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Abstract

This work concerns the fatigue behavior at three different temperature condi-

tions (−40, 20, and 80�C) and the addition of multiwalled carbon nanotube

(MWCNT) into a carbon-fiber reinforced poly(ether-imide) composite. The

incorporation of MWCNT into the composite increased the tensile strength

and Young's modulus by up 5 and 2%, respectively. At low temperature, the

incorporation of the nanoparticles improved the fatigue strength of the lami-

nates by 15%. The shear strength results obtained by interlaminar shear

strength and compression shear test tests have shown an increase of about

16 and 58%, respectively, by the introduction of nanotubes into the laminates.

Fractographic observations revealed that the surface of carbon nanotube lami-

nate (PEI/MWCNT/CF) presented a ductile behavior, and differences in the

fracture aspects of the material compared to the traditional PEI/CF laminate

have been observed.
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1 | INTRODUCTION

The advances in nanotechnology and the constant
requests for better quality, lower cost, and unique proper-
ties have led to the development of new materials with
exceptional properties in order to promote higher effi-
ciency and lower energy consumption for aircrafts. One
such improvement, the incorporation of nanoscale parti-
cles into the polymer matrix, has been subject to study
over the last two decades. Multiple studies report that

nanoscale particles can promote improvements in the
performance of the material, such as thermal, mechani-
cal, electrical, and magnetic features.[1–6] Carbon nan-
otubes (CNT), one of the most important materials
employed in the production of nanostructured compos-
ites, were discovered by Sumio Iijima in 1991.[7] The
CNT can be defined as a perfect sheet of graphene rolled
into a cylinder, that is, a network of sp2 carbon atoms
(the hybridization of carbon when it has a double bond
and two single bonds or one π bond and three σ bond) in
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the hexagonal form, showing a length around microme-
ters (μm) and diameter of nanometers (nm).[7,8] The use
of CNT as a nanoreinforcement in polymeric systems has
increased over the years due to their high-aspect ratio
and exceptional mechanical features that are intrinsic to
the sp2─sp2 covalent bonds (covalent bonds between
the layers of carbon atoms sp2). These covalent
bonds (sp2─sp2) promote excellent mechanical properties
to this material, such as high-elastic modulus
(200–5,000 GPa), high-tensile strength (200 GPa) and
high electrical (103–105 S/cm) and thermal conductivities
(2,000 W m−1 K−1).[1,8–10]

The main challenge associated with the development
of CNT-reinforced composites is the agglomeration of
nanoparticles during material processing. This fact may
be associated with the high-aspect ratio and the chemical
nature of the nanoparticles, as both influence the molec-
ular dynamics of the polymer.[11,12] Agglomeration of the
CNT generates nonhomogeneous composites, which may
result in the deterioration of the final properties of the
material.[13] Therefore, a major challenge in the develop-
ment of CNT/polymer composites consists of obtaining a
satisfactory dispersion of the filler in the polymer matrix
maximizing the properties of the final product. The func-
tionalization process appears to prevent the CNT agglom-
eration, improving the interfacial adhesion between the
polymer matrix and the nanoparticles.[14] The addition of
functional groups to the nanotube walls, such as the car-
boxyl group (COOH), changes the CNT behavior from
hydrophobic to hydrophilic, enhancing the interface
between the tubes and the polymer matrix.[8,15]

According to Yang,[16] the incorporation of MWCNT-
COOH into epoxy improved both the impact strength
and bending properties, as well as an increase in the ther-
mal conductivity of the composites. Also, Francisco[17]

observed an increase in hardness for functionalized-
CNT/epoxy systems.

The use of carbon fiber-reinforced polymer compos-
ites (CFRP) has increased over the last decades.[18]

Thermoplastic laminates have gained prominence in
the market, due to their easier processability, superior
impact toughness, high-damage tolerance, and higher
temperatures of service compared to thermoset
structures.[19–22] Also, thermoplastics matrices exhibit
a near-infinite shelf life at room temperature. This
compares quite favorably to the shelf life of fewer
than 6 months in refrigerated storage for typical pre-
preg thermoset materials.[21,23] There is a wide range
of thermoplastic materials used in advanced compos-
ites structures for the aerospace industry. The
most frequently seen are poly(ether-imide) (PEI), poly
(phenylene sulfide) (PPS), poly(ether ketone ketone)
(PEKK), and poly(ether ether ketone) PEEK.[19]

PEI is a high-performance thermoplastic material,
which has several applications in aeronautical, electron-
ics, automotive, and medical areas. The polymer matrix
shows the amorphous structure with a glass transition
temperature of around 217�C, high-mechanical strength,
high stiffness, easy processability, and good flame resis-
tance with low content of smoke. Such properties are
mostly due to the presence of aromatic imides and ether
units in its polymer chain.[24–26] The aforementioned
characteristics make this polymer attractive for applica-
tions in aircraft interior segments, and also the wing ribs,
main landing gear door, and flap ribs.

Thermoplastics laminates are constantly exposed to
different loading conditions such as high-temperature
range and moisture, affecting the service life of
materials.[27–29] Among several failure mechanisms
reported for CFRP, the most common are failures due to
fatigue and interlaminar fracture, known as delamina-
tion.[27,28,30,31] Fatigue damage results in a change of
strength, stiffness, and other mechanical properties of
composite materials[32] and it is estimated to cause
approximately 60% of total aircraft component fail-
ures.[33] The mechanisms of damage in composites lami-
nates can be demonstrated in three steps: the first stage
(I) is explained by a reduction of the material's stiffness
due to the formation of microcracks in the material; the
second stage (II) is characterized by microcracks nucle-
ation and minor levels of damages; the third stage (III) is
governed by the failure occasioned due to catastrophic
propagation of microcracks.

Therefore, crack nucleation increases as a function of
stress intensity that is directly linked to topography (sur-
faces and interfaces), voids, inclusion, and defects.
Topography aspects, like roughness, provide information
on the intensity and density of potential stress concentra-
tors and the opposite, smooth surface, suggests that the
material needs more time for crack nucleation.[34,35]

Interlaminar fracture (delamination) is an issue that
limits the application of composites laminates, as it pro-
motes a significant reduction of structural stiffness, usu-
ally without external signs of damage, resulting in a
catastrophic failure.[36] The delamination can be
explained by the low interlaminar shear strengths
between fiber and matrix components, and by the brittle
behavior in the case of thermoset systems. Also, the
delamination between the composite layers is often initi-
ated by bonding imperfections, and by a weak fiber/
matrix interface.[37] The interlaminar strength for poly-
mer composites depends on the polymeric matrix charac-
teristics and the interface between the components. Also,
these two aspects are an important source of weakness in
the material and shear stresses.[38] One of the solutions to
improve the interlaminar properties of the laminates
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comprises the addition of nanoparticles to enhance the
matrix hardness, promoting an increase in fracture prop-
erties, and extending the life of the material.[37–39]

In addition to various load conditions that a CFRP
may be subjected to, another aspect that must be consid-
ered is the environmental condition the laminate is
exposed to. During their lifetime, composite materials are
subjected to severe environmental conditions, such as
hygrothermal exposure and ultraviolet radiation. Both
conditions can weaken the matrix properties, as well as
the interfacial adhesion between polymer and fibers,
revealing irreversible changes in the material.[40,41] The
ultraviolet radiation promotes the degradation by photo
and thermooxidative reactions, whereas in hygrothermal
aging the moisture is introduced preferential in the
matrix and/or fiber–matrix interface since the carbon
fibers do not absorb moisture. Besides, microcracks and
microvoids can be introduced into the laminate by the
diffusion of water molecules. Water interacts with both
polymer matrix and fibers, especially in the interfacial
zone, causing the degradation of the properties of the
composites.[40,42–44]

In this article, the influence of the incorporation of
multiwalled carbon nanotubes (MWCNTs) on the fatigue
strength of the PEI/CF composite submitted to low
(−40�C), room (20�C), and high temperature (80�C) was
evaluated. Also, the effect of carbon nanotubes on the
interlaminar fracture strength through ILSS and CST
exposed to hygrothermal aging and ultraviolet radiation
was investigated. The mechanical tests were complemen-
ted with a fractographic analysis to evaluate the failure
modes of the materials.

2 | MATERIALS AND METHODS

2.1 | Materials

Poly(ether-imide) was supplied by a Saudi company
Sabic's Innovative Plastics under the commercial name
ULTEM 1010 and has the following properties: density of
1.28 g/cm3 and glass transition temperature (Tg) of
217�C. The carbon fiber weave used for manufacturing
the laminates were supplied by the American company
Hexcel Composites, containing 3,000 cable monofila-
ments, a plain weave arrangement, a specific mass of
1.77 g/cm3, without sizing treatment and a thickness of
about 0.17 mm. MWCNTs were supplied by Cheap Tubes
from United States with a wall diameter of 8–15 nm, a
length between 10 and 50 μm, and d25�C = 2.1 g/cm3. The
MWCNT were acid-treated by the manufacturer, with the
incorporation of a carboxyl group (COOH) into the nano-
tube walls by using a mixture of inorganic acids (sulfuric

and nitric). The solvent used during the preparation of
the composites was methylene chloride (Neon from Bra-
zil), and Triton X-100 surfactant (Labsynth from Brazil)
was employed to improve the dispersion of the
nanoparticles in the composite.

2.2 | Composite processing

The laminates used in this work (PEI/CF and
PEI/MWCNT/CF) were prepared in two steps. A neat
PEI film with thickness around 0.1 mm, was obtained by
solution mixing process considered the most common
technique for processing nanostructured polymer com-
posites.[45] First, 10 g of the polymer (pellets) was dis-
solved in 250 ml of methylene chloride under stirring for
30 min. Subsequently, the solution was transferred to an
aluminum mold with dimensions of (30 × 30) cm and
taken to a vacuum oven (Vacucell, model VUK/VU 55) at
40�C for 3 hr to dry the solvent. It is worth mentioning
that the temperature of 40�C was chosen due to it is close
to the boiling temperature of the solvent. The
PEI/MWCNT film was prepared in the same way, by
adding 0.1 g of MWCNT, which corresponds to 1 wt%
based on polymer mass. Triton X-100 (0.5 g) surfactant
was dispersed in 50 ml of methylene chloride for 30 min
with the aid of an ultrasonic tip (Sonics & Materials,
model VC 750). In parallel, 10 g of PEI was dispersed in
200 ml methylene chloride for 30 min under magnetic
stirring. Subsequently, the solutions were mixed and
taken to the ultrasonic tip for a further 40 min dispersion.
The PEI/MWCNT, methylene chloride, and Triton X-100
solution was placed in an aluminum mold with dimen-
sions (30 × 30) cm and dried at 40�C for 3 hr for solvent
removal. The parameters used during the processing of
the films on the ultrasonic tip were 25% amplitude and a
pulse of 10 s on and 5 s off. Triton X-100 surfactant was
used to assist in the dispersion stability of the carbon
nanotubes. The percentage of 1 wt% of MWCNT used in
this work was chosen based on some studies in the
literature,[3,46] which obtained electrical percolation, bet-
ter mechanical properties, increased thermal conductiv-
ity, and stiffness with the addition of only 1% of
MWCNT.

After preparing the polymeric film, the laminates
were processed by stacking 16 layers of PEI/MWCNT
films and 12 layers of plain weave carbon fiber fabric
(0�/90�). It is worth mentioning that two polymer layers
are inserted after the third, sixth, and ninth layers of car-
bon fiber to guarantee the full percolation of the matrix
through the fibers. The laminate was manufactured by
hot compression molding (Carver hydraulic press, model
CMV100H-15-X) at 320�C for 30 min with an applied
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pressure of 1.5 MPa. Control samples (PEI/CF) have been
prepared in the same way.

The volumetric fiber fraction of the composites was
60% and the void content was around 1.5%. This informa-
tion was obtained from the acid digestion procedure
according to ASTM D3171. All the processing conditions
are described in our previous paper.[47]

2.3 | Tensile test

The tensile test was performed according to ASTM D303
and aimed to evaluate the influence of the addition of
MWCNT on PEI/CF laminate's tensile strength and
Young's modulus (E). The tensile test was performed at
Delft University Technology (The Netherlands) using a
ZWICK universal mechanical testing machine model
Z250. The equipment presented accuracy and position
repeatability of ±2 μm. The test was performed at room
(20�C), low (−40�C), and high (80�C) temperatures.
These temperatures were measured using a thermocou-
ple placed in the central region of the sample and a con-
stant speed of 2 mm/min with a 250 kN load cell and
extensometer were applied. Six specimens for the room
temperature condition and two specimens for each low
and high temperatures were employed. The dimensions
of the samples were (250 × 25.415 × 2.78) mm for
PEI/CF and (250 × 25.158 × 2.41) mm.

According to ASTM D303 the maximum tensile
strength can be calculated as follows:

Ftu =
Pmax

A
ð1Þ

The Young modulus can be described as:

E=
Δσ

Δε
ð2Þ

2.4 | Fatigue test

The fatigue test was performed according to ASTM
D3479 in tensile-tensile mode. The studied material is
meant to be applied in the aeronautical sector, therefore,
the test temperatures were derived from the aircraft flight
envelope, that is, the tests were carried out at low
(−40�C), room (20�C), and high (80�C) temperatures.
The parameters used for these tests were: load cell of
100 kN, a load ratio of 0.1, a frequency of 5 Hz and 65%
of the maximum tension obtained in the tensile test. The
test was performed on a universal test machine (MTS

100 kN) at Delft University Technology (The Nether-
lands). For the tests performed at low and high tempera-
tures, a home-build aluminum temperature chamber was
used, and connected to another chamber to promote the
heating of the samples, as presented in Figure 1. Also, liq-
uid nitrogen was used to reach low temperatures (−40�C)
inside the chamber.

2.5 | Environmental aging

Before testing, the specimens were conditioned in a dry-
ing process, in which they were first weighed and placed
in a vacuum oven at 80�C. Every 12 hr the mass of sam-
ples with dimensions (40 × 40 × 2.5) mm was measured.
Only after weight stabilization, the specimens were sub-
mitted to the respective tests.

The hygrothermal aging was performed according to
ASTM D5229 in a computerized climate chamber
(Marconi-Brazilian brand), where the specimens were
exposed to 90% relative humidity at 80�C for 8 weeks.

FIGURE 1 Configuration used to perform the fatigue test

[Color figure can be viewed at wileyonlinelibrary.com]
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The mass of samples was measured once a week, and
only after their stabilization (8 weeks), the test was termi-
nated. The ultraviolet radiation with a condensation test
was carried out according to ASTM G 154 standard (Q-
Lab). The samples were exposed to 1,200 hr in alternate
cycles of 8 hr at 60�C under ultraviolet radiation, and for
4 hr at 50�C under water condensation. The UV radiation
exposure was performed by UV-A lamps with 340 nm
wavelength and 0.76 W/m2 intensity.

2.6 | Interlaminar shear strength (ILSS)

Interlaminar shear strength tests were carried out
according to ASTM D2344/D2344M-16. A mechanical
test machine (Shimatzu, autograph AG-X series) was
used to perform the mechanical analyses according to the
following parameters: speed of 1.0 mm/min and a load
cell of 10 kN. Ten specimens for each condition were
tested with dimensions (18 × 6 × 3) mm. The short-beam
(Fsbs) strength was calculated according to,

Fsbs =
0:75P
bh

ð3Þ
where P is the maximum load obtained during the test,
b is the specimen width, and h is the specimen thickness.

2.7 | Compression shear test (CST)

The compression shear test was developed at the Institute
of Polymer Research, in Dresden (Germany) by the
researchers Schneider, Lauke, and Becker.[48] The focus
of this test is to promote a direct shear loading along the
interlaminar interface, to force the specimen to fail in
pure shear. The loading distribution is almost uniform
along the thickness with two peaks close to the edges of
the loading surface. The parameters applied to perform
this test were as follows: five specimens for each condi-
tion with dimensions of (10 × 10 × 3) mm, a speed test of
0.25 mm/min and a 10 kN load cell. The apparent inter-
laminar shear stress was calculated according to:

σapp =
Peff

l× bð Þ ð4Þ

Peff =
Ptot × z
Rd + dið Þ ð5Þ

where σapp is the interlaminar shear stress (MPa), Peff is
the effective load (Kgf), Ptot is the load applied (Kgf), z is
the distance between the pivot and movable arm (mm),
Rd is the radius of movable arm (degrees), and di is the

half-width of the sample (mm) which is subjected to the
compression force. Therefore, the Figure 2 shows the
device used to perform this test.

2.8 | Morphological analyses

The morphological analyses were performed in two
stages: in the first stage, the dispersion of carbon nan-
otubes in the polymeric matrix was evaluated, while in
the second stage the morphological analysis of the frac-
ture surface was performed after the mechanical tests. To
evaluate the dispersion of carbon nanotubes into the
polymer matrix, samples were obtained from the cross-
section region of the PEI/MWCNT film, cleaned with a
nitrogen jet, and covered with a gold layer to be subse-
quently evaluated by scanning electron microscopy
(SEM-EVO LS-15) and also atomic force microscopy
(AFM) was also performed using a Shimadzu microscope,
model SPM-9600. The samples were fractured, cleaned
with a jet of nitrogen and placed on the aluminum sam-
ple port. In the second step, after the mechanical tests,
the samples were carefully cross-sectioned to protect the
fracture surface from potential contamination and main-
tain their topology. The sanding and polishing steps have
not been performed to avoid damage to the fracture sur-
face. SEM was employed to evaluate the failure modes
for tensile and fatigue tests. During this analysis back-
scattered (BSE) signals were obtained using the Zeiss 4Q-
BSD, a four-quadrant semiconductor detector, with an
acceleration voltage of 12 kV for matrix characterization
and 5 kV for fractographic analysis. Also, optical micros-
copy (Zeiss model Imager Z2m) was used to evaluate the
fracture surface of the specimens submitted to CST and
ILSS tests, once interlaminar fractures are best analyzed
using optical microscopy through crack propagation
analysis.

FIGURE 2 Device used for conducting the mechanical test of

compression shear test (CST) [Color figure can be viewed at

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

3.1 | Evaluation of multiwalled carbon
nanotube dispersion

The morphology of PEI/MWCNT was evaluated by
SEM and AFM as can be observed in Figure 3.
Figure 3a shows the PEI/MWCNT film presented a cer-
tain homogeneity in its morphology, but clusters and
agglomerates can be identified (red circle). This behav-
ior can be associated with strong van der Walls interac-
tion between the tubes.[13,46] The clusters observed in
the micrographs were measured and their average size
was around 154.5 ± 34.1 nm. Figure 3b presents struc-
tures like crystals, named here as pseudo-crystals. As
previously mentioned in this work, the poly(ether-
imide) matrix is an amorphous polymer, and thus no
crystalline structures were expected. These pseudo-
crystals, generated from the addition of MWCNTs,
promoted a high degree of aggregation of the
nanoparticles in the polymer matrix. This behavior
ordered the polymeric chain, especially in soft and flex-
ible areas of the matrix. These pseudo crystals changed
the material morphology, acting mainly on the macro-
scopic properties of the material, especially on the
mechanical properties.[49] Such aspects could be
related to the covalent functionalization of the
MWCNT from the addition of the carboxyl group and
the noncovalent functionalization from the use of

Triton X-100 surfactant that assists in obtaining homo-
geneous structures.

3.2 | Tensile strength tests

The tensile test was performed to obtain the maximum
tensile strength, as well as the Young's Modulus of the
prepared laminate since the data are useful for the fatigue
analyses. Table 1 presents the tensile results of the stud-
ied samples.

The incorporation of MWCNT into the composite
generated a small increase in tensile strength, from
611.8 MPa (43 kN) for PEI/CF to 642.7 MPa (39 kN) for
PEI/MWCNT/CF, representing an enhancement of 5%.
The Young's modulus (E) has shown an increase from
24.2 GPa (PEI/CF) to 24.7 GPa (PEI/MWCNT/CF), rep-
resenting a small gain of 2% in elastic properties of the
nanostructured composite. Also, the tensile strength of
PEI/CF was close to those obtained in the literature for
Carbon T300 3K reinforced PEI composite which have
values between 656 and 673 MPa.[27] Taking into account
the standard deviation obtained for the samples it is
found that the increase of Ftu and E were not significant.
This composite was taken as reference, once it contains
the same polymer matrix with similar carbon fiber
reinforcement.

The improvement in the mechanical behavior of com-
posite materials subjected to tensile loading promoted by

FIGURE 3 PEI/MWCNT

film morphology (a) cross

section and (b) front

section view, (c) cross

section view obtained through

the AFM
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the addition of MWCNT may be associated with several fac-
tors, such as their classification (single or multiple walls),
source, purity, aspect ratio, concentration, orientation
nature of the polymer matrix, and the dispersion of
nanotubes. Previous studies[1,26] have shown that the addi-
tion of 1.0 wt% of carbon nanotubes, despite improving
interfacial fiber–matrix adhesion and generating a strong
synergistic effect between matrix and CNT, have not gener-
ated a significant increase in the tensile properties of the
material.

It is worth mentioning the tensile strength of mate-
rials is directly affected by temperature, thus when the
material is subjected to low temperature a reduction of
35 and 38% for PEI/CF and PEI/MWCNT/CF, respec-
tively, was verified. Similar behavior was observed for
the high-temperature condition with a reduction of
31 and 33% for PEI/CF and PEI/MWCNT/CF,
respectively.

The reduction in tensile strength observed at low
and high temperatures may be associated with thermal
stress induced in the material, especially in the fiber/
matrix interface, causing microcracks, and conse-
quently, making easy the premature failure of the mate-
rial.[50] Also, the softening of the polymer matrix
modified the properties of composites, affecting the
ability of the matrix to protect, unify and transfer the
load to the fibers.[51,52]

In order to identify the possible mechanism of the
fracture, fractographic analyses were carried out, as
well as to evaluate the influence of the addition of
MWCNT into the laminates. Figure 4 shows the micro-
graphs of the fracture regions of the specimens sub-
jected to tensile tests. Both micrographs illustrate the
surface of the fractured fibers (red arrows) and the
presence of the matrix adhered to the fibers (red
circle), suggesting a good fiber/matrix interaction. On
the other hand, for PEI/MWCNT/CF composite
(Figure 4b), the polymeric matrix undergoes greater
plastic deformation (yellow arrows) compared to the
PEI/CF material (Figure 4a). This fact may be associ-
ated with the incorporation of MWCNTs into the com-
posite that generated a greater energy absorption by
the matrix before the final fracture. It is worth men-
tioning, in some cases the carbon nanotubes may
exhibit high-plastic deformation.[28]

3.3 | Fatigue tests

Fatigue tests were carried to evaluate the effect of the
addition of MWCNT on the fatigue strength of the pre-
pared composites. The load used in this test was based on
the load obtained by the specimens submitted to a tensile
test. It is important to point out that there was an average

TABLE 1 Tensile results for

PEI/CF and PEI/MWCNT/CF
PEI/CF PEI/MWCNT/CF

Ftu (MPa) E (GPa) Ftu (MPa) E (GPa)

Room temperature (20�C) 611.8 ± 105.1 23.5 ± 2.3 642.7 ± 86.2 24.5 ± 1.1

Low temperature (−40�C) 392.7 ± 80.3 15.3 ± 1.9 395.5 ± 52.7 15.2 ± 1.4

High temperature (80�C) 421.1 ± 78.5 16.4 ± 2.1 428.5 ± 65.9 17.2 ± 1.7

FIGURE 4 Micrograph of the fracture region for the

laminates (a) PEI/CF and (b) PEI/MWCNT/CF subjected to

tensile test [Color figure can be viewed at wileyonlinelibrary.com]
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load reduction of 30% for the specimens tested at low-
and high-temperature conditions. Therefore, the values
obtained for PEI/CF and PEI/MWCNT/CF laminates
decreased from 43.35 to 30.10 kN and from 39.71 to
27.30 kN, respectively. In the next step, fatigue tests were
performed for the base laminate (PEI/CF) at room tem-
perature at different loads (50, 55, 60, 65, 70, and 80% of
the maximum tensile load) to determine the best condi-
tion to be used during the fatigue tests. The load of 65%
(%Su) was defined to conduct the fatigue tests and a
graph of %Su (maximum load) as the function of the
number of cycles until failure is depicted in Figure 5. As
can be seen, the data are very scattered, which may be
associated with the heterogeneity and anisotropy of the
composite material, defects, and imperfections intro-
duced into the material during the processing step, and
the environment of the test.[30] Also, it is quite common
that the fatigue life for similar specimens or structures
under the same stress level be significantly different.

To aid the interpretation, a statistical treatment is
used, therefore, the most common treatments to study
the fatigue life of composites materials are based on nor-
mal and Weibull distributions.[30,53,54] The normal distri-
bution function was used in this work, in which the
probability of the failure P(x) was assigned to each result
obtained. Therefore, the results of each condition were
classified in increasing order of magnitude, with the clas-
sification numbers varying from i = 1 to i = n, and the
statistical estimate for each P(x) can be defined, as
follows[30]:

Pf xið Þ= i−0,3
n+0,4

ð6Þ

The classification, Pf(x) and Nf (number of cycles to
failure) for specimens submitted to fatigue tests at 65% of
the maximum load is presented in Table 2, and the graph
of Pf(x) as the function of Nf are shown in Figure 6.

This Figure illustrates that at room temperature
(20�C) the incorporation of MWCNT into the composite
has not significantly influenced the fatigue life in the
laminate (PEI/MWCNT/CF), resulting in only a small
reduction in the fatigue life if compared to the control
laminate (PEI/CF). This behavior may be associated with
the agglomeration of MWCNT, which may have gener-
ated a higher concentration of tension in these regions
promoting a premature failure. Meanwhile at elevated
temperature condition (80�C) both processed laminates
have shown an increase in fatigue life compared to mate-
rials at room temperature. The behavior observed in the
literature[55–57] for composites when subjected to high
temperatures is a reduction in fatigue life can be due to a
nonlinear response resulting from the shear deformation
of the polymeric matrix along the reinforcement fibers
and there is also induced thermal stress that affects the
matrix/fiber interface.[51,52] The pronouncement of this
behavior at high temperatures is due to the viscoplastic
nature of the polymeric matrix and these effects are most
evident when it is close to the glass transition tempera-
ture.[55,57] However, the opposite behavior was observed
in this work. The increase of the test temperature to 80�C

FIGURE 5 S–N curve obtained

from the fatigue tests for PEI/CF and

PEI/MWCNT/CF laminates [Color

figure can be viewed at

wileyonlinelibrary.com]
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is far below from the glass transition temperature of the
PEI (220�C), in other words, the high-temperature condi-
tion was not enough to induce thermal stress in the inter-
face region and neither increase the shear deformation
that can reduce the fatigue life. Also, this behavior may
be associated to the test being performed with a load per-
centage of less than 65% since only one specimen of each

material was subjected to the static test to define the
maximum load and perform the necessary corrections, in
other words, it is not a representative condition of sam-
pling. Despite this increase, the nanostructured laminate
presented a lower fatigue resistance compared to the con-
trol sample (PEI/CF), which may be associated with the
presence of MWCNT clusters as observed in the morpho-
logical analysis. At low-temperature condition (−40�C) it
was observed the carbon nanotube laminate had a fatigue
strength higher than the control sample. Also, in this
low-temperature condition, the nanostructured laminate
has shown a higher fatigue strength compared to
PEI/MWCNT/CF at room temperature. Reducing the
temperature made the polymer matrix to present a brittle
behavior, thus reducing the fatigue life of the material.
However, in the case of carbon nanotube laminates, it
was found that the material did not weaken as the tem-
perature decreased, that is, the presence of carbon nan-
otubes made the polymeric matrix maintain its ductile
behavior even at extreme low-temperatures conditions.[2]

The fractographic analyses were classified according
to temperature conditions studied in this work. The sam-
ples were obtained from the fracture region of each speci-
men and the analysis was conducted along with the
thickness and width of the fracture region. It is important
to point out that the presence of disordered fibers cover-
ing the surface made the observation of the fracture sam-
ples difficult. It was not possible to perform the SEM for
PEI/CF sample at room temperature since the entire cen-
tral area of the specimen was delaminated. In this partic-
ular case, the surface was observed by optical
microscopy, as shown in Figure 7a. As can be seen, at the
end of the test, the sample has shown total delamination

TABLE 2 Classification, Pf(x) and Nf obtained from the

normal distribution for PEI/CF and PEI/MWCNT/CF laminates

Laminate Temperature (�C) i Pf Nf

PEI/CF −40 1 20.6 1,449

2 50 6,456

3 70.4 39,550

20 1 20.7 2,303

2 50 18,730

3 70.5 106,761

80 1 20.8 15,360

2 50 44,125

3 70.6 77,360

PEI/MWCNT/CF −40 1 20.7 22,003

2 50 28,317

3 70.5 31,116

20 1 20.8 1,643

2 50 13,403

3 70.6 23,213

80 1 20.9 9,145

2 50 22,433

3 70.7 31,580

FIGURE 6 Graph of Pf × Nf for

PEI/CF and PEI/MWCNT/CF laminates

[Color figure can be viewed at

wileyonlinelibrary.com]
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(green arrows) of the layers, in which the fracture of the
matrix occurred first, and the loose fibers in the region of
the fracture held the specimen together. For PEI/
MWCNT/CF sample (Figure 7b) fractured fibers (red
arrows) and fiber imprint (blue arrows) were observed on
the surface of the polymer matrix, as well as some clus-
ters of nanotubes (yellows circles). As previously men-
tioned in this work, the agglomeration of MWCNT may
have generated a higher stress concentration and caused
premature failure compared to the PEI/CF laminate.[8,58]

The images of the fracture regions for PEI/CF and
PEI/MWCNT/CF composites subjected to the high-
temperature condition fatigue test are shown in
Figure 8a,b, respectively. As can be seen, for PEI/CF
(Figure 8a), the carbon fibers covered the fracture region,
revealing only a small area to be analyzed. Also, river
marks (orange arrow) could be observed in this region,
which can be explained by a progressive unification of
several planes of neighboring fractures, such that planes
are small and disordered during the failure of the

laminate.[59,60] For PEI/MWCNT/CF composite
(Figure 8b) it can be seen that the carbon fibers were well
adhered to the matrix (red circle), although there were
fibers that were torn during the fracture of the specimen.
Furthermore, small clusters of carbon nanotubes (yellow
circle) can be visualized, which may have led to prema-
ture failure of the laminate.[31]

The fracture surfaces of the samples subjected to
fatigue at the low-temperature condition are shown in
Figure 9. For PEI/CF laminate (Figure 9a), there were a
large number of river marks (orange arrow), which may
have been generated by the impulses of the applied loads
on the surface of the fibers during the opening of the
sample. This behavior induced in this region an

FIGURE 7 Fatigue at room temperature: (a) fracture

micrograph of PEI/CF laminate and (b) fracture micrograph of

PEI/MWCNT/CF laminate [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Fatigue at high temperature: (a) fracture

micrograph of PEI/CF laminate and (b) fracture micrograph of

PEI/MWCNT/CF laminate [Color figure can be viewed at

wileyonlinelibrary.com]
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interlaminar shear loading at the interface of composite
material. PEI/MWCNT/CF laminate (Figure 9b) has
shown the weft and warp both with good impregnation
(red circles) in the polymer matrix, some matrix regions
with fractures (purple arrow), and a few regions with
river marks (orange arrows) compared to PEI/CF.

3.4 | Interlaminar shear strength

Figure 10 shows the absorbed moisture as a function of
time (hours) for PEI/CF and PEI/MWCNT/FC laminates.
As can be seen, both materials presented a Fickian
behavior, which means the specimens absorbed water

quickly in the first 400 hr, reaching a state known as
pseudo-equilibrium, after which this amount of water
stays practically the same.[61]

Table 3 presents the results obtained from the ILSS
and the CST tests. Firstly, for the samples without condi-
tioning, it was verified the incorporation of MWCNT pro-
moted an increase of 16% for ILSS and 58% for CST
properties. According to Ashrafi[62] such improvements
can be attributed to the high quality of the laminates
obtained, that is, the low content of voids combined with
the good interaction between the carbon nanotubes and
PEI made difficult the growth of the crack within the
matrix. Furthermore, the increase of shear properties
may be associated with the increase of the surface rough-
ness of the carbon fibers due to the incorporation of the
nanoparticles. The strong interfacial adhesion of the
PEI/MWCNT/CF composite associated with the
increased roughness may be responsible for a mechanical
interlocking, which would contribute to an increase of
the coefficient of friction, and consequently, an increase
in the shear properties.[63]

It is important to mention that both aging conditions
studied in this work promoted the degradation of shear
properties of the composites. The hygrothermal aging led
to a decrease of about 78% (PEI/CF) and 85%
(PEI/MWCNT/CF) for samples tested by ILSS. The same
tendency of decreasing was found in CST showing a
reduction of 12% (PEI/CF) and 35% (PEI/MWCNT/CF).
The absorbed water remained within the laminate and
tends to penetrate the polymer matrix over time by the
concentration gradient, especially in the fiber–matrix
interface, promoting the matrix degradation. In addition,
the continuous exposure of humidity into the laminates

FIGURE 9 Fatigue at low temperature: (a) fracture

micrograph of PEI/CF laminate and (b) fracture micrograph of

PEI/MWCNT/CF laminate [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Humidity absorbed during hygrothermal

conditioning [Color figure can be viewed at

wileyonlinelibrary.com]
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initiated the relaxation process of the polymer chain, as
long as the temperature may have introduced thermal
stress, resulting in a deterioration of the properties of the
composite.[61,64,65]

The UV radiation with condensation promoted
almost the same behavior compared to hygrothermal

conditioning. As can be seen, ILSS properties decreased
around 73% (PEI/CF) and 87% (PEI/MWCNT/CF), and
the same tendency was observed in CST. However, In
contrast to hygrothermal aging, the UV radiation and
condensation tends to act in the direction of the failure
by photooxidation. In this case, the failures are associated

TABLE 3 Results obtained from the ILSS and CST tests

ILSS (MPa) CST (MPa)

PEI/CF PEI/MWCNT/CF PEI/CF PEI/MWCNT/CF

Without conditioning 86.27 ± 6.89 100.48 ± 6.99 30.33 ± 7.93 35.29 ± 9.68

UV radiation (with condensation) 22.93 ± 1.63 13.38 ± 1.46 24.88 ± 2.32 25.50 ± 2.35

Hygrothermal 19.03 ± 1.64 15.55 ± 2.34 26.68 ± 8.23 23.03 ± 6.41

FIGURE 11 The

micrographs for fracture surface

of the specimens submitted to

ILSS test: (a) PEI/CF, (b) PEI/

MWCNT/CF without

conditioning, (c) PEI/CF,

(d) PEI/MWCNT/CF

hygrothermal, (e) PEI/CF, and

(f) PEI/MWCNT/CF UV

radiation [Color figure can be

viewed at

wileyonlinelibrary.com]
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with reactions and damages that promoted changes in the
polymeric matrix, such as oxidation, chain scission, and
crosslinking.[16] Chain scission is associated with the break-
ing of the molecular chain that results in weak bonds in the
polymer chain.[17] On the other hand, crosslinking restricts
the molecular mobility and may lead to excessive brittleness
of the matrix, leading to microcracks on the surface of the
matrix, and consequently, decreasing the interlaminar frac-
ture strength of the material. Besides, the UV and water
condensation acted synergistically into the laminates, caus-
ing the formation of microcracks due to water absorption
and swelling that was accelerated by UV degradation.[40,66]

After the mechanical tests, the fracture surface was
analyzed by optical microscopy and the images are pres-
ented in Figures 11 and 12. The fracture on both images

is indicated by red arrows. As can be seen in Figure 11,
both laminates at the three different temperature condi-
tions submitted to the ILSS test presented the fracture in
the central region, that is, at the place of loading applica-
tion. It was also observed that the material without con-
ditioning (Figure 11a,b), firstly presented an interlaminar
fracture that propagated to translaminar fracture, and
subsequently, the specimens were in the V shape. The
laminates submitted to both conditioning (Figure 11c–f)
have shown a weakening of the fiber–matrix interface,
showing the fracture in the interlaminar region. In addi-
tion, the hygrothermal and UV radiation with condensa-
tion promoted the degradation of the laminates, and the
images (Figure 12) for the specimens submitted to CST
have shown that both composites presented interlaminar

FIGURE 12 The

micrographs for fracture surface

of the specimens submitted to

CST test: (a) PEI/CF, (b) PEI/

MWCNT/CF without

conditioning, (c) PEI/CF,

(d) PEI/MWCNT/CF

hygrothermal, (e) PEI/CF, and

(f) PEI/MWCNT/CF UV

radiation [Color figure can be

viewed at

wileyonlinelibrary.com]
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fracture. This behavior was the same compared to the
ILSS test, which means the laminates submitted to both
conditioning described in this work have shown a more
fragile fracture compared to non-conditioning laminates.

4 | CONCLUSIONS

The addition of MWCNTs promoted improvements in
the mechanical behavior of PEI/CF laminate, as can be
seen in tensile, ILSS and CST tests. Also, the fatigue life
of the composites was dependent on temperature. How-
ever, a greater contribution was observed to laminates
submitted to tests, in which the loading was shear. From
the tensile test, it was found that the incorporation of
MWCNT promoted a 5% increase in tensile strength and
2% in Young's modulus of the material, which is not sig-
nificant considering the standard deviation. Fatigue
results revealed the addition of MWCNT has not signifi-
cantly influenced the fatigue life of the laminates at room
and high temperature. However, at a sub-ambient tem-
perature, the MWCNT addition favored and generated an
improvement in the fatigue strength of the composite.
For the ILSS and CST, it was found improvements
around 16 and 58%, respectively, confirming a larger con-
tribution of MWCNT to shear stresses. However, lami-
nates submitted to hygrothermal aging and UV radiation
with condensation suffered a degradation of their proper-
ties, showing a reduction of around 80 and 30% for the
ILSS and CST tests. Fractographic analyses have shown
the difference between the fracture aspects and it was
confirmed that the fracture for the nanostructured com-
posite was more ductile.
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