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A B S T R A C T   

Two types of physisorbed imidazolium ionic liquids (IL), 1-n-butyl-3-methylimidazolium chloride (C4MImCl) or 
1-n-butyl-3-methylimidazolium acetate (C4MImAc), were used for the surface treatment of polyaramid pulp 
(AP), aiming to enhance the interaction with an epoxy matrix. The treatments promoted a greater defibrillation 
of AP, which was most likely due to an interference of IL in the hydrogen bonding network of polyaramid. 
Composites of AP/epoxy (0.2, 0.4 or 0.6 parts per hundred of resin (phr)) were prepared, and those with 0.4 phr 
of IL-treated AP presented enhanced mechanical properties, compared to the neat or the untreated AP com-
posites. Better homogeneity and stronger bonding between AP and the epoxy matrix were also observed, 
especially in the case of AP treated with C4MImCl. Moreover, the AP surface treatment increased the glass 
transition temperature and the storage moduli in both glassy and rubbery regions. The fracture toughness 
improvement of the composites was also achieved with the addition of the IL-treated AP.   

1. Introduction 

The most common epoxy resin for advanced composites is based on 
diglycidyl ether of bisphenol A (DGEBA), with low viscosity before 
curing, and high mechanical properties and thermal stability. Its brittle 
character may be decreased by adding a second phase, e.g., inorganic/ 
rigid [1,2] or rubbery [3] micro- or nano-particles [4,5], thermoplastics 
[6] and hyperbranched polymers, or even by increasing the chain length 
between crosslinks [7]. However, some of these strategies promote a 
negative effect on the performance of the epoxy resin or its composite, 
such as reduction in stiffness, strength, or glass transition temperature 
(Tg). 

Short- or micro-fibers can also be added to enhance impact strength 
and energy absorption of polymers [8], and present advantages over 
long fibers associated with mass production of complex shaped parts 
with low fiber content [9]. Organic aramid fibers, including those from 
poly-p-phenylene terephthalamide (PPTA), present some advantages 
compared to the inorganic ones, such as lower density and greater ca-
pacity to absorb impact energy, which in turn potentialize increments in 
composite toughness [10]. Moreover, AP is a tough and fibrillated 

reinforcement, used in many types of resin-based composites, aiming to 
improve the wear resistance to fabricate materials for friction applica-
tions [11]. 

PPTA reinforcement has been used in epoxy matrix, focusing mainly 
on increasing the interlaminate properties of laminates [12,13]. Despite 
the gains, the studies report that the dispersion of PPTA into epoxy is still 
a challenge. Dispersion of an aramid pulp (AP) may be assisted by 
acetone, but this impacts the mechanical properties of the resin since 
solvent evaporation during resin curing leads to bubble entrapment. 
Thus, new techniques for the dispersion of PPTA into epoxy resin and/or 
the use of compatibilizers are still demanded. 

Several strategies are reported for the surface modification of AP. 
Some of them include chemical grafting (e.g., acid/base assisted graft-
ing, fluorination), physical methods (e.g., plasma, γ-ray irradiation, ul-
traviolet initiation), coating methods (e.g., using rubber, epoxy, 
polyethylene glycol) and by the deposition of nanostructures (e.g., nano 
particles, rods and sheets) [14]. Despite the greater compatibility of the 
aramid with the polymer matrix, some of the cited techniques are 
expensive and/or cause a great physical demerge to the aramid, which 
can consequently decrease the mechanical properties of the produced 
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composite. 
Physiosorbed imidazolium ionic liquids (IL) may be used to improve 

the interfacial characteristics of PPTA and, in turn, the dispersion of the 
fiber into the prepolymer matrix. For instance, 1-n-butyl-3-methyl-
imidazolium chloride (C4MImCl), 1-n-butyl-3-methylimidazolium 
methanesulfonate (C4MImMeS), 1-carboxymethyl-3-methylimidazo-
lium chloride (HO2CC1MImCl), 1-triethyleneglycol monomethyl 
ether-3-methylimidazolium methanesulfonate (C7O3MImMeS) (Fig. 1) 
have been used to treat aramid for the preparation of styrene-butadiene 
rubber (SBR) [15,16], hydrogenated nitrile butadiene rubber (HNBR) 
[17], laminated epoxy-based composites [18] and also for bio-based 
rigid polyurethane foams [19]. Due to the contribution of the imidazo-
lium cation π-cloud in π–π interactions and their hydrogen atoms (C2–H, 
C4–H, and C5–H) in hydrogen bonds with adjacent polymer matrix 
chains, these IL were considered promising compatibilizers. Disruption 
of the hydrogen bonding network within the aramid fibers due to the IL 
anion may cause fibrillation, resulting in easier mechanical anchoring of 
the polymer matrix in the fibrils, favoring their role as compatibilizers 
[20,21]. 

Despite the reported works on the use of AP to enhance the perfor-
mance of composites, it is hard to find reports on the chemical modifi-
cation of AP surface, especially with physiosorbed IL and its use into 
epoxy-based composites. Hence, the objective of this work was to 
investigate the effect of two types of IL on the surface modification of 
AP, focusing on the chemical and physical interactions with the polymer 
matrix and the related changes in mechanical, viscoelastic and tough-
ness properties of the final composites. 

2. Experimental 

The reagents used in this study were DGEBA GY-260 Araldite® resin 
and triethylenetetramine (TETA) hardener AH-260 purchased from 
Huntsman Co. (São Paulo, Brazil). The IL C4MImCl and C4MImAc 
(Fig. 1) were used as purchased from Sigma-Aldrich (St. Louis, USA). 
The NMR spectra of each IL and IL-TETA mixtures were recorded in a 
Bruker (400 MHz) equipment, model Avance I at room temperature. The 
chemical shifts are given in ppm and referenced to the residual solvent 
signal (DMSO‑d6 = 2.50 (1H)). Aramid pulps were kindly donated by 
Dupont® and, according the manufacturer, the pulps present the length 
of 0.5–1 mm and bulk density of 48–160 kg m− 3 [22]. 

2.1. AP treatment and characterization 

Treatment of the AP was performed in an ethanolic solution with 5 
wt% of IL in relation to the AP mass, and followed previous reports 
[15–18]. The AP-IL mixture was placed in an ultrasonic bath at 50 ◦C for 
30 min, left to evaporate the solvent for 24 h at room temperature and 

then placed in a vacuum oven for 12 h at 110 ◦C. The effectiveness of the 
treatment was assessed using scanning electron microscopy (SEM), 
thermal gravimetric analysis (TGA) and Fourier transform infrared 
spectroscopy (FTIR). A TA Instruments Q50 thermogravimetric analyzer 
(New Castle, EUA) was used to determine the IL-content adsorbed on the 
AP. A single analysis was performed for each treatment, with ca. 10 mg 
of sample and heating at 20 ◦C/min, from 35 to 800 ◦C in N2 atmo-
sphere. FTIR in the mid-infrared range (4000-500 cm− 1) was performed 
in a Spectrum 1000 spectrometer from Perkin Elmer. The surface of the 
commercial AP and the IL-treated AP were analyzed using a Phenom 
ProX Desktop microscope, with an acceleration of 15 kV. 

2.2. Epoxy composites preparation and characterization 

The commercial AP or IL-treated AP were added to the epoxy resin 
followed by 5 min of mechanical stirring. This mixture was placed in an 
ultrasonic bath for 20 min at 50–60 Hz. The TETA hardener (13.0 phr) 
was added and the mixture was again mechanically stirred for 5 min, 
followed by another ultrasonication for 20 min at 50–60 Hz. After that, 
the mixture was placed into a degasser for 10 min under negative 
pressure to remove bubbles, and then the mixture was poured into sil-
icone molds and cured at room temperature for 24 h. Subsequently, the 
specimens went through a post-curing process in an oven at 60 ◦C for 12 
h. The adopted nomenclature uses E for epoxy, AP for aramid pulp, .Cl 
for C4MImCl treated AP, .Ac for C4MImAc treated AP, and the numbers 
2, 4 and 6 for, respectively, 0.2, 0.4 and 0.6 parts per hundred of AP in 
relation to the resin (phr). 

Differential scanning calorimetry (DSC) was performed for uncured 
composites in a DSC Q20 from TA Instruments in the temperature range 
of 25–200 ◦C at a heating rate of 10 ◦C/min, for freshly prepared epoxy 
and AP composites. The evaluated thermodynamic parameters were the 
onset temperature (Tonset), maximum curing rate temperature (Tpeak) 
and total heat of reaction (ΔH), this latter calculated by the integration 
of the exothermic peak. 

Three-point bending tests of neat epoxy and those with incorporated 
AP were performed using 70 × 12.7 × 3.0 mm specimens following the 
ASTM D790–17 standard to obtain flexural strength (σf) and flexural 
modulus (Ef). Fracture toughness was assessed according to the ASTM 
D5045-14 standard, using single-edge notch bending (SENB) specimens 
with 75 × 10 × 5 mm dimensions. The notch was made with a Ceast 
NotchVis V-notch machine in the middle of the specimen’s length, and a 
pre-crack was made until half the width by carefully sliding a sharp 
razorblade. After testing, the cracked sample surface was analyzed via 
optical microscopy prior to the calculation of the critical stress intensity 
factor (KIC) (Eq. (1)) and the critical strain energy release rate (GIC) (Eq. 
(2)). The length of the zone of plastic deformation (ZPD) was measured 
using SEM images, with the same equipment and methodology 
described above. At least three samples were tested to validate the 
results. 

KIC =(
PQ

WB1/2)f(x) (1)  

GIC =
U

(WBϕ)
(2)  

Where: PQ is the maximum supported load by the sample; W and B are 
the sample’s width and depth, respectively; f(x) is a function that de-
pends on the crack geometry after testing; U is the energy generated by 
the applied strain, obtained by integrating the curve of load vs. 
displacement, and ϕ is a factor to calibrate the measurements. 

Inferential statistical analysis was performed on the obtained me-
chanical properties, using as factors the wt.% of reinforcement and the 
IL used to treat the AP. Normality and homogeneity of each level were 
verified by Shapiro-Wilk and Levane tests, respectively. After that, one- 
way ANOVA and averaging tests were performed following the LSD 

Fig. 1. Chemical structures of the IL previously studied as compatibilizers in 
aramid pulp reinforced composites (C4MImCl, C4MImMeS, HO2CC1MImCl and 
C7O3MImMeS) [15–19] and the ones explored in this study 
(C4MImCl, C4MImAc). 
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Fischer procedure with 95% confidence. 
Dynamical mechanical analyses (DMA) were performed in prismatic 

specimens (dimensions: 17.5 × 12.7 × 3.0 mm) under single cantilever 
clamp, in a TA Instruments DMA 2980 equipment, at a frequency of 1.0 
Hz, from 30 to 200 ◦C. The Tg was determined from the tan delta peak. 
To evaluate the influence of the content of AP used, as well as the in-
fluence of IL treatment, the effectiveness of filler reinforcement con-
stant, C, was calculated, as suggested by Ornaghi et al. (2010) [8], 
following Eq. (3): 

C=(
(E′

g

/
E′

r)Composite

(E′

g

/
E′

r)Resin

) (3)  

Where: E’g and E’r are the storage moduli related to the glassy and 
rubbery regions, respectively. 

3. Results and discussion 

3.1. Aramid pulp surface treatment 

Fig. 2 shows the TGA results for neat AP, the IL C4MImCl and 
C4MImAc, and both IL-treated AP. The weight percentage of IL in the 
treated AP was determined considering the maximum mass loss for each 
IL decomposition (i.e., the temperature for the maximum DTG peak), 
which corresponds to 293 ◦C and 260 ◦C for C4MImCl and C4MImAc, 
respectively. The contents of C4MImCl and C4MImAc, assessed by this 
methodology were, respectively, 3.5 wt% and 2.0 wt% in relation to the 
AP mass. These results perhaps are related to the losses of IL during the 
AP treatment or a heterogeneous IL distribution within the AP. 

The FTIR spectra (Fig. 3) displays the characteristic peaks of each 
material in accordance with the literature [15–17]. Both untreated and 
the two IL-treated AP presented three characteristic aramid peaks, at 
3320 cm− 1 (NH stretching vibrations in a secondary amide in trans form 

with a bonded hydrogen), 1640 cm− 1 (CO amide stretching for 
hydrogen-bonded amide groups) and 1540 cm− 1 (NH group) [11,23]. 
Regarding the IL, for both, a characteristic broad peak in the 3330–3450 
cm− 1 range can be seen, probably related to the O–H from water, formed 
during the analysis [17]. For C4MImAc and C4MImCl, the peaks at 
1570–1164 cm− 1 can be attributed to the imidazolium ring stretching 
modes. The peak at 1170 cm− 1 for C4MImAc can be attributed to the 
C––O bond stretching [24,25]. In the FTIR spectra, it is not possible to 
identify the IL related peaks in the treated fibers, perhaps since most of it 
was absorbed by AP and are located inside the pulp, leaving only a small 
part on its outer surface. 

Fig. 4 presents some images of AP when treated with different types 
of IL. In Fig. 4a is possible to see that the pulps present a smooth and 
regular surface with short and fibrillated characteristics, as reported by 
the manufacturer. This characteristic can be an issue for the 
manufacturing of composite materials, since the anchoring and physical 
interactions with the matrix is reduced. When AP was treated with 
C4MImCl (Fig. 4b) or C4MImAc (Fig. 4c), the fiber became much more 
fibrillated and its surface rougher and more irregular. The attack of the 
IL on the AP was probably related to the formation of new hydrogen 
bonds and π-stacking interactions in the IL-AP system. This would break 
pre-existing hydrogen bonds and π-stacking interactions among adjacent 
aramid chains [20]. Moreover, when these pulps (treated with 5 wt% of 
IL) are compared with those treated with lower amount of IL (0.5; 1.0 
and 2.0 wt%) the higher defibrillation and rougher surface is evident 
[15–19]. The AP defibrillation can have beneficial effects related to the 
increase in mechanical anchoring between AP and the matrix; and a 
more fibrillated system also has greater surface area, which favors 
overall adhesion. However, when the IL treatment is compared with 
other AP surface treatments (e.g., metalation, bromination, grafting 
[26] and plasma [27]), it is clear the lower aggressiveness of the process. 

The hydrogen bond formation between the IL and the triethylene-
tetramine (TETA) based AH-260 hardener was studied by 1H NMR 
spectroscopy, and the spectra of C4MImCl, C4MImCl + AH 260 
(Fig. S1), C4MImAc and C4MImAc + AH 260 (Fig. S2) confirmed these 
interactions. According to literature, when the donor-acceptor distance 
decreases, as a result of stronger hydrogen bonding, 1H shielding be-
comes smaller. Thus, the signals of the peaks related to the imidazolium 
ring hydrogens (C2–H, C4–H, C5–H) shifted to higher frequencies. This 
larger proton de-shielding may be associated with a hydrogen bond 
strengthening [28,29]. When C4MImCl or C4MImAc was in the presence 
of the hardener, the peaks related to the imidazolium ring hydrogens 
(C2–H, C4–H, C5–H) shifted. For the most acidic hydrogen (C2–H), the 
greater displacement is observed, from 9.57 ppm to 9.84 ppm for the 
C4MImCl + AH 260 mixture, and from 10.31 to 10.41 for the C4MImAc 
+ AH 260 mixture. Fig. 2. TG and DTG curves of AP, C4MImCl and AP/C4MImCl (A), and AP, 

C4MImAc and AP/C4MImAc (B). 

Fig. 3. FTIR transmittance spectra of AP, C4MImCl, C4MImAc, AP/C4MImCl 
and AP/C4MImAc. 
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3.2. Treated aramid pulp/epoxy composites’ properties 

3.2.1. Curing kinetic 
Figure S3 shows the DSC curve for the curing kinetic of the samples. 

All samples presented an exothermic peak during curing, indicating the 
formation of a high crosslinking density, as expected. Moreover, ac-
cording McCoy et al. [30], the curing kinetic of a DGEBA epoxy resin is a 
complex reaction system and the use of fillers may promote different 
events in the DSC curve shape [31]. Table 1 summarizes the main 
temperatures related to the curing of the epoxy and epoxy IL-treated AP 
composites. No significant differences on Tonset and Tpeak are presented 
for all composites or neat epoxy, which means that AP does not influence 
on the beginning of epoxy curing [31]. On the other hand, the heat 
realized (ΔH) during the cure presents a slight increment, when AP is 
used, which may be attributed to the catalytic effect of AP in the ring 
opening reaction of epoxy, by the presence of amine groups on the AP 
surface [32]. 

3.2.2. Viscoelastic characteristics 
Fig. 5 shows the storage modulus curves for the studied cases. All 

samples presented three main regions observed for thermoset polymers, 
i.e., glassy (about 30–80 ◦C), rubbery (above 120 ◦C) and glass transition 
between them. For a clearer analysis of the AP effect in reinforcing 
epoxy, a normalized modulus was calculated for both glassy (at 40 ◦C) 
and rubbery (at 140 ◦C) regions (i.e., the ratio between storage modulus 
of the composite, Ec, and that of neat epoxy, Em) (Table 2). Comparing 
those composites reinforced with untreated and AP treated with 
C4MImCl, there were an increment on E’ for all contents evaluated, in 
both glassy and rubbery regions. For the glassy region, the discussion 
follows for the three-point bending tests. 

However, when the normalized moduli is evaluated for the rubbery 
region, the balance of the optimized content of 0.4 phr for those E/AP 
was able to equal the results for those E/AP6.Cl. Despite the higher af-
finity of those treated AP with epoxy matrix, the content of the filler for 
the rubbery region is more important for the load transferring through 
the composite’s components, a result also related to the values for 
constant C. Those composites with 0.4 phr of untreated AP presented the 
lower values for C constant. According Ornaghi et al. [8], the lower the C 
constant, the higher the effectiveness of the filler to reinforce the com-
posite matrix and the maximum effectiveness to transfer stresses be-
tween fiber and matrix takes place. In other words, the AP content will 

Fig. 4. SEM micrographs of: (A) commercial AP, (B) AP treated with 5 wt% of C4MImCl and (C) AP treated with 5 wt% of C4MImAc.  

Table 1 
Summarized DSC results for the curing kinetic of the samples.  

Sample Tonset (◦C) Tpeak (◦C) ΔH (J/g) 

E 56.4 97.6 281.5 
E/AP4 57.7 101.8 331.0 
E/AP4.Cl 59.4 99.8 326.2 
E/AP4.Ac 55.3 102.2 294.8  

Fig. 5. Storage modulus curves for epoxy and the epoxy composites with 0.2 
phr (A), 0.4 phr (B) and 0.6 phr (C) of AP. 
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play a major role, compared to the treatment, for the transference of 
relaxation times through the composite’s components (i.e., between the 
epoxy matrix and AP). 

The loss modulus curves for all samples are presented in Fig. 6. For 
epoxy reinforced with 0.2 phr of AP (Fig. 6a), a peak close to 75 ◦C is 
seen for the AP treated with C4MImAc, related to a β transition, i.e., 
relaxation of the AP phase. Because the loss modulus of aramid is four 

orders of magnitude lower than its storage modulus [10], relaxation of 
the aramid chains occurs at lower temperature. The same trend is 
illustrated in Fig. 6c for the systems filled with 0.6 phr of AP, regardless 
of the treatment. The shoulder seen for these systems emphasizes the 
hypothesis that the filler content plays a more significant effect on the 
homogenous relaxation of the composite (i.e., when there is only a single 
peak in the E” curve) than the IL treatment. In other words, 0.6 phr of AP 
promotes two relaxations for the composites, the first one related to AP 
and the second to the epoxy matrix, which can be related to a higher 
number of aggregates formed for this content. 

The better bonding between AP and epoxy promoted by the IL also 
shifted the E” peak for lower temperatures for the optimized content of 
0.4 phr. As discussed before, saturation of the filler in the resin has not 
been reached for this content, so the best affinity and better dispersion of 
AP decreases the content of resin-rich areas [8]. Moreover, the best 
bonding increased the capacity to dissipate energy through the 
interface. 

Damping curves for epoxy and its AP composites are displayed in 
Fig. 7, and the main properties obtained from these curves are repre-
sented in Table 3. For polymeric systems, it is possible to correlate the 
energy absorption with the tan delta peak height, where the difference 
between storage and loss moduli reaches a maximum, and, therefore, 
the energy dissipation is higher. For the epoxy with untreated AP, it is 
possible to verify a decrease in peak height compared to the neat resin, 
which can be related to a poor interaction between fiber and matrix. 

Table 2 
Normalized storage moduli and effectiveness of fillers reinforcement (C) for the 
studied epoxy/AP composites.  

Sample Ec/Em (at 40 ◦C) Ec/Em (at 140 ◦C) C (40/140 ◦C) 

E/AP2 1.05 1.02 1.03 
E/AP4 1.10 1.32 0.83 
E/AP6 0.98 0.79 1.24 

E/AP2.Cl 1.06 1.06 1.01 
E/AP4.Cl 1.21 0.93 1.30 
E/AP6.Cl 1.36 1.32 1.03 

E/AP2.Ac 1.39 1.18 1.18 
E/AP4.Ac 1.14 0.95 1.20 
E/AP6.Ac 1.21 0.98 1.23  

Fig. 6. Loss modulus curves for epoxy and the epoxy composites with 0.2 phr 
(A), 0.4 phr (B) and 0.6 phr (C) of AP. 

Fig. 7. Damping curves for epoxy and the epoxy composites with 0.2 phr (A), 
0.4 phr (B) and 0.6 phr (C) of AP. 
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Moreover, the higher the content of untreated AP, the lower the tan δ 
peak height, a result again related to the poor homogeneity of this sys-
tem. On the other hand, when AP was treated with one of the IL there 
were increases of tan δ peak height, regardless the content used, high-
lighting those obtained with E/AP2.Cl and E/AP4.Ac. 

If a stronger interfacial region is formed between the polymer matrix 
and AP, the Tg of the composite can increase [33]. Moreover, the shifting 
of the damping curves to higher temperatures indicates decreased 
mobility of the polymer chains from the addition of fillers and the 
improved interfacial adhesion [34], in this case governed by hydrogen 
bonds between AP-IL and cured IL-epoxy matrix. The use of AP into the 
composite may hinder the movement of polymer chains. Hence, the use 
of treated AP can combine higher Tg and stiffness, for a more crosslinked 
structure, and greater energy dissipation, from the increment seen in tan 
δ peak height. These characteristics are presented in Table 3 for those 
composites E/AP2.Ac and E/AP6.Cl, compared to the neat resin. 

The parameter full width at half-maximum values of damping curves 
(FWHM) may be used to assess composite homogeneity, and the lower 
the value, the higher the homogeneity [8]. In this study, the FWHM 
values were mostly similar, which can be associated with the low rein-
forcement content. A Cole-Cole plot can also be used to assess composite 
homogeneity [34,35], where narrower curves indicate greater homo-
geneity [34]. When a better distribution of the filler into the polymer 
matrix is reached, a smaller difference in relaxation times for each 
composite’s component (i.e., AP + epoxy) is observed, especially for the 
samples with higher AP content (0.6 phr). In Fig. 8 it can be seen that the 
use of both IL resulted in more homogeneous composites, especially for 
C4MImCl. In this case, the stronger interaction, governed by hydrogen 
bonding between AP-IL and cured IL-epoxy matrix, can also improve the 
distribution of AP into the composite, as also discussed for storage 
modulus results. 

3.2.3. Flexural and fracture toughness behavior 
Typical curves obtained in the flexural tests are presented in Fig. S4, 

being similar for all samples, probably due to the low reinforcement 
content used. Inferential statistical analysis was applied to the flexural 
properties (Table 4) and showed that the use of both IL-treated AP did 
not promote increments for flexural modulus, related to neat epoxy, 
again attributed to the low content of AP. However, when compared to 
those with untreated AP, a significant increment is observed for Ef, 
regardless the IL used. This behavior is probably related to the better 
anchoring of the AP to the polymer through the rougher pulp surface 
[15,16]. Moreover, the treatment with C4MImCl promoted a significant 
increment of 17% in flexural strength, compared to the neat polymer. 
Better distribution of the fillers into the composite and interfacial 
characteristics of the IL treated AP yielded higher load transferring be-
tween the polymer matrix and the fibers [33,36,37], which also 
decreased strain at break for both IL-treated AP composites. Differently, 
C4MImAc appears to have caused a more significant damage to the pulp 
surface (see Fig. 4c), to the point of decreasing its mechanical properties 
and, in turn, of the composite. Also, its interaction with epoxy was 
weaker (see Fig. S2), compared with the other IL. For this reason, only 
the 0.2 phr content increased strength for the E/AP.Ac, compared to 
E/AP2. 

For all samples, higher flexural moduli and strengths were obtained 
for 0.4 phr. Above that, there was greater AP-to-AP contact, which 
perhaps decreased the hydrogen bond formation between AP-IL and IL- 
cured epoxy. This phenomenon decreases the stress transference 
through the interface [38], even when the IL treatment was used. 

Inferential statistical analysis was applied to the toughness proper-
ties and are shown in Table 5. For KIC, there was a significant decrease 
for the E/AP.Cl composites. As presented by the NMR study (Fig. S1) 
and discussed in Fonseca et al. [7], the use of C4MImCl can decrease the 
crosslink density if the system is cured at room temperature, by reducing 
the reactivity of the hardener through hydrogen bonding. It also ex-
plains the lower flexural strain obtained by the compositions of AP 
treated with this IL, and consequently, the lower KIC. Moreover, a cor-
relation between KIC and flexural modulus (see Table 4) can be found, as 
fewer rigid materials tend to exhibit higher toughness, which is more 
pronounced for the E/AP composites. 

There were no differences for both KIC and GIC when a higher content 
of AP was used, which can be related to the low filler content. However, 
significant decreases were observed for GIC when untreated-AP and 
contents above 0.2 phr were used, compared to neat epoxy. According 
Vu et al. [5], increased toughness of epoxy based composites can be 
attributed to the presence of obstacles (i.e., fiber bridging), which move 
the crack orientation and growth. However, this effect is only observed 
when the reinforcement presents good anchoring by the matrix, which 
also changes the failure pattern, as discussed above. 

Fig. 9 presents the SEM images of the cracked samples surfaces from 

Table 3 
Summarized values from damping curves for the epoxy/AP composites.  

Sample Tg (◦C)a Peak heighta FWHM (◦C)a 

E 93.3 0.53 22.2 
E/AP2 95.9 0.52 24.4 
E/AP4 97.4 0.51 22.2 
E/AP6 90.0 0.49 25.8 

E/AP2.Cl 91.9 0.63 22.1 
E/AP4.Cl 90.7 0.59 24.2 
E/AP6.Cl 93.4 0.54 22.8 

E/AP2.Ac 94.1 0.59 22.6 
E/AP4.Ac 92.4 0.61 23.4 
E/AP6.Ac 92.7 0.58 24.7  

a Note: Tg, glass transition temperature determined as the temperature of 
damping curves’ peak; FWHM, full width at half-maximum values of damping 
curves. 

Fig. 8. Cole-Cole curves for the epoxy composites with 0.6 phr of AP.  

Table 4 
Inferential statistics for the flexural results of epoxy and its composites.  

Sample Ef (MPa)a σf (MPa)a Strain at break (%)a 

E 10568.7 AB 95.32.7 AB 23.210.3 B 

E/AP 9299.5 A 91.310.9 A 20.414.8 AB 
E/AP.Cl 109813.7 B 111.49.3 C 18.818.2 A 
E/AP.Ac 105213.6 B 104.611.8 BC 20.813.1 AB 
F 4.99 9.96 2.79 
Reinforcement content (phr) 
0 10568.7 AB 95.32.7 AB 23.210.3 B 
0.2 103013.0 AB 100.917.2 AB 20.312.4 AB 
0.4 106413.9 B 107.210.8 B 19.316.0 A 
0.6 96713.1 A 96.114.4 A 20.219.3 AB 
F 1.52 1.96 1.73  

a Note: values in superscript are the coefficient of variance; different upper-
case letters represent statistical differences between means for that property; F 
= test statistic. 
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SENB tests. The incorporation of AP increased the zone of plastic 
deformation (ZPD), especially when the AP was treated with IL. Ac-
cording to Fonseca et al. [7], a larger ZPD indicates greater capacity to 
absorb energy by plastic deformation, which is related to the improved 
bonding between IL-treated AP and cured epoxy. Moreover, the com-
posites presented a rougher fracture surface, compared to the neat resin 
(Fig. 9a). This also suggests higher energy absorption during crack 
growth when the load was applied [5,6]. Finally, E/AP4 presented some 
fiber pull-out, indicated by arrows in Fig. 9b, related to the poor adhe-
sion of the AP to the epoxy matrix, which can be partly responsible for 
the lower GIC value. In that case, the energy required for fiber pull-out 
was lower than that for fiber break, this later behavior observed for 
the composites with IL-treated AP (Fig. 9c–d). 

4. Conclusions 

The surface treatment and modification of AP using two types of 
physiosorbed IL, C4MImCl and C4MImAc, was successfully reported. 
Moreover, epoxy-based composites with different ratios of IL-treated AP 
were obtained using a simplified methodology, compared to those of 

current literature. Both IL represent a good alternative as aramid fibers 
surface modifiers, promoting fibrillation. These morphological features 
promoted greater anchoring of the epoxy matrix to the AP. Moreover, 
both IL promoted the formation of hydrogen bonds between the hard-
ener and the AP, which can also increase the affinity with the cured 
epoxy matrix. These morphological and chemical differences were 
mostly responsible for the differences found in the mechanical and 
viscoelastic characteristics of the composites, highlighting the ability of 
C4MImCl to form stronger hydrogen bonds with the cured epoxy. For 
those AP treated with C4MImAc, toughening of the epoxy was achieved, 
which was credited to the presence of the fibrillated reinforcement and, 
consequently, the greater anchoring of the filler by the polymer. 
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