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A B S T R A C T   

The interest in repair technologies for polymer composites has increased significantly over the last decades, due 
to the growing use of these materials in structural applications. In this study, poly (ethylene-co-methacrylic acid) 
(EMAA) was used as self-healing agent to glass fiber/epoxy composite. Materials with EMAA contents of 2 wt% 
and 5 wt% were manufactured using Resin Transfer Molding (RTM) and the effects of the healing agent on the 
properties were investigated using tensile tests and Dynamic Mechanical Analysis (DMA). Results show slight 
variation of properties, which was more pronounced as the content of EMAA increased. In addition, the healing 
efficiency was investigated through fatigue tests and the addition of higher content of EMAA increased the 
number of cycles to failure after the healing activation cycle.   

1. Introduction 

Glass fiber reinforced polymers (GFRP) have been widely used for 
structural applications, to meet requirements of mechanical strength, 
stiffness, corrosion resistance, in addition to their weight savings 
attractiveness [1,2]. Due this combination of mechanical properties and 
lightweight, these composites have been the most used materials for 
wind turbine blades [3]. GFRP components are exposed to severe 
environmental variations during service, including a combination of 
exposure to chemicals and mechanical stresses that can cause damages 
as microcracks and delamination. Many of these damages are not readily 
detectable and can propagate rapidly, reducing performance or causing 
structural failure. Thus, inspection and maintenance procedures are 
necessary [1,3,4]. 

Repairs on parts that failed prematurely may incur significant extra 
costs and, therefore, the optimization of repair methods is considered an 
important task. Self-healing composite materials have been developed in 
the last decades to overcome limitations related to conventional main
tenance and repair methods. These materials have the ability to heal 
microcracks with less or no intervention, extending service life and 
safety of the components and reducing maintenance time and cost [4,5]. 
Several techniques have been used to produce self-healing composite 
materials. For epoxy matrix, one of the approaches used is the 

incorporation of solid-state thermoplastic polymer as a healing agent 
into the thermoset matrix. 

The thermoplastic healing agent must have melting point and vis
cosity that provide flow into the crack plane besides chemically reactive 
functional groups with the groups of the thermoset matrix. Good ad
hesive properties are also important to provide strong bonding with the 
matrix during crack repair [6]. When the material is heated up, the 
thermoplastic flows into the damaged areas, thus healing microcracks. 
Considering these requirements, several thermoplastic polymers have 
been investigated as healing agents for epoxy. Previous works suggest 
that poly (ethylene-co-methacrylic acid) acrylic thermoplastic (EMAA) 
is an efficient healing agent for epoxy-based composites [7–10]. 

The use of EMAA has been proposed as a healing agent capable of 
recovering fracture resistance on damaged epoxy after heated at 150 ◦C 
for 30 min [10]. For composites samples, the healing efficiency of the 
system is the result of plastic flow of the EMAA after heating, forming 
thin ligaments and joining the delaminated surfaces. These thermo
plastic ligaments are capable of transferring the applied stress 
throughout the crack planes, increasing the interlaminar resistance of 
the system [11]. Typically, healing efficiency has been accessed based 
on fracture toughness of the composite material using double cantilever 
beam (DCB) and single edge notched bar (SENB) test specimens [6–9], 
showing increase of resistance to fatigue crack growth under mode I and 
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II cyclic loading and partial recover of the fatigue properties after 
healing cycle [12]. The healing efficiency of EMAA modified composites 
has also been studied using Paris model plots of cyclic strain energy 
release rate against delamination crack growth rate of DCB specimens, 
before and after healing [9]. 

Thus, self-healing composites using EMAA may be a promising 
approach for repair damages in these structures, minimizing damages 
caused by impact, fatigue and environmental factors, and repairing 
microcracks produced during operation. This approach can extend the 
service life of components and increase safety, while reducing time and 
costs associated with maintenance. However, further studies with self- 
healing glass-epoxy composites with the addition of EMAA are neces
sary considering the potential application of these materials for com
ponents of primary structures. A previous investigation of self-healing 
glass/epoxy composites using microvascular channels showed that 
addition of the healing agent creates zones of resin concentration and 
increase of fiber distortion angle, leading to the decrease of mechanical 
properties of the composites [13]. In this context, despite many in
vestigations towards healing efficiency, a deeper understanding of the 
basic structural properties of self-healing materials is still necessary 
[14]. 

The present investigation evaluates self-healing glass fiber/epoxy 
composites with addition of poly (ethylene-co-methacrylic acid) 
(EMAA) under uniaxial cyclic tensile loading. Stress versus number of 
cycles to failure (S–N) curves were built for composites with two 
different contents of healing agent. The effects of the addition of EMAA 
on fatigue life of the composites was investigated and the self-healing 
efficiency was assessed through number of cycles to failure. 

2. Experimental 

2.1. Specimen preparation 

Glass fiber/epoxy [0/90]s laminates with 2 mm thickness were 
manufactured using epoxy resin RIMR 135 and hardener RIMH 137 
from Hexion in stoichiometric ratio 100:30 and unidirectional glass fi
bers UE 640 g/m2 from Saertex, by Resin Transfer Molding (RTM). 

Poly (ethylene-co-methacrylic acid) (EMAA) from Sigma-Aldrich 
was used for self-healing efficiency investigation. EMAA pellets were 
cryogenically ground and sieved into particles with size between 150 μm 
and 315 μm. Composites modified with EMAA contents of 2 wt% and 5 
wt% were produced. The addition of 5 wt% of EMAA was previously 
found to promote self-healing ability in carbon fiber/epoxy composites 

[15]. The EMAA contents evaluated in this study were chosen to achieve 
healing with minimum effect on the mechanical properties of the 
composites. 

Modified laminates were manufactured with EMAA powder added 
between the layers of glass fibers before impregnation. After that, the 
mold was closed and heated up to 70 ◦C for 2 h to promote adhesion of 
the EMAA particles to the fibers and avoid displacement of the particles 
during resin flow. After 24 h, resin infusion was carried out at room 
temperature. 

Unmodified laminate, without EMAA particles, was also manufac
tured using the same processing parameters for comparison. All lami
nates were cured for 48 h at room temperature, and post cured in an 
oven at 80 ◦C for 15 h, according to the cure cycle suggested by the 
manufacturer of the epoxy resin [16]. 

The fiber volume fractions Vf of the composites, measured according 
to ASTM D3171, were 47.1% ± 1.1, 46.7% ± 0.9 and 46.9% ± 1.3 for 
unmodified composites, EMAA 2 wt% and EMAA 5 wt% composites, 
respectively. Fig. 1 show images of samples produced with fair ho
mogenous particles dispersion. 

2.2. Quasi-static tensile tests 

Quasi-static tensile tests were conducted on three groups of com
posite samples, to understand the effects of EMAA on the in-plane tensile 
properties of the laminates and determine tensile strength (σmax). 
Nominal dimensions of the specimens used were 200 mm (length), 100 
mm (gage length), 20 mm (width) and 2 mm (thickness). Tabs were used 
to prevent grip-induced failures. The tests were carried out at room 
temperature (23 ± 3 ◦C) in a Schenk PSB servo-hydraulic testing ma
chine with 63 kN load capacity. Loading rate of 2 mm/min was used and 
strain measurements were made using strain gauges at the center of each 
specimen. At least five specimens were tested for each sample. Tests 
were carried out following general recommendations of ASTM D3039 
[17]. 

2.3. Fatigue tests 

Specimens with same geometry as quasi-static specimens were tested 
in a Schenk PSB servo-hydraulic testing machine to evaluate in-plane 
material performance under a cyclic uniaxial tensile load. Tension- 
tension fatigue tests were carried out at room temperature ambient 
(23 ± 3 ◦C) in load control mode with frequency of 5 Hz and R = 0.1 
(σmin/σmax). Three different load levels were used to investigate the 

Fig. 1. Images of manufactured samples a) unmodified, b) E2% and c) E5% composites.  
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effects of the addition of EMAA on the fatigue properties of glass fiber/ 
epoxy laminates. The results of static tests were used to determine the 
load levels used for fatigue tests. Three stress levels were used: σ1 =

186.43 MPa, σ2 = 233.04 MPa and σ3 = 279.64 MPa, corresponding to 
40%, 50% and 60% of tensile strength of unmodified composites. The 
tests were carried out until failure of the specimen or until 106 cycles. 
General recommendations of ASTM D3479 were followed. 

In addition, fatigue tests were used to investigate any healing effect 
promoted by the addition of thermoplastic particles. The tests were 
carried out using 50% of the tensile strength of unmodified composites. 
Specimens unmodified composites, EMAA 2 wt% and EMAA 5 wt% 
composites were tested under cyclic loading and two conditions at 
which loading was interrupted were considered: a) tests stopped at 103 

cycles and b) tests stopped at 104 cycles. Then, the specimens were 
removed from the fatigue test machine, and heated up in an oven at 
150 ◦C for 30 min. These healing cycle parameters were also used in 
previous studies published in the literature for EMAA as healing agent 
[8,10,18]. After that, the tests were resumed until specimens’ failure. 
Fatigue life data of healed and virgin specimens were compared to 
investigate the healing effect. 

Fatigue tests for stress levels σ1 and σ3-40% and 60% of tensile 
strength, respectively - were carried out two specimens whilst three 
specimens for each group - virgin and healed - were used for tests carried 
out at stress level σ2. 

For all fatigue tests, a testing setup using camera and background 
light was used to take photos of the specimens during the tests and to 
monitor the damage progression as described in a previous work [19]. 
Pictures were automatically taken every 103 cycles with the first picture 
taken before starting the tests. When illuminated with a bright back
ground light, cracks reduce the translucence of the specimens, which can 
be used as a damage indicator [19,20]. Gray scale values can be used to 
describe the darkness of a pixel. The intensity (darkness) was quantified 
using 256 increments from 0 (black) to 255 (white) and the damage D 
was expressed in terms of change of intensity ΔI, related to the intensity 
at the initial state I0. These values were then used to calculate the 
damage progression according to Equation (1) [19]. The intensity of a 
damaged area (I) and a reference area with constant intensity 
throughout the tests (Iref) were considered to assure that potential var
iations in the background light during the tests would not interfere with 

the results. 

D= 1 −
I (N)

I (0)
•

Iref (0)
Iref (N)

(1)  

2.4. Dynamic mechanical analysis (DMA) 

Dynamic Mechanical Analysis (DMA) measurements of specimens 
from the three groups of composites were carried out using a Netzsch 
DMA 242 C. The measurements were carried out in a three-point 
bending testing mode with a constant frequency of 1.0 Hz, over the 
temperature range of − 50 ◦C–200 ◦C, with a heating rate of 2 ◦C/min. 
Two specimens from each group were tested as recommended by ASTM 
D7028 [21]. 

3. Results 

3.1. Tensile tests 

Stress-strain behavior of specimens from unmodified and modified 
composites was evaluated using static tensile tests. In addition, the 
tensile strength measured for unmodified composites was used as a 
reference to define stress levels for the dynamic tensile tests. Results of 
the tensile tests are summarized in Table 1 and the stress-strain curves 
are shown in Fig. 2. 

According to the results obtained, the addition of EMAA in contents 
of 2 wt% and 5 wt% did not produce any significant change in tensile 
strength or modulus of elasticity of the composite. The softening effect of 
the thermoplastic was previously found to decrease tensile and 
compressive properties of carbon fiber/epoxy laminates more signifi
cantly for composites with higher EMAA weight fractions (10 wt% and 
15 wt%). Tensile and compressive properties of carbon fiber/epoxy 
composites have been described to decrease at linear rate with the in
crease of weight fraction of thermoplastic [18]. In this study, the results 
suggest that, when the thermoplastic is added in low concentration, the 
lower strength and stiffness properties of EMAA have minor impact and 
tensile properties are dominated by the major constituents (fiber and 
thermoset matrix). 

The change in slope in the stress-strain curve (Fig. 2a) indicates 
failure of the [90] plies. In a [0/90] laminate, the 90◦ layers are known 
to fail first while the 0◦ layers hold the load until complete failure [22, 
23]. After the failure of 90◦ plies, the laminate stiffness is reduced due to 
the presence of microcracks and fiber failure [24]. Thus, the failure of 
the 90◦ plies is seen as a knee point in stress-strain curve whilst the ul
timate failure occurs at fracture strain of 0◦ fibers [25]. The addition of 
EMAA did not produce any change in the failure mode of the laminates. 

3.2. Dynamic mechanical analysis (DMA) 

Results of the dynamic mechanical analysis of unmodified and 

Table 1 
Mechanical properties of composite samples.  

Samples Tensile strength 
(MPa) μ (s)* 

Modulus of 
elasticity (GPa) μ 
(s)* 

Elongation at 
break (%) μ (s)* 

Unmodified 
composites 

466.1 (15.6) 23.5 (0.5) 2.6 (0.1) 

E2% composites 466.6 (10.8) 24.2 (0.6) 2.7 (0.1) 
E5% composites 449.9 (15.7) 23.9 (0.7) 2.7 (0.3) 

Note 1: * μ = arithmetic mean. (s) = estimated standard deviation. 

Fig. 2. Tensile stress versus strain of unmodified and modified samples a) all specimens and b) representative curves.  
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modified composites are shown in Fig. 3. The peaks observed in storage 
modulus (E′) (Fig. 3a), that precede the drop of glass transition (Tg), for 
all samples is not unusual to be seen in curves for composites and are 
related with stress relief. With the increase of temperature, the mole
cules gain mobility to rearrange and release the stress introduced by the 
processing methods [26]. The storage modulus was not significantly 
affected by the addition of EMAA in contents of 2 wt% and 5 wt%. 
Moreover, the Tg of the composites were not affected by addition of 
EMAA. The Tg’s determined using the tan δ peak (Fig. 3b) were 87.0 ◦C, 
86.5 ◦C and 86.6 ◦C, for unmodified, E2% and E5% composites, 
respectively. In this case, the low content of EMAA used may not in
fluence in the mobility of epoxy networks. 

For EMAA/epoxy systems, the healing effect is the result of the 
viscous flow of EMAA into the crack plane. Thus, temperatures above 
the melting point of the thermoplastic are required for the healing 
mechanism to occur. However, temperatures above the Tg of the matrix 
have been used as healing temperature and are considered advantageous 
if no degradation of epoxy occurs [7,27]. For a healing temperature of 
150 ◦C, above the Tg of the epoxy matrix, the mobility of polymer chains 
is expected to enhance the adhesion of the thermoplastic to the epoxy, 
thus improving healing. 

3.3. Fatigue tests 

Curves of maximum applied stress versus number of cycles to failure, 
known as S–N diagrams, were used to investigate the in-plane material 

performance of unmodified and modified composites. Fig. 4 shows the 
S–N diagram for the three load levels tested. For σ3, the lowest stress 
level, the specimens of unmodified composites and E2% composites did 
not fail and the tests were terminated at 106 cycles, as identified in S–N 
curve by an arrow mark. Comparing the fatigue life for unmodified and 
modified composites, the results suggest that the addition of 5 wt% of 
EMAA reduced the fatigue life of the laminates, while the addition of 2 
wt% of EMAA promoted a slight increase in life. 

The addition of EMAA increased initially the number of cycles to 
failure, which can be explained by interactions between the healing 
agent and micro-cracks. Strong interfacial adhesion between EMAA and 
epoxy has been reported and related to chemical bonding during curing 
and/or post-curing of the resin and it has been shown as important for 
the healing mechanism of this system [28,29]. These strong interfacial 
interactions may hinder matrix crack growth during loading, increasing 
the fatigue life of composites with 2 wt% of EMAA particles. In a pre
vious work, EMAA filaments were found to increase the crack initiation 
and steady-state crack growth values of composites due to the high 
toughness of the thermoplastic, when compared with epoxy. Thus, the 
crack is pinned or deflected when the crack tip reachs the thermoplastic 
[30]. For cross-ply laminates under cyclic loading, transverse matrix 
cracks developing in the 90◦ layer and internal delaminations initiate at 
the tips of the cracks growing along the interface [31]. Then, EMAA 
particles might hinder the matrix cracking and consequently delami
nation, acting as barrier for damage. 

However, with the increase in content of thermoplastic particles, the 
number of cycles to failure decreased. In this case, EMAA particles may 
behave as defects, which outweighs the positive effects of the adhesion 
epoxy/EMAA, decreasing the fatigue life of E5% composites. The in
crease of healing agent content was found to reduce mechanical prop
erties of epoxy-based composites due several reasons, including fiber 
distortion, creation of resin-rich areas, agglomeration of healing agent 
which increase local stress distribution, hence reduce performance of 
the composite [13,32,33]. For E5% composites, the increase of the third 
component produced thermoplastic-rich areas (Fig. 1), which might act 
as flaws for damage initiation, reducing the fatigue life of the composite. 

The increase in number of loading cycles is also known to cause loss 
of stiffness in fiber reinforced polymers. The dynamic stiffness during 
fatigue tests can be assessed by the normalized slope of the load- 
displacement (L-D) curve. Even though, the normalized L-D slope does 
not correspond to the stiffness of the specimens, the variation of the L-D 
slope represents the variation of stiffness and the curve is used to assess 
stiffness degradation during fatigue loading [34–36]. The L-D slope was 
calculated according to Equation (2) and normalized using the initial 
value of the slope as described by previous authors [37]. 

L=
(Lmax − Lmin)(n)

(Dmax − Dmin)(n)
(2) 

Fig. 3. DMA results for unmodified and modified composites a) Storage modulus and b) tan δ.  

Fig. 4. S–N diagram for unmodified, EMAA 2% and EMAA5% composites.  
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Where: 

L is the L-D slope normalized to L(n = 1); 
Lmax and Lmin are the maximum and minimum load in one cycle, 
respectively; 
Dmax and Dmin are the displacements corresponding to Lmax and Lmin, 
respectively. 
n is the cycle index, from n = 1 to n = Nmax. 

The normalized L-D slopes for unmodified and EMAA modified 
composites for σ1, σ2 and σ3 are shown in Fig. 5. The stiffness degra
dation process often occurs in three stages [25,38,39]. For the first few 
loading cycles, the stage I, a sharp drop in stiffness is observed, corre
sponding to the matrix cracking. Subsequently, a gradual reduction in 
stiffness at nearly constant rate is observed in stage II. In this stage, the 
growth of matrix cracks induces debonding and interlaminar failure 
resulting in reduction of stiffness. With further increase of the number of 
loading cycles, damage progression results in a third stage of stiffness 
loss with a sharp drop due to multiple fiber breakage and, ultimately, 
failure of the specimen [37,38]. 

Results suggest that the rate of stiffness loss was more sensitive to the 
addition of EMAA at higher stress levels. In addition, E2% composites 
presented lower stiffness loss when compared with unmodified com
posites samples and with E5% composites, in agreement with the in
crease of fatigue life observed in S–N diagrams, suggesting once again 
that the thermoplastic particles pinned the crack tips, thus delaying 
delamination growth. 

The combination of fatigue life, residual stiffness and damage pro
gression is often used to the understanding of fatigue damage mecha
nisms of laminates [38]. Therefore, damage progression was also 
investigated using photographs of the damage areas. In Fig. 6, curves of 

damage (D%, according to Equation (1)) vs. number of cycles to failure 
(N) are shown. Results for damage evolution are in good agreement with 
results showed in S–N diagram (Fig. 4). The damage progresses sharply 
in the early stage of fatigue life, due to the multiple matrix cracking 
transverse to the load direction. As the number of load cycles increased, 
matrix cracking led to delaminations and loss of integrity of the lami
nate. The last stages of damage were characterized by extensive fiber 
breakage, as previously described in the literature [40,41]. 

The damage progression in E2% composites was reduced, as 
compared to the other samples, especially for higher stress levels. 

3.4. Healing tests 

For better understanding of the fatigue behavior and comparison of 
healing tests results, a linear fitting procedure was applied to fit the 
experimental results and used to estimate a reference number of cycles 
(Nref) for each group at stress level σ2. 

Numerous models have been developed to describe fatigue behavior 
of composites [42]. In this study, the experimental fatigue results were 
fitted using Equation (3) [38,39,42,43]. 

S= σmax(a logN + b) (3)  

Where: 

S is the maximum applied stress; 
σmax is the tensile strength; 
N is the number of cycles to failure; 
a is the slope. 

As the tensile strength of unmodified composites specimens was used 
to define the levels for the fatigue tests, the same value was used for all 

Fig. 5. Normalized L-D slope for Unmodified, E2% and E5% composites at stress levels a) σ1 = 186.43 MPa, b) σ2 = 233.04 MPa and c) σ3 = 279.64 MPa.  
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curve fittings. The parameters a and b were calculated by least square 
regression analysis and are shown in Table 2. The fitted S–N diagrams 
for each group of specimens are shown in Fig. 7. 

The R2 values indicate that the regression equation fit well with the 
experimental data, since the values are close to unity. In addition, the 
fitting was used to estimate a reference value of load cycles (Nref) at 
stress level σmax = 233.04 MPa. 

For stress level σ2, the narrowest scatter was observed for unmodified 
composites, which also increased R2 and the scatter was found to in
crease with EMAA content. 

Values of Nref were used to calculate healing efficiency. The healing 
efficiency (η) is used as measurement of the ability of the material to 
recover properties and was calculated as shown in Equation (4) [4,44]. 
Recovery ratios related to fracture stress and energy, mechanical prop
erties and interlaminar strength have been used to estimate healing ef
ficiency of fiber reinforced plastics [15,18,44]. This study proposes the 
use of number of cycles to failure (N) during the cyclic loading to esti
mate the healing efficiency of glass fiber/epoxy composites. 

η=Propertyhealed

Propertyinitial
× 100 (4)  

Where: 

Propertyhealed is the number of cycles to failure after the healing cycle; 
Propertyinitial is the Nref of each group calculated by regression 
analyses. 

Results of fatigue life measurements for healing assessment are 
shown in Fig. 8. The average healing efficiency values are shown in 
Table 3. Specimens were tested until 103 (Fig. 8a) or 104 (Fig. 8b) cycles 
at the same stress level of σ2, carefully removed from the test machine 
and then heated up in an oven for 30 min at 150 ◦C. The load cycles 
values presented in Fig. 8 correspond to the number of cycles to failure 
after the heating procedure. 

According to the results presented in Table 3, the healing efficiency 
was higher when the specimen was subjected to heating after 103 

loading cycles, suggesting that, at this stress level, the healing can be 
more efficient when activated in early stages of damage. In fact, in this 
case, self-healing mechanisms are intended to reverse matrix micro
cracks that, for cyclic loading, are known to be the first type of damage 
occurring in cross-ply laminates. Thus, while full recover or even in
crease in fatigue life was observed in specimens that the healing process 
was achieved by heating the material after 103 loading cycles, the 
healing efficiency was reduced to less than 40% when healing occurred 
after 104 loading cycles. 

Results of healing efficiency for samples without thermoplastic 
addition showed complete recovery of fatigue life after the healing 
protocol applied at 103 loading cycles, suggesting that heating at the 
temperature of 150 ◦C, thus well above the Tg of 87 ◦C of the polymer 
matrix, allowed mobility of the polymer chains around the crack planes 
and crack tips, hence promoting post-cure and producing some healing- 
like effect. 

For components during service, visual analysis and non-destructive 
testing (NDT) are used for inspection and damage analysis of the com
posite material. After detecting the damage, the repair is designed based 

Fig. 6. Damage progression of unmodified and modified GFRP during fatigue tests at stress levels a) σ1 = 186.43 MPa, b) σ2 = 233.04 MPa and c) σ3 = 279.64 MPa.  

Table 2 
Fitting parameters of S–N curve for unmodified and modified composites.  

Sample a B R2 Nref 

Unmodified composites − 0.101 1.001 0.972 102724 
E2% composites − 0.135 1.203 0.962 166674 
E5% composites − 0.107 1.011 0.902 58674  

A. Azevedo do Nascimento et al.                                                                                                                                                                                                            



Polymer Testing 117 (2023) 107863

7

on several criteria, such as the type of damage found and availability of 
resources. For on-site repair, the application of localized heating at 
elevated temperatures is a common practice to promote the cure of 

epoxy resin during repair techniques [45,46]. Therefore, the results 
obtained in this study suggest that the addition of EMAA may be a 
promising approach to produce composite materials for structural ap
plications with self-healing capability, which will result in increased 
fatigue life. 

Complete recovery of fatigue life was also observed in composites 
with the addition of 2 wt% of EMAA. These were the specimens with 
longer fatigue life when tested under cyclic loading in pristine condi
tions (Nref), 60% higher than for unmodified specimens and 2.8 times the 
fatigue life of specimens with the addition of 5 wt% of EMAA. Thus, the 
number of cycles to failure of composites with 2 wt% of EMAA was the 
greatest among all healed materials, even though the healing efficiency 
was lower than for composites with 5 wt% of EMAA. 

Fig. 7. S–N diagrams for a) unmodified composites, b) E2% composites and E5% composites with fitting function and confidence bands.  

Fig. 8. S–N diagrams for healed specimens pre-loaded until a) 103 and b) 104 cycles.  

Table 3 
Average healing efficiency of unmodified and modified composites.  

Sample η (%) 

103 104 

Unmodified composites 105.9 31.2 
E2% composites 102.1 27.4 
E5% composites 199.6 37.7  
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Increasing the content of EMAA from 2 wt% to 5 wt%, the self- 
healing efficiency increased, the ability of EMAA to recover fatigue 
life of glass fiber/epoxy composites. However, since the fatigue life of 

pristine specimens with the addition of 5 wt% of EMAA was lower than 
for 2 wt% of EMAA, the number of cycles to failure for this healed 
material was lower than that of 2 wt% of EMAA. 

Fig. 9. Damage evolution before and after healing for unmodified and modified composites tested until a) 103 and b) 104 loading cycles before heating.  

Fig. 10. E5% composites sample tested until 103 a) before heating and b) after heating.  
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Besides the healing efficiency, damage progression evaluation was 
carried out for specimens under healing tests. Pictures were taken during 
the first stage of load cycles and after the healing protocol to assess the 
effect of EMAA on damage stage of the composites. Curves D x N are 
shown in Fig. 9. A drop in the curves is observed at 103 cycles (Figs. 9a) 
and 104 cycles (Fig. 9b), i.e., the moment when the test was interrupted 
and the healing protocol was carried out, before the cyclic loading was 
resumed. The drop indicates the reduction in damage state after the 
heating, thus corroborating the healing effect. 

Fig. 10 shows images of E5% composites after 103 cycles and after 
heating. The thermoplastic healing agent is observed in damaged areas 
after the healing process. During heating, the EMAA melting promotes 
the flow of the thermoplastic into the damaged areas, thus rebinding 
adjacent crack planes (Fig. 10b) [9]. 

4. Conclusions 

In this work, the potential of EMAA as healing agent for glass fiber/ 
epoxy composites was investigated. Composites with 2 wt% and 5 wt% 
of EMAA were manufactured by resin infusion using glass fibers 
impregnated with EMAA. Healing efficiency was evaluated based on 
number of cycles to failure of specimens subjected to cyclic loading. The 
addition of EMAA did not produce any significant effect on glass tran
sition temperature, tensile strength or modulus of elasticity of the 
composites. However, the results suggest that the addition of 5 wt% of 
EMAA reduced the fatigue life of the laminates, while the addition of 2 
wt% of EMAA promoted a slight increase in life. The number of cycles to 
failure of composites with 2 wt% of EMAA was also the greatest among 
all healed materials. The greatest healing efficiency was observed for 
specimens subjected to heating after 103 loading cycles, as compared to 
104 loading cycles, suggesting that, the healing can be more efficient if 
activated in early stages of damage. Overall, this work contributed to the 
understanding of the effects of EMAA as a healing agent to glass fiber/ 
epoxy composites. 
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