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A B S T R A C T   

The use of carbon nanotube buckypapers (BP) has boosted their use in polymeric composites. However, their low 
permeability makes processing difficult and limits their use. This work’s essential contribution is to define the 
best parameters to process the buckypapers through vacuum filtration technique and the use of electrospun poly 
(ether imide) (PEI) mats as a substrate during the BP processing to favor matrix/nanoparticle adhesion and 
improving the handling. Three different sonication power (50, 75, and 100 W) were used in the buckypaper 
processing to evaluate its influence. From the results obtained, the chosen power was 100 W due to large pore 
dimensions (100-200 nm) and a more significant structural order observed through L002 (crystallite size) of 
2.80. The addition of BP/PEI mats favored an increase in PEI laminates’ thermal stability by increasing its initial 
decomposition temperature by 10 ◦C and an increase of 9 ◦C in the glass transition temperature. For poly (aryl 
ether ketone) (PAEK) laminates, the addition of BP/PEI mats did not impact thermal stability and melting 
temperature but promoted a 6 ◦C reduction in crystallization temperature. On the other hand, the BP without PEI 
mats promoted a reduction of the studied properties, which can be associated with a lousy impregnation of the 
matrix in the buckypaper resulting in a weak interface. DMA analyses show that BP/PEI in both laminates (PEI 
and PAEK) favored the interaction between the constituents and present a larger region of interphase compared 
to BP without PEI/mats thus optimizing the load transfer throughout the interface.   

1. Introduction 

Carbon fiber reinforced polymer composites (CFRP) are materials 
that combine low specific mass (~ 1.5 g/cm3) and high mechanical 
strength (elastic modulus ~55GPa, and tensile strength of approxi
mately 825 MPa). These properties make them attractive for applica
tions in the aeronautical industry since the transport sector is 
continuously seeking to reduce the aircraft’s weight, thus contributing 
to the reduction of fuel consumption and CO2 (carbon dioxide) emis
sions [1,2]. In recent years, the two leading companies in the aircraft 
manufacturing sector, Boeing and Airbus, launched the 787 and A350 
aircraft, respectively, in which both are made up of approximately 50% 

by weight of composite materials, boosting the relevance of this material 
in the aircraft construction [3]. 

The growing use of polymer composites and the continuous search 
for high-performance materials make nanocomposites to play a central 
role, as their use incorporates the concept of multifunctional materials. 
The material is considered multifunctional when it combines the struc
tural function with a non-structural function. Such a concept promises 
significant improvements in the overall efficiency of the system through 
weight, volume and cost reduction, without the need for embedded or 
attached devices to implement a non-structural functional. Multi
functionality also enhances durability, simplifies design, and increases 
the functional volume. In this context, nanostructured polymer 
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composites have been gaining relevance in the last two decades because 
they constitute the most promising materials for multifunctional appli
cations [4,5]. 

The incorporation of nanoparticles dispersed in polymeric matrices 
is not a new concept since several researchers have already carried out 
studies in this area of knowledge [6–8,85]. Among the available nano
particles to be employed in nanocomposite are the carbon nanotubes 
(CNT), which consist of a perfect graphene sheet rolled into a cylinder, 
formed by a fullerene structure hexagonal and pentagonal faces. The 
CNT are composed of a network of sp2 carbon atoms in hexagonal shape, 
having a length of the order of micrometers (μm) and diameter in the 
order of nanometers (nm) [9,10]. They stand out for having high values 
of thermal and electrical conductivities (electrical conductivity between 
107 and 108 S/m and thermal conductivity at room temperature of 
1750–5800 W.mK− 1), excellent mechanical performance (elastic 
modulus of ~1TP and tensile strength between 11 and 63 GPa), and low 
specific mass (1.0–2.0 g.cm− 3) [11,12]. 

However, the main challenge that persists in developing nano
structured systems is the nanoparticles agglomeration during the pro
cessing of the material. CNTs tend to agglomerate during the 
composites’ preparation due to the van der Waals forces present be
tween the tubes, which favors agglomerates in the matrix, and conse
quently, generate non-homogeneous materials with physical properties 
below the average [13,14]. Another factor to highlight is the increase in 
viscosity for thermoplastic polymeric systems by adding carbon nano
tubes, a consequence of the high aspect ratio of the nanoparticles. 
Therefore, these characteristics are still a challenge to overcome in 
nanostructured polymer composites [14,15]. 

As an alternative to the points previously mentioned, CNTs films, 
better known as buckypapers (BP), has been increasingly used by re
searchers [16–18]. BPs can be defined as thin films, with a thickness of 
the order of 50–100 μm, displaying a highly porous structure formed by 
a dense network of carbon nanotubes linked cohesively by van der Waals 
forces [19,20]. The homogeneous and dense morphology is obtained not 
only on the surface but also through its thickness [21]. However, the 
nanometric dimensions of carbon nanotubes favor the formation of 
small pores, reducing BP permeability by 8 to 10 times compared to a 
conventional fiber fabric, making it difficult for the polymer matrix to 
infiltrate during processing [22]. 

Poly(ether imide) (PEI) and Poly(aryl ether ketone) (PAEK) are high 
performance engineering thermoplastics. PEI is an amorphous polymer 
with a high glass transition temperature (~217 ◦C), it has easy pro
cessability, good chemical and hydrolytic strength, high thermal sta
bility (its thermal decomposition starts above 450 ◦C), high elasticity 
modulus (3.2 GPa), and tensile strength (105 MPa) [23]. The aromatic 
rings provide high binding energy and a high glass transition tempera
ture, enabling its use at high service temperatures [24]. On the other 
hand, PAEK is a semi crystalline polymer with good thermal stability, 
toughness, high mechanical strength, good impact strength at low 
temperatures, chemically inert, and biocompatible. This polymer has a 
glass transition temperature of approximately 157 ◦C and a melting 
temperature of 305 ◦C. In addition to these characteristics, it also has an 
ultra-low friction coefficient and good machinability, making it more 
attractive for the design of complex engineering shapes and parts [25]. 

Polymeric materials have an intense viscoelastic behavior, and in 
other words, they simultaneously present characteristics of a fluid and 
an elastic solid. Therefore, when these materials are subjected to me
chanical loading, part of the energy is dissipated as heat or acoustic 
emission, while another part is stored as elastic energy [26]. 

Three-phase structural composites and their properties, particularly 
those with engineering thermoplastics and carbon nanotubes bucky
papers, have not been fully explored because most studies focus on study 
two-phase composites (polymer and nanoparticle) composed by ther
moset matrix and nanoparticles are usually dispersed in the matrix. The 
four main benefits of adding carbon nanotubes buckypapers in fiber- 
reinforced thermoplastic composites can be summarized as: 1) BP 

laminates are manufactured by simple processing techniques, such as 
hot compression molding, avoiding more complex and expensive pro
cesses such as autoclave [27]; 2) vacuum filtration for obtaining BPs is 
considered a low-cost technique that makes it possible to obtain BPs in 
large dimensions, thus expanding the range of applications and 
improving safety in the use of carbon nanotubes on a large scale [20]; 3) 
CNT concentration in the laminate can easily surpass 20% in volume, 
showing more significant gains than conventional CNT polymer com
posites in properties such as thermal stability and viscoelasticity [28], 
besides avoiding the problems of agglomeration and increased viscosity 
in composites with CNTs dispersed in the matrix.; 4) The use of PEI mats 
in the present work, aims to improve the handling of BPs, as they are 
fragile by itself, and can solve the problem of low permeability of BPs, 
therefore favoring interfacial adhesion with the viscous matrix and fi
bers later. PEI mats can also favor composites toughening after their 
addition [29,30]. 

The excellent thermal properties of carbon nanotubes impact BP- 
based composites’ properties, such as thermal stability and viscoelas
ticity. Thermal stability is crucial to define the application temperature 
and the dimensional stability of the material [31]. Some studies show 
the effectiveness of BPs in gaining thermal stability, such as the study 
carried out by Díez-Pascual [28] and co-workers. They showed an 
improvement in this property, since the addition of BP in the PEEK 
polymer (poly (ether ether ketone) promoted an increase of 30 ◦C in the 
initial degradation temperature. Similar behavior was observed by 
Ribeiro et al. [31] in which the incorporation of BP promoted a gain of 
35 ◦C in the initial temperature of thermal decomposition. These in
creases are attributed to the high thermal conductivity of CNTs favoring 
the transport of heat through the phonons and increasing the barrier 
effect that hinders the diffusion of products associated with degradation. 

Viscoelasticity is also an essential property that allows characterizing 
the polymer systems’ usability, especially for composite materials. This 
property is normally studied through dynamic mechanical analysis 
(DMA), so this technique allows evaluating the interfacial behavior and 
adhesion nature that will help to understand the BPs contribution in the 
performance of the composite [32]. The carbon nanotubes network, 
which is characteristic of buckypapers, can favor the stress transfer and 
interfacial adhesion between the matrix and nanoparticle. Also, can 
restrict the polymeric chain’s mobility in the regions adjacent to the BPs, 
therefore promoting improvements in the viscoelastic properties of the 
material [33]. 

In this work, the carbon nanotube buckypapers will be processed via 
vacuum filtration with three different sonication powers (50, 75, and 
100 W). Later, their morphology, porosity, presence of defects, and 
crystalline structure will be evaluated to determine the best processing 
conditions. Subsequently, PEI mats will be processed through electro
spinning, aiming to overcome the BP’s low permeability, thus favoring 
the BP/semipreg interfacial adhesion and BP handling. Also, the influ
ence of BP with and without PEI mats on thermal stability, melting and 
crystallization temperatures and the viscoelastic properties of PEI and 
PAEK laminates were studied. It is noteworthy that the incorporation of 
carbon nanotube buckypapers in high-performance thermoplastic 
composites reinforced with carbon fibers has been little explored, thus 
this work also aims to contribute. 

2. Experimental 

2.1. Materials 

Multi-walled carbon nanotubes (MWCNT-Nanografi) were synthe
sized by chemical vapor deposition showing >92% purity. The MWCNTs 
were functionalized with a carboxyl group (COOH) to increase the 
reactivity of the particles and improve the interfacial interaction be
tween MWCNT and the matrix. The internal and external diameters 
were 5–15 nm and 8–10 nm, respectively, and their lengths vary from 1 
to 3 µm. triton X-100 (surfactant) consists of a viscous/colorless liquid, 
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with a pH of around 6.0–8.0, a boiling temperature of 200 ◦C, and a 
specific mass of 1.07 g.cm− 3. Its use promotes non-covalent function
alization and assists during the dispersion of MWCNT. Poly (ether imide) 
was supplied by a Saudi company Sabic’s Innovative Plastics, under the 
commercial name ULTEM 1000 and had the following properties: the 
specific mass of 1.27 g.cm− 3 and glass transition temperature (Tg) of 
217 ◦C; this polymer was used in the electrospinning of PEI mats. The 
solvents used in preparing the electrospinning solution were N-methyl- 
2-pyrrolidone (NMP) and dimethylacetamide (DMAC). Toray Advanced 
Composites TC1225 (poly(aryl ether ketone)/carbon fiber) and TC1000 
Premium (poly(ether imide)/carbon fiber) semipregs were used to 
consolidate the composites. 

2.2. Electrospinning of PEI polymeric mats 

The electrospinning process was employed to produce polymeric PEI 
mats to be used as a substrate during the filtration step and in prepa
ration of the buckypapers. The PAEK electrospinning was not performed 
once no solvent has been found in the literature that effectively solu
bilizes the PAEK. The electrospinning system used in this work consists 
of the following items: a high voltage source (0–30 kV); a collector 
composed of a grounded cylinder which is rotated by a geared motor 
(MRT910-Tekno); dehumidifier; glass syringe with a capacity of 20 mL 
with stainless steel fitting and stainless steel Hamilton type needle; and a 
thermohygrometer (Minipa-MT-241) to collect information of humidity 
and temperature. Firstly, 15% w/w PEI solution was solubilized in a 
mixture of N-methyl-2-pyrrolidone/dimethylacetamide (NMP/DMAC) 
in the proportion of 7:3 by volume on a magnetic stirrer at a temperature 
of 60 ◦C. Subsequently, the following parameters were used during the 
electrospinning of the mats: stainless steel needle of 8 mm long and 2 
mm in diameter, cylinder rotation of 60 rpm, an applied voltage of 19 
kV, working distance of 8 mm, air humidity of 50%, the temperature of 
21 ◦C, and collection time of 3 h. The author’s parameters used during 
the electrospinning process were obtained from previous tests and based 
on works available in the literature [34,35]. 

After processing the polymeric PEI mats, they had their morphology 
characterized by scanning electron microscopy (SEM) and the BP/PEI 
mats. The samples were cleaned with a nitrogen jet, covered with a thin 
gold layer, and subsequently evaluated by a microscope from a Zeiss 

model EVO LS-15. During this analysis, backscattered (BSE) signals were 
obtained using the Zeiss 4Q-BSD, a four-quadrant semiconductor de
tector, with an acceleration voltage of 5 kV PEI mat characterization and 
1 kV for BP/PEI mats. 

2.3. Buckypaper processing and characterization 

The buckypaper (BP) fabrication was performed according to the 
literature [18,36,37], using the vacuum filtration technique. Firstly, 50 
mg of MWCNT were dispersed in 100 mL of deionized water with 1 g of 
Triton X-100 performed on an ultrasonic tip of the Hielscher brand 
(model UP400st). After dispersing the MWCNT, the suspension was 
centrifuged for 30 min at 4000 rpm in a Kasvi centrifuge (model 
K14–4000). The suspension was vacuum filtered in a Millipore filtration 
system, with a nylon membrane (0.45 μm). It is essential to point out 
that two BP types were prepared in this work: a pure BP and BP/PEI film. 
BP/PEI films were prepared by stacking two layers of PEI mat over the 
nylon membrane previously to the filtration step. Subsequently, the BP 
was washed with acetone (50 mL) and isopropyl alcohol (50 mL) to 
remove the adsorbed surfactant molecules, and then the BP was dried in 
a vacuum oven at a temperature of 100 ◦C for 8 h. Fig. 1 shows the BP 
processing steps, followed by laminates processing through hot 
compression molding. 

According to Rojas et al. [21], the dispersion time (40 min) and 
amplitude (40%) were defined to be used during the first step of BP 
fabrication to promote a well-dispersed suspension without damage to 
the MWCNTs structure. Thus, in this work, the influence of the ultra
sound tip’s power during BP processing was evaluated. Three samples 
were prepared at 40% amplitude for 40 min in a pulse mode (10s on and 
5 s off), using power levels of 50 W, 75 W, and 100 W. 

The characterizations techniques that the BP were subjected to are 
described as follows:  

• Morphology: The BP samples were sectioned, cleaned with nitrogen 
jet, and their cross-section view covered with a thin gold layer (~5 
nm). The samples were analyzed using a scanning electron micro
scope (Field Emission Gun) by Tescan model Mira 3. The images 
were obtained from the secondary electron beam, with a working 
distance of 5 mm and a current of 5 kV; 

Fig. 1. Representative scheme for BP process by vacuum filtration and laminates via hot compression molding.  
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• Porosity: the average pore diameters were obtained from a mercury 
porosimeter (Quantachrome Instruments, model Poromaster). This 
analysis was performed at a pressure of 170 MPa and a pause time of 
30 s; 

• Defects: Raman spectroscopy (Horiba LabRAM HR Evolution mi
croscope spectrometer) was used to check possible damage to the 
MWCNT structure during BP processing. The parameters used for 
this analysis were: a source of radiation excitation of 325 nm and a 
laser point with a diameter of 1.54 μm to identify typical dispersions 
of carbon structures. The spectra were recorded by scanning the re
gion from 1000 to 1800 cm− 1, considering three accumulations of 
30 s;  

• Crystallinity: the crystallinity of the BP samples was determined by 
X-ray diffractometry (XRD- Bruker model V8 Advance Eco) at room 
temperature using a copper tube (Cu) with a wavelength of 1.5418 Å, 
a voltage of 40 kV, and 25 mA current. The scanning speed was 10◦/ 
min, and an angular increment of 0.01◦ to result in good signal 
quality. The diffractogram was obtained in the region of 2θ =
10–50◦. 

2.4. Processing and morphological characterization of processed 
laminates 

In this work, carbon fiber reinforced polymer (PEI and PAEK) com
posites with BP’s incorporation were processed through hot compres
sion molding. These composites were prepared from the stacking of 4 
layers of semipregs so that the BP was added in the central region in a 
stainless-steel mold previously prepared with the release agents Poli
desmo 55 and polyimide film. The configuration obtained for these 
materials at the end of the process was [0/90]2s, this configuration was 
based on the requirements for the future performance of mechanical 
tests to evaluate the influence of buckypaper on the interlaminar 
strength of composites. A hydraulic press (Carver, CMV100H-15-X 
model) was used to consolidate the laminates, and the processing pa
rameters were: for PAEK composites, the materials were heated up to 
350 ◦C and when reaching the temperature, a 30-min threshold was 
reached for temperature homogenization, a pressure of 1 MPa was 
applied (which was maintained until the end of processing) for 20 min 
and, the material was cooled to room temperature. The same parameters 
were used for PEI composites, except for the pressure, which was 2 MPa. 
The processing parameters of the materials were based on their data
sheet, as well as on the Thermogravimetric analysis (TGA), dynamic 
mechanical analysis (DMA), and differential scanning calorimetry (DSC) 
analyzes previously performed on the received semipregs and polymers. 
In all, six sets of materials were processed, so they are PAEK/CF and PEI/ 
CF (base laminates), PAEK/CF/BP-SM (without PEI mat), PAEK/CF/BP- 
CM (with PEI mat), PEI/CF/BP-SM (without PEI mat) and PEI/CF/BP- 
CM (with PEI mat), a scheme of these configurations is shown in 
Fig. 2. The content of carbon nanotubes buckypaper for each composite 
is approximately 3 wt%. 

Subsequently, the morphology of the processed composites was 
analyzed to assess possible defects induced during processing, and to 
provide information about the BP impregnation. Samples of the cross- 

section of the composites were sectioned in a cutting machine with a 
diamond disc, cold embedded in methyl methacrylate resin, sanded with 
sandpaper of different particles sizes (180, 320, 1000, 2400 e 4000), and 
polished with a diamond paste of 6 μm, 3 μm, and 1 μm. After this 
preparation, the samples were analyzed in a laser optical microscope 
from Keyence. 

2.5. Thermal characterization of processed laminates 

The influence of buckypaper incorporation on the thermal properties 
of the processed composites was carried out using the following 
techniques:  

• Thermogravimetric analysis (TGA): these analyses were performed 
based on ASTM E 1131 and E2550 standards using the equipment 
from SII Nanotechnology - Seiko Model TG/DTA 6200. The following 
parameters were used: a mass of approximately 10 mg, platinum 
sample holder, a heating rate of 10 ◦C.min− 1, nitrogen atmosphere 
with a flow of 100 mL.min− 1, temperature range from 25 ◦C to 
1000 ◦C, and alumina as reference material; 

• Differential Scanning Calorimetry (DSC): these analyses were per
formed according to ASTM D3418 standard, and a PerkinElmer 
equipment model DSC8000 was used. DSC analyses were performed 
in the dual scan mode: samples were heated, cooled, and then heated 
again. The parameters used during the analysis were: hermetic 
aluminum sample holder, heating and cooling rate of 10 ◦C.min− 1, 
nitrogen atmosphere with a flow of 20 mL.min− 1 and a temperature 
range of 25 ◦C to 380 ◦C, and an approximate mass of 5 mg; 

• Dynamic Mechanical Analysis (DMA): these analyzes were per
formed according to the procedures described in ASTM D7028 
standard in equipment from SII Nanotechnology - SEIKO model 
DMS6100. The following parameters were used: bending mode (dual 
cantilever), nitrogen atmosphere under 100 mL.min− 1 flow, the 
oscillation amplitude of 10 μm, frequency of 1 Hz, a heating rate of 
3 ◦C.min− 1, and temperature range of 25 ◦C to 250 ◦C. The samples 
have dimensions of (55 × 10 × 0.7) mm. It is noteworthy that for the 
semipregs of PEI and PAEK, the DMA analysis was performed with 
the same parameters; however, in the tensile mode due to the ma
terials’ nature and thickness. 

From the results of storage modulus (E’), loss modulus (E"), and Tan 
δ (Tan delta is often called damping), the degree of entanglement (N) 
and A, b, C, and r factors were calculated to study the contribution of the 
BP in the viscoelastic properties of processed composites. The first 
parameter studied was the degree of entanglement (N), which was 
calculated according to Eq. (1) [38]. 

N =
E′

6.R.T
(1) 

E’ is the storage module at the studied temperature, R is the gas 
constant, and T is the absolute temperature in Kelvin. 

The storage modulus represents the elastic component of the mate
rial and is associated with the material’s ability to retain energy. The 

Fig. 2. Stacking configuration of processed laminates.  
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increase or decrease of E’ from the addition of BPs is related to inter
facial adhesion and the arrangement of polymer chains [39]. Thus, high 
N values suggest less interaction between nanoparticles, and a strong 
interface between the components is expected due to interfacial tension 
reduction [40]. 

The second parameter that can be calculated from E’ is factor r or 
reinforcement efficiency factor. This factor allows the evaluation of 
nanoparticles’ effect as reinforcement in the matrix, therefore providing 
information on the buckypaper bonding in the polymeric composite. 
This factor is calculated based on the Einstein equation (Eq. (2)). 

Ec = Em
(
1+ rVf

)
(2)  

where: Ec and Ec are the composites and matrix storage modulus, 
respectively; Vf is volumetric fraction of nanoparticles; r is the rein
forcement efficiency factor. 

Another parameter that is also possible to obtain from E’ is the factor 
C. This factor contributes to study the effectiveness of carbon nanotube 
buckypapers in nanostructured composites. Factor C is associated with 
the reduction of E’ and the material passage through the glass transition 
temperature. The vitreous region is determined by intermolecular forces 
and the way the polymer chain is packaged. It is essential to mention 
that the higher the intermolecular forces, the greater the energy 
required for the transition from the vitreous to the flexible or rubbery 
phase [41]. 

Factor C is calculated from Eq. (3) [42,43]. 

C =

(
E′

v
E′

b

)

composite
(

E′
v

E′
b

)

neat material
(3)  

where: E′
v is the storage modulus in the glassy region and E′

b is the 
storage modulus in the flexible or rubbery region. 

From tan δ, it is possible to determine factor A, also known as 
adhesion factor, representing the existence or the absence of possible 
interactions between the polymer and the nanoparticles [44]. This 
parameter is based on the adhesion criteria, studied and proposed by 
Kubát, Rigdahl, and Welander [33] so that tan δ is characterized as a 
function of the volumetric fraction of the constituents and it depend on 
the tan δc/tan δp ratio. Strong interactions occur in the composite 
interface, which favors the reduction of the macromolecular mobility 
near the nanoparticles’ surface compared to the other regions of the 
matrix, thus reducing the value of tan δ and factor “A”. Also, low values 
of factor “A” suggest a good interaction between the composite’s con
stituent phases. Considering the damping of the reinforcement and 
interface is very low, the values in the equation are disregarded so that 
for the calculation of factor A, Eq. (4) is used [45]. 

A =
1

(
1 − фf

)
tan δc

tanδp
− 1 (4)  

where: фf is the damping of the reinforcement; c refers to the composite 
and p to the polymer. 

A low value of A suggests a high degree of interaction/adhesion 
between the constituent phases; when A = 0, the interfacial interaction 
between the polymer and the nanoparticle was not enough to modify the 
adhesion, while A > 0 means that there are no interactions that are 
capable of reducing the macromolecular mobility of the polymer, 
revealing an increase in the interfacial adhesion of the laminate [40,45]. 

The last parameter to be analyzed is the dissipation factor that pro
vides valuable information about the polymer and fiber interactions. In 
this case, damping in nanostructured polymeric composites depends on 
the polymer matrix and is also associated with the interactions between 
nanoparticles and matrix. The nanoparticle damping depends on the 
matrix, as it restricts the interface between the nanoparticle and the 
matrix and enables the formation of the interphases layer. This dissi

pation factor is calculated according to Eq. (5) [42,44,46]. 

tan δc

tanδp
=

(
1 − bVf

)
(5)  

where: Vf is the volumetric fraction of carbon nanotubes and b the 
correction parameter of the volumetric fraction. 

The correction parameter of the reinforcement volume fraction de
pends on interphase layers’ formation, resulting from the interactions 
between the nanoparticles and polymer. Thus, this factor can be inter
preted in terms of interfacial adhesion between nanoparticle and poly
mer, considered a weak adhesion if b < 0 and strong if b > 0. 

3. Results 

3.1. Buckypaper processing and its characterization 

As mentioned in Section 2.3, three BP samples were processed 
through vacuum filtration technique with the assistance of an ultra
sound probe (ultrasonication), using the following parameters: 40% 
amplitude, 10s on and 5 s of the cycle, and processing time of 40 min, 
according to work published by Rojas et al. [18]. Ultrasonication tech
nique is widely used to process carbon nanotubes buckypapers, however 
long time and high power can induce side wall broken, tubes shorten and 
amorphous carbon degradation [47]. Therefore, the ultrasound’s power 
was varied (50, 75, and 100 W), and its influence was studied on the 
morphological, porosity, XRD, and Raman spectroscopy analyzes of the 
BP. The samples’ morphology was evaluated by scanning electron mi
croscopy (SEM), as shown in Fig. 3a, b and c. 

As can be seen, the power variation showed no significant changes in 
the BP morphology so that the nanotubes are randomly dispersed, which 
suggests a good dispersion of the MWCNT. Besides, the high-powered 
sonication showed no damage to the nanoparticles in agreement with 
XRD and Raman spectroscopy analyzes. Therefore, it concluded that 
processed BPs are in accordance with the literature [48,49]. 

The porous size of the film was quantified by using a mercury 
porosimeter, as shown in Fig. 4a. As noted, the pores of all prepared 
samples have diameters up to 200 nm, a similar result compared to other 
works available in the literature [50,51]. Also, the increase in power 
promoted an increase in the pore’s size. The BP1 sample (50 W) pre
sented 58.1% of the pores with diameters <100 nm and 41.9% with 
diameters between 100 and 200 nm. On the other hand, BP2 (75 W) and 
BP3 (100 W) samples presented an average pore size between 100 and 
200 nm in almost 100% of the cases. The presence of two different 
distributions of pore diameters for BP1 is associated with power; that is, 
the power of 50 W is not enough to transfer the shear forces favoring the 
CNT agglomerates’ dispersion. Therefore, it suggests that more energy 
should be applied to promote the exfoliation of CNTs then promoting a 
stable dispersed suspension [52]. The increase in CNT films’ porosity 
observed for BP2 and BP3 tends to favor the nanostructured composite 
processing since the impregnation of the BP by the polymer matrix is 
facilitated, contributing to obtain laminates with good physical 
properties. 

High-power sonication is generally used to assist in the dispersion of 
nanoparticles, and in some extreme cases, the technique can promote 
damage to the CNT structure when used for long periods [14]. There
fore, to assess the density of defects or the carbonaceous structure’s 
ordering, Raman spectroscopy is a sensitive technique that allows this 
kind of evaluation [16]. Raman spectroscopy was used to assess the 
influence of power (50, 75, and 100 W), and the results are shown in 
Fig. 4b. Analyzing the obtained spectra, the presence of two well-defined 
peaks between 1000 cm− 1 and 2000 cm− 1 correspond to band D and G, 
respectively. Also, there is a peak between 2500 cm− 1 and 3000 cm− 1, 
associated with a second-order G’ band [53,54]. The D band, which is 
centered at 1348 cm− 1, is correlated with defects in the carbon nanotube 
network, including sp3 carbon hybridization, while the G band (1585 
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cm− 1) corresponds to the tangential stretching movements of the C–C 
link [16,55]. The G’ band is centralized at 2700 cm− 1 and can be used to 
identify graphene layers [53,54]. From the obtained results, it is evident 
that the increase in power during BP processing promoted an increase in 
graphene layers, thus making the G’ band more visible. 

Another critical parameter, generally used for carbonaceous mate
rials characterization, is the ratio of the intensity between D band and G 
band (ID/IG) that can be used to characterize the degree of defect in a 
carbonaceous material [16]. According to the spectrum obtained, the ID/ 
IG ratio was 1.19, 1.33, and 1.29 for BP1, BP2, and BP3 samples, 
respectively, as shown in Table 1. The values obtained in this work were 
slightly lower than those obtained by Qu et al. [16] (2.83), Rojas et al. 

[18] (2.22), and Tessonnier et al. [56] who obtained an ID/IG value of 
1.8. The lower values of the ID/IG ratio may be associated with some 
factors, such as the type of catalyst used in the nanotubes’ synthesis, the 
low influence of sonication on the formation of damage in the nanotube 
structures, and a lower presence of agglomerates, which is a conse
quence of the functionalization process, which possibly increased the 
repulsive interactions between the nanoparticles contributing in the 
dispersion of the CNT [53,57]. Additionally, it is observed that there was 
no significant variation between ID/IG ratio for all prepared samples, 
which suggests that a high-power sonication was not caused significant 
damage to the MWCNTs structure. 

The X-ray diffractometry helps to evaluate the crystalline structure of 
the materials, so the reference spectra (MWCNTs) were compared to 
those of BP samples. The results obtained are presented in Fig. 4c. From 
the spectra obtained by XRD, there are two peaks, the first peak (002) 
being approximately at 25◦ associated with a graphitic material that 
refers to the distance between the sheets of concentric graphene that 
make up the MWCNTs. The second peak (100) is at 43◦ and is associated 
with the turbostratic structure (structure composed of carbon planes 
that resemble interlaced ribbons, with bidirectional ordering and 
arrangement in the third direction) [58,59] of carbonaceous materials. 

Fig. 3. Morphological images obtained through SEM of (a) BP1 (50 W), (b) BP2 (75 W) and (c) BP (100 W) with 100,000× magnification; (d) PEI mats and (e) BP 
with PEI/mats with 5000× and 2000× magnification, respectively. 

Fig. 4. (a) Porosity histogram; (b) DRX and (c) Raman spectrum obtained for BP samples.  

Table 1 
DRX and Raman spectroscopy results.  

Sample d002 (nm) L002 (nm) ID/IG 

MWCNT  0.35  2.70  – 
BP1  0.36  2.73  1.19 
BP2  0.36  2.79  1.33 
BP3  0.35  2.89  1.29  
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From the spectra, it was possible to calculate the crystallites’ dimensions 
that are normally expressed by the average height (Lc or L002) and the 
average length of the layers (d002). For this purpose, Scherrer’s law is 
expressed in: 

L002 =
k.λ

β.cosθ
(5)  

and the relation between the interplanar diffraction angles and the 
distance between the atomic planes d002 is calculated with: 

d002 =
n.λ

2.cosθ
(6) 

The results obtained for L002 and d002 are shown in Table 1. 
In both equations: λ is the wavelength of the X-ray beam, in this case 

for the Copper (Cu) tube, the length is 1.5418 Å; k is a proportionality 
constant that depends on the particle shape, ranging from 0.84 to 0.89 
and for unknown geometry, the value of 0.89 must be used; β is half the 
height of peak 002; n is the diffraction order which is an integer 1,2 or 3, 
and θ is the peak diffraction angle. 

The results showed that the different power sonication levels pre
sented no impact in the distance of the atomic planes of the crystalline 
network of the material, a fact confirmed by the values obtained for d002, 
which are between 0.35 and 0.36 nm. However, the use of the ultra
sound tip during the BP preparation and the variation of its power 
promoted an increase in the crystallite size. According to Silva and 
Rezende [71], the L002 can be associated with the thickness of the CNTs 
walls, whereas high values of L002 suggest a better ordering of the 
graphitic structure. As can be found, the BP3 has a higher value of L002, 
which supposes a more significant structural ordering than the other BP 
samples. 

Based on the results presented here, the BP3 processing parameters 
were adopted to process the buckypapers. Although no significant var
iations were observed concerning morphology, porosity, and defects, 
this condition resulted in a buckypaper with more outstanding structural 
order. As observed through porosity analysis the pore size often in 
nanometric dimensions favors the buckypapers low permeability, which 
make it challenging to process nanostructured polymeric composites 
[18,22]. Besides, the buckypaper has a certain fragility, which often 
makes it challenging to handle this material [14]. Aiming to favor the 
handling and impregnating the BP, PEI mats were electrospun to be used 
as a substrate during the filtration process. The use of these mats is 
associated with interlayers’ use to toughen the material and promote an 
increase in interlaminar fracture, as previously demonstrated in the 
literature [29,30]. 

The morphology of fibers processed through electrospinning is 
shown in Fig. 3d, and it is observed that the fibers are well defined and 
spaced, presenting a homogeneous distribution. Additionally, the 
fabricated fibers are free from defects such as drop [60] and exploded 
drop [61], associated with a low concentration of polymer in the solu
tion and its viscosity. Although, in the produced material, it is possible to 
observe some defects of joining or fusion of fibers occurring, supposedly, 
due to solvent’s presence in the fibers deposited in the collector, which 
come in contact with other, united. However, the presence of the 
aforementioned defect does not affect the purpose of using the mat in 
question. Using the open access Gwyddion software, the average fiber 
diameter was approximately (2.013 ± 2.921) μm. 

Once the mats were processed and the best parameters for bucky
paper production were defined they were used as a substrate in the 
vacuum filtration process of buckypapers. During the CNT film fabri
cation, a nylon membrane was used as a filter. On top of it, two layers of 
PEI mats were set, and the aqueous suspension of CNT was vacuum 
filtered. The tubes were randomly deposited on the filtration membrane 
and between the polymeric mat. The morphology of the BP with the 
electrospun mat is shown in Fig. 3e. As noted, BP was formed over and 
between PEI mats, which can be confirmed by the deposition of MWCNT 

in the microfibers. It was also observed that the pores present in the BP 
were filled with PEI fibers, which suggests better adhesion between the 
semipreg and the nanofilm during the composite preparation. For both 
composite materials prepared in this work, PEI mats were used as a 
substrate since the PAEK solubilization was not possible. Several studies 
in the polymer blend area concerning poly (ether ether ketone) (PEEK), 
this polymer belongs to the same family as PAEK, with poly (ether 
imide) (PEI). Therefore it has been proposed to use PEI mats for PAEK 
composites [62,63]. 

PEEK and PEI research available in the literature show that they are 
molecularly miscible, presenting only one glass transition temperature 
[64], and an improvement in thermal stability for the 50/50 PEEK/PEI 
blend has already been demonstrated by Ramani et al. [65]. Besides, as 
Jenkins [66] studied, the relaxation process β for PEEK was shifted to 
25 ◦C when PEI was added, which suggests a strong molecular interac
tion resulting from blending miscibility. The mentioned characteristics 
favor the application of high-performance composites in the aero
nautical field. Although the PAEK presents a similar molecular structure 
to PEEK, the reports concerning the influence of CNT (or BP) on PEI/ 
PAEK blends’ thermal properties are scarce, making difficult the com
parison between the data obtained in this work. 

3.2. Morphological characterization of nanostructured composites 

The material compaction quality and buckypaper interface with the 
semipregs of PAEK and PEI were evaluated through optical microscopy 
(OM) of the cross-section of samples with dimensions of approximately 
(10 × 10 × 3) mm. The results obtained from the OM are shown in the 
micrographs of Fig. 5. 

Both samples showed good compaction quality between the layers, 
suggesting a good percolation of the matrix in the fibers and the BP. 
Besides, they did not present voids, discontinuities, cracks, delamination 
induced during processing, or regions rich in matrix, which can nega
tively affect the laminate properties, suggesting that the processing pa
rameters (temperature, pressure, and consolidation level) were 
adequate. Regarding BPs, it was observed that both laminates remained 
intact after processing, thus favoring good adhesion to semipregs, 
indicated by the highlighted regions of Fig. 5b, c, f, and g. From the 
images obtained, the thickness of the buckypaper for each laminate was 
measured, being 0.061 mm, 0.066 mm, 0.071 mm, and 0.088 mm for the 
composites PEI/CF/BP-SM, PEI/CF/BPCM, PAEK/CF/BP-SM, and 
PAEK/CF/BP-SM, respectively. The thickness of the buckypapers for the 
PEI-based composites has a smaller thickness when compared to the 
PAEK-based composites, and this difference may be associated with the 
pressure used to process these composites. 

3.3. Thermal behavior of nanostructured composites 

Thermal analyzes of TGA, DSC, and DMA were carried out to eval
uate the influence of the addition of carbon nanotube buckypapers on 
the thermal behavior of the composites, and also, to trace the thermal 
properties of the materials studied in this work. It should be noted that 
DSC analysis was performed only for PAEK, a semi crystalline thermo
plastic, since PEI is an amorphous thermoplastic material. 

TGA analysis is a widely used technique to assess the thermal 
decomposition of polymeric materials due to the small amount of sample 
used and the possibility of carrying out analyzes in a few hours [67]. The 
results are presented in Figs. 6 and 7, and the data were compiled in 
Tables 2 and 3. Both polymer matrices studied in this work are high- 
performance engineering thermoplastics, which indicates that they 
have excellent thermal stability at elevated temperatures. The lami
nates, which have the PEI as a polymeric matrix, show similar thermal 
behaviors and possess at least one thermal decomposition step. As can be 
seen, the thermal decomposition of PEI/CF composite occurs between 
450 ◦C and 800 ◦C, revealing an initial degradation temperature (Ti) at 
470 ◦C, a temperature close to that of neat PEI (475 ◦C). It is worth 
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mentioning that the PEI semipreg presented a Ti of 470 ◦C. These values 
demonstrate the excellent thermal stability of the material. According to 
the literature [72–74], the PEI decomposition occurs mainly due to the 
imide group’s division and the methyl groups of the isopropylidene unit 
on the part of the bisphenol A, which contains the most unstable 
hydrogen atoms (H). The degradation of the material results in the 
formation of a wide variety of products, such as aromatic and aliphatic 
ketones, anhydrides, and hydroxyls. 

The incorporation of the buckypaper with PEI mats promoted an 
increase of 10 ◦C in Ti and an increase of 5 ◦C in the maximum degra
dation temperature (Tp) (obtained from the peak temperature in the 
DTG curve), which suggests an increase of the thermal stability of the 
material. On the other hand, for BP composite with no PEI mats included 
a reduction of Ti and Tp (28 ◦C and 2 ◦C, respectively) was observed. 
Such behavior suggests an increase in the thermal stability of the PEI/ 
CF/BP-CM by incorporating the nanostructured film of MWCNT with 

electrospun PEI mats. The use of PEI mats, as shown in Fig. 3e, showed 
that the formation of the buckypaper occurred between the polymeric 
fibers. Therefore, the nanopores that usually make impregnation diffi
cult were filled with polymers favoring the impregnation and optimizing 
the semipreg and buckypaper interface. Also, the tubes’ carboxylic 
functionalization contributed to improving the interaction with PEI, 
resulting in laminate with good thermal properties. The final degrada
tion temperature of PEI laminates occurred at approximately 800 ◦C, 
with about 80% of waste, in materials that present carbon fiber and 58% 
for the neat polymer. 

The PAEK laminates presented a similar behavior concerning ther
mal decomposition with at least one thermal decomposition step, which 
occurs between 500 ◦C and 750 ◦C, revealing thus their excellent ther
mal stability at high temperatures. The PAEK thermoplastic matrix be
longs to the poly(ketone) family, as well as the poly (ether ether ketone) 
(PEEK), poly (ether ketone ketone) (PEKK), and poly (ether ketone) PEK 

Fig. 5. Cross-section micrographs of (a) PAEK/CF, (b) PAEK/CF/BP-CM, (c) PAEK/CF/BP-SM, (d) PEI/CF, (d) PEI/CF/BP-CM, and (f) PEI/CF/BP-SM.  

Fig. 6. Weight (solid line) and derivative weight (dash line) curves for PEI-based composites.  
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polymers. This material’s degradation mechanism occurs initially from 
the fission of the polymeric chain in the ether and ketone bonds. The 
products derived from the degradation reactions are predominantly 
phenol with lower amounts of other compounds such as benzene and 
dibenzofuran [68–70]. The PAEK/CF composite (reference) showed Ti 
and Tp of 500 ◦C and 587 ◦C, respectively. The incorporation of BP/PEI 
mats presented no significant variation in Ti and Tp parameters. How
ever, the incorporation of BP with no PEI mats demonstrated both a 
reduction for Ti and Tp (26 ◦C and 8 ◦C, respectively). The final 
decomposition temperature for both laminates occurred around 750 ◦C, 
with a residue ranging between 78% and 86% for materials with carbon 
fiber and 44% for neat PAEK. PAEK/BP/FC-CM laminate demonstrated 
that the addition of the BP/PEI promoted no significant changes in the 
material’s thermal stability. 

On the other hand, the PEI/FC/BP-CM composite showed reliable 
results concerning the increase in thermal stability. Díez Pascual et al. 
[49] presented a 27 ◦C improvement in Tp for PEEK/BP composites, 
which demonstrates the significant improvement in the composites’ 
thermal properties by incorporating the CNT film. This behavior can be 
associated with some factors: the excellent adhesion between the BP and 
the polymer matrices used in this work hinders the diffusion of the 
degradation products, thus delaying the decomposition process of the 
laminates; the covalent bonds between BP (MWCNT-COOH) and poly
mer matrices restricted the mobility of chains, hence increasing the 
barrier effect (when added to polymeric matrices, MWCNT can pre
ventively act as barriers during the decomposition process, preventing 
the transport of decomposed volatile products, thus increasing the 
thermal stability of the matrix); the high thermal conductivity of the 
MWCNT facilitates the heat dissipation inside the composite, increasing 
the material degradation temperature [49,71–73]. 

PEI and PAEK-base composites with BP presented a reduction in 
thermal stability, a fact that may be associated with the low perme
ability of the CNT film. As previously discussed in the literature [74], the 
through-thickness permeability of the BP is around 10− 17 to 10− 19 m2, 
which is 4–6 orders of magnitude lower than conventional fiber re
inforcements. The small pore size of the CNT film (100–200 nm) was not 
large enough to allow the polymers to efficiently flow to inside the CNT 
structure, weakening the interfacial adhesion of the composite, which 
revealed a worst thermal degradation performance of the laminates 
compared to BP/PEI samples. Poor interfacial adhesion will probably 
result in heat transport through phonons and the ineffective barrier ef
fect, therefore reducing material stability. 

In addition to the thermostability behavior, an essential property for 

Fig. 7. Weight (solid line) and derivative weight (dash line) curves for PAEK-based composites.  

Table 2 
Summary of results obtained by TGA, and DMA for PEI compounds materials.   

Neat 
PEI 

PEI 
Semipreg 

PEI/CF PEI/CF/ 
BP-CM 

PEI/CF/ 
BP-SM 

Initial 
temperature 
(Ti) 

475 ◦C 470 ◦C 470 ◦C 480 ◦C 442 ◦C 

Peak 
temperature 
(Tp) 

540 ◦C 536 ◦C 532 ◦C 537 ◦C 530 ◦C 

Final 
temperature 
(Tf) 

800 ◦C 800 ◦C 800 ◦C 800 ◦C 800 ◦C 

Residue (at 
800 ◦C) 

58% 81% 84% 80% 86% 

Tg (by tan δ) – – 205 ◦C 214 ◦C 202 ◦C 
E’ (on 30 ◦C) – – 11GPa 8.2GPa 10GPa 
E" (on 30 ◦C) – – 0.13GPa 0.11GPa 0.12GPa 
Tan δ (on Tg) – – 0.57 0.36 0.25  

Table 3 
Summary results obtained by TGA, DSC, and DMA for PAEK compounds 
materials.   

Neat 
PAEK 

PAEK 
semipreg 

PAEK/ 
CF 

PAEK/ 
CF/ 
BP-CM 

PAEK/ 
CF/ 
BP-SM 

Initial 
Temperature 
(Ti) 

512 ◦C 500 ◦C 500 ◦C 500 ◦C 474 ◦C 

Peak temperature 
(Tp) 

568 ◦C 584 ◦C 587 ◦C 586 ◦C 579 ◦C 

Final temperature 
(Tf) 

750 ◦C 750 ◦C 750 ◦C 750 ◦C 750 ◦C 

Residue (at 
800 ◦C) 

44% 78% 86% 86% 85% 

Melt temperature 309 ◦C 309 307 ◦C 307 ◦C 300 ◦C 
Crystallization 

temperature 
266 ◦C 260 ◦C 256 ◦C 250 ◦C 230 ◦C 

Tg (by tan δ) – – 157 ◦C 157 ◦C 146 ◦C 
E’ (on 30 ◦C) – – 13GPa 8,5GPa 11GPa 
E" (on 30 ◦C) – – 0.15GPa 0.08GPa 0.10GPa 
Tan δ (on Tg) – – 0.036 0.040 0.054  
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semi crystalline thermoplastics, such as PAEK, is crystallization that 
plays a fundamental role and impacts the material’s final properties. The 
results obtained from the DSC analyzes for PAEK are presented in Fig. 8 
and summarized in Table 3. The addition of BP promoted no changes in 
the melting temperature of the material, except for PAEK/FC/BP-SM, 
that there was a reduction of 7 ◦C compared to the reference material 
(PAEK/CF). Also an exothermic peak was observed for PAEK semipreg at 
approximately 185 ◦C, which corresponds to crystallization in heating 
(hot crystallization). This thermal event occurs due to a very rapid 
cooling performed during the semipregs processing that prohibits a 
complete material’s crystallization to occur, so that when it is heated 
again, the material crystallization process occurs. Below the glass tran
sition, molecular mobility is very restricted, and hot crystallization does 
not occur, but small crystallites are formed during heating above Tg. It is 
noteworthy that since the semipreg is not the final product, there were 
no problems in performing rapid cooling. The most critical point here is 
to control the cooling during the final processing of the material [75,76]. 

Considering the crystallization temperatures (Tc), a reduction was 
observed from 256 ◦C (PAEK/CF) to 250 ◦C (PAEK/CF/BP-CM) and 
230 ◦C (PAEK/CF/BP-SM) due to the incorporation of BP. A similar 
observation was done by Díez-Pascual et al. [49], who reported that the 
addition of BP promoted a reduction of 8 ◦C and 7 ◦C in the melting 
temperature and a reduction of 8 ◦C and 16 ◦C in crystallization tem
perature of PPS and PEEK, respectively. However, some data available in 
the literature seems to contradict to this. Gohn et al. [77] showed that 
the addition of CNT promoted an increase in the crystallization tem
perature in the four different concentrations and Valentini et al. [78] 
demonstrated that incorporating single-walled carbon nanotube 
(SWCNT) favored the nucleation process, thus increasing the material’s 
crystallization temperature. 

Generally, carbonaceous nanoparticles act as a nucleating agent fa
voring the polymeric’ chain restriction. However, the presence of ag
glomerates or weak interfacial adhesion reduces the surface contact area 
between the nanoparticle and matrix, consequently impacting the 
reduction of the crystallization temperature [48,79]. Besides, lower 
crystallization temperatures favor the formation of smaller and imper
fect crystallites, consequently reducing the melting temperature. For the 
laminate with BP/PEI mats the reduction in Tc was not that significant, 
only 6 ◦C. Although, the laminate with BP had a reduction of 26 ◦C that 
possibly impacted the reduction in Tm with a drop of 7 ◦C. Such 
reduction may be associated with the polymer chain’s favoring mobility 
caused by the addition of BP due to the weak connections between the 
graphene layers by the van der Waals forces, allowing the mobility of the 
polymeric chain within the layers. Besides, the polymer segments crys
tallized at lower temperatures, impacting the formation of smaller and 
more imperfect crystals, thus influencing the material’s final properties 

[49]. 

3.4. Viscoelastic properties of nanostructured composites 

DMA analysis is a crucial characterization technique that provides 
information on viscoelastic properties, usually through the storage 
modulus (E’), loss modulus (E") and damping factor (Tan δ), and also 
allows the calculation of entanglement degree and factors A, b and C. 
The data obtained from this analysis allows to study the interfacial 
behavior, which determines the composites’ performance. The storage 
modulus and damping factor for PEI and PAEK-based composites are 
presented in Fig. 9 and the values of E’, E" and Tan δ were compiled in 
Tables 2 and 3. 

The incorporation of BP/PEI mat and BP led to a storage modulus 
reduction of about 30% and 15% for PAEK/CF/BP-CM and PAEK/CF/ 
BP-SM composites, respectively. The same trend was observed for PEI 
composites revealing a decrease of 25% and 15% for PEI/FC/BP-CM and 
PEI/CF/BP-SM composites. Once E’ is correlated with the material’s 
stiffness, it can be assumed that BP’s incorporation promoted a decrease 
in this parameter for all laminates. Therefore, the stiffness reduction 
suggests a toughening effect, i.e. a transition in the laminate behavior 
from a rigid and hard material to a flexible and soft one. As described in 
the literature [86–88], this behavior is strongly related to the compos
ites’ greater energy absorption. This hypothesis will be discussed later 
based on data from the other factors that were studied. 

The PEI/CF and PAEK/CF laminates exhibited an intense peak in tan 
δ curves corresponding to the respective composites’ Tg. The incorpo
ration of BP in the laminates reduced the Tg of the PEI/CF/BP-SM (2%) 
and PAEK/CF/BP-SM (7%) laminates, whereas for the PEI/CF/BP-CM 
composites, there was an increase of 5% and no variation was found 
for PAEK/CF/BP-CM. Several works available in the literature showed 
[33,48], in general, an increase of Tg due to the BP addition in com
posites, suggesting a strong restriction on the polymer chain, a fact 
observed for PEI/CF/BP-CM laminate. The Tg reduction for PEI/CF/BP- 
SM and PAEK/CF/BP-SM is due to the poor buckypaper impregnation 
generating a weak interface, thus the buckypaper does not act hindering 
the polymer’s chain mobility. Also, the height of the tan δ peak for both 
nanostructured systems was smaller compared to the reference lami
nates (PEI/CF and PAEK/CF). Such behavior suggests that the incorpo
ration of BP promoted a lower energy dissipation of the material, 
resulting in the reduction of tan δ peaks. 

As widely discussed in the literature, the properties of CNT/polymer 
composites can be negatively affected by the agglomeration of the 
particles, an issue that can be solved using the buckypaper [80,81]. 
However, the low permeability of the CNT film compared to conven
tional fiber reinforcements compromises the CNT network’s 

Fig. 8. DSC curves obtained during (a) first heating, and (b) cooling for PAEK polymer matrix materials.  
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impregnation by the matrix, thus reducing adhesion between the BP and 
the polymer employed. According to Fig. 9, the addition of BP and BP/ 
PEI mats promoted a reduction in storage modulus of the composite, 
whereas this behavior was more significant for the laminates in which 

the BP was filtered with PEI mats as a substrate. This result indeed 
suggests a toughening effect of the composites due to incorporating the 
BP/PEI films. 

Based on E’ data, the entanglement degree (N) values were 

Fig. 9. E’ (solid line) and Tan δ (dash line) curve for (a) PEI and (b) PAEK-based composites obtained by DMA.  

Fig. 10. (a) Entanglement degree; (b) Factor r; (c) Factor C; (d) Factor A; and (e) Factor b for the studied composites.  
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calculated according to Eq. (1) for all BP composites at glassy region and 
are shown in Fig. 10a. This parameter is proportional to the reinforce
ment contribution of carbon nanotubes buckypapers on the viscoelastic 
properties. The highest N values were 0.074 and 0.067 for PAEK/CF/BP- 
SM and PEI/CF/BP-SM, respectively, whereas the lowest were 0.057 and 
0.055 for PAEK/CF/BP-CM and PAEK/CF/BP-CM, respectively. The 
highest values obtained for laminates without PEI mats indicate that 
nanoparticles tend to have less interaction among them than BP/PEI 
mats, thus contributing to enhance the E’. 

The results obtained for factor r (reinforcement efficiency) at the 
studied composites’ glassy region were calculated from Eq. (2) and the 
results compiled in Fig. 10b. Behavior similar to the degree of entan
glement (N) was observed for factor r. Therefore, the laminates PEI/CF/ 
BP-SM and PAEK/CF/BP-SM obtained the highest values of 2.665 and 
2.534, respectively, followed by the lowest values of 2.065 and 1.901 for 
PEI/CF/BP-CM and PAEK/CF/BP-CM, respectively. The results 
concluded that the composites with BP without PEI mats obtained a 
better filler matrix bonding. The degree of entanglement and the factor 
have the same E’ trend since both parameters are dependent on E,’ and 
the volumetric fraction of carbon nanotubes remains the same for all 
composites produced. Therefore, the other factors A, b, and C will pro
vide important information to understand the real contribution of 
buckypapers with and without PEI mats. 

The “C” factor provides information of the BP effectiveness in the 
glassy region (Fig. 10c), and once it is associated with the storage 
modulus, this factor is sensitive to the reduction of E’ during the increase 
of the temperature. The glass transition temperature is an essential 
parameter for evaluating polymer systems because it helps to determine 
the material’s temperature application. It is well known that below the 
Tg, the polymer chains have relatively little mobility. As reported by 
several authors [49,82–84], the addition of CNT tends to restrict the 
polymer chains’ mobility, increasing the glass transition temperature of 
the laminates. The “C” parameter determines the BP contribution in the 
composite’s glass transition temperature, thus low values indicate high 
efficiency and proficiency in the nanoparticles distribution [41,44]. The 
lowest values obtained for “C” were 0.19 and 1.04 for PEI/CF/BP-CM 
and PAEK/CF/BP-CM, respectively, which consolidates BP/PEI mats 
effectiveness. This behavior was observed due to the increase of the glass 
transition temperature of the PEI/CF/BP-CM laminate. 

Aside from the variables associated with the storage modulus, two 
parameters obtained from Tan δ contribute to understanding the influ
ence of BPs on viscoelastic properties. The first parameter is factor “A” or 
adhesion factor (Fig. 10d) provides information regarding the polymer/ 
nanoparticle interactions, hence strong interactions between nano
particles and matrix in the interface region reduces the macromolecular 
mobility next to nanoparticles surfaces. PEI/CF/BP-CM (2.20) and 
PAEK/CF/BP-CM (0.32) samples have the lowest values, which suggest 
strong interactions between the components when PEI mats are added. 
Furthermore, the interactions become less dependent on the tempera
ture as the factor “A” is reduced. 

The last parameter studied in this work is the dissipation factor (b). 
According to Sarasua and Pouyet [71], Pandey et al. [43] and the dy
namic mechanical analysis can provide information about polymer-fiber 
interphase, taking into account that the material dissipation does not 
depend only on the polymeric matrix but also on interfaces and in
teractions that form layers of the interphases between the fiber and the 
matrix. The “b” factor values are shown in Fig. 10e. According to [71], 
the weak interphase occurs for b < 0 and the strong interphase for b > 0. 
The laminates of PEI/CF/BP-CM (0.485) and PAEK/CF/BP-CM (1367) 
obtained the highest values for “b” factor, thus indicating that the 
addition of BP/PEI mats favors the formation of a region wider of 
restraining interphase layer than BP without PEI mats. Therefore, BP/ 
PEI mats in PEI and PAEK laminates contribute more significantly to the 
micromechanical stress distribution due to the restraining interphase 
layer [44]. 

The nanoparticles dispersion and the polymer/CNT interface are the 

keys to achieving a gain in properties for nanostructured composites. 
Nevertheless, as the incorporation of CNT in this work was based on 
buckypapers, interfacial adhesion and its strength is the main factor to 
be studied [15]. Theoretically, the addition of CNTs in a polymeric 
matrix restricts the movement of the polymeric chains, increasing the 
material stiffness and reducing the material ductility [48]. Therefore, 
DMA data suggest the composite toughening, since the addition of 
buckypaper, mainly with PEI mats, favored the mobility of the poly
meric chain and reducing storage modulus which is associated with the 
materials’ stiffness. The other parameters studied (degree of entangle
ment and factors A, b, C, and r) show that BP/PEI mats, despite having 
lower N and r factor values, which suggests a more significant interac
tion between nanotubes and the formation of clusters, which was not 
observed in buckypapers morphology and lower nanoparticles matrix 
bonding. BP/PEI mats promotes a more outstanding contribution in 
passing through the glass transition in both materials; besides gener
ating a more significant interaction between the composites’ constitu
ents and the presence of a larger region of interphase, it will contribute 
to a better micromechanical distribution. 

4. Conclusions 

This work proposed a systematic study to achieve the best processing 
conditions for buckypapers and proposing the use of PEI mats to facili
tate the handling and matrix/buckypaper adhesion. Based on the time 
and amplitude parameters previously defined by Rojas et al., the pro
cessed BP with the highest power (100 W) presented the best features to 
be incorporated in the laminates, showing high porosity, low defects, 
and a better crystalline structure. The electrospinning proved to be an 
efficient method to prepare PEI mats showing good quality to be applied 
as a BP substrate. The thermal stability of both PEI and PAEK composites 
showed no significant variation by incorporating BP/PEI mats. How
ever, it is essential to point out that a small reduction in the PAEK 
composite’s crystallization temperature was observed due to the incor
poration of BP/PEI mats. Furthermore, incorporating the BP/PEI film 
promoted a toughening effect in the composites, revealing a proper 
absorption of energy capacity by the material. Based on the detailed 
study carried out in this work, it can be concluded that PAEK and PEI 
composites are suitable for aeronautical applications that demand to 
absorb impacts and have high interlaminar resistance values. 
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