was achieved with the addition of 1.0 phr C4MImCl, an
increment of 25.4% in relation to neat epoxy (from 1.10 to 1.38 MPa
m~1/2), together with a reduction in crosslink density from 3.24 x 1073
t0 2.23 x 102 mol/cm?®. Furthermore, no significant losses were noticed
in other properties, including T,, which increased just slightly (from
104.9 to 107.1 °C). On the contrary, addition of C4MImClI resulted in a
reasonable increase in tensile strength (from 64 to 69 MPa). This in-
crease in tensile strength with crosslink reduction was attributed to
secondary bonding formation. As such, C4MImCl was considered a
promising toughening agent for the DGEBA-TETA epoxy system.
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