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H I G H L I G H T S

• Synthesis of fibers including carbon
nanotubes, lignin and nylon.

• Enhancement of the physical and
thermal properties of the fibers and
composites.

• Fiber reinforced epoxy composites
demonstrated increased tolerance to
stress.
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A B S T R A C T

This study is focused on the manufacturing of cost effective fibers that can be used as durable reinforcing
materials. Nylon aliphatic polymer was synthesized and conjugated with softwood kraft lignin, multi-wall
carbon nanotubes as well as with commercial polymers such as poly(lactic acid) and polypropylene. After the
synthesis, the materials were melt spun producing fibers that were characterized in respect of their morphology,
structural, chemical and elemental composition. In addition, epoxy composites were manufactured, in-
corporating the aforementioned fibers, in order to assess their mechanical behavior via tensile testing. The
produced composites exhibited improved mechanical properties in respect of ultimate tensile strength and
elastic modulus. The fiber composites were synthesized via a simple method, which combines chemistry and
engineering in a multi-stage experimental process.

1. Introduction

One of the dominant reasons for the high price of fiber reinforced
polymers is the costly fabrication of the conventional polyacrylonitrile
fiber precursors. A potential low cost fiber component candidate is
lignin, a naturally abundant polymer that can be easily extracted from
the cell wall of plants [1]. Lignin has several aromatic groups and a
three-dimensional complex structure, which is not yet fully defined
[2,3].

Another fiber component candidate is nylon. Regarding nylon, the
most common type is nylon-6,6 which can be synthesized by adding
sebacoyl chloride in an hexamethylene diamine solution. In addition, it
has been successfully melt spun into filaments after been mixed with
cellulose, as presented by Zhu et al. [4]. Nylon-6,6 has been effectively
electrospun in combination with butylene terephthalate composites and
characterized by An et al. [5]. Furthermore, McHenry and Stachurski
have manufactured composite materials based on nylon fibers [6].

Taking into consideration that the demand for advanced, durable
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and robust materials is becoming increasingly higher, a combination of
lignin and nylon type polymers is evidenced as a feasible way to form
spinnable composites with tailored properties and desirable chemical
and physical behavior [7]. However, it may be remarked that the in-
tolerable cost of these materials has always been a significant impedi-
ment to their quality enhancement. Under this heading, contemporary
composite materials have been developed containing relatively low cost
polymers, such as poly(lactic acid) (PLA), enriched with reinforcing
compounds, like multi-wall carbon nanotubes (MWCNTs) [8,9]. Fur-
thermore, incorporation of natural and green substances into compo-
sites has been attempted and the manufacturing processes have been
thoroughly investigated [10,11].

The modification of composites using CNTs is widely investigated,
due to their highly desired properties. The characteristics of these
composites have been assessed and defined [12,13]. A combination of
CNTs with other compounds has also been conducted in order to
achieve even better properties and thermal stability [14,15]. Ad-
ditionally, taking into consideration that the final goal of the synthesis
and development of such materials is to produce fibers which can then
be processed into carbon fibers with minimum cost, electro-spun [16],
dry-spun and melt-spun fibers [17] have been also used towards that
direction. Nevertheless, the mere blending of different compounds in
order to produce a functional final product is not adequate [18].
Therefore, the optimization of all the included parameters is a factor of
paramount importance [19] for the synthesis of a durable composite.
Subsequently, the final material undergoes several characterization
techniques, mechanical and physical trials in order to determine its
durability, morphology, structure and potential [20–22].

The aim of this study was to design and produce cost effective
polymeric fibers [23], with a diameter of micrometers, that can be used
as durable reinforcing materials, via repeatable and applicable methods
[24,25]. Therefore, melt-spun fibers containing nylon, MWCNTs, soft-
wood kraft lignin (SKL) together with commercial polymers, either PLA
or polypropylene (PP), were synthesized and characterized in respect of
their morphology, structural, chemical and elemental composition. An
evaluation of the MWCNTs addition into these blends was conducted
with respect to fiber alignment. Moreover, an investigation of further
SKL addition in the precursor blends was carried out with respect to the
fibers surface texture, their total porosity, thickness and density. Fi-
nally, experiments were performed on composites based on epoxy resin
including the aforementioned fibers regarding their total stress and
strain tolerance. The motivation of this work was highlighted by the
processes which lead to the exploitation of SKL, MWCNTs and nylon
aliphatic polymer [1,26,27] in the view of producing cost-effective and
usable products such as fibers, which can function as reinforcing ma-
terials in composites, [28,29].

2. Materials and methods

2.1. Materials

All chemicals were of analytical reagent grade. Polypropylene (PP,
Mn ∼67,000, Aldrich, St. Louis, USA), polylactic acid (PLA, Mw

∼60,000, Aldrich, St. Louis, USA), hydrochloric acid (HCl 37%, Fisher
Chemicals, Waltham, Massachusetts, USA), sebacoyl chloride (SEBAC,
Acros Organics, Geel, Belgium), diethylene triamine (DETA, Fisher
Chemicals, Waltham, Massachusetts, USΑ), acetylene (Air Liquide), Fe
(NO3)3·9H2O (Aldrich, St. Louis, USA), zeolite Y (Alfa Aesar; particle
size ∼1 μm; specific surface area 975m2/g), bisphenol-A/F mono-
functional RD (ER 1042–7, Ipox Chemicals GmbH, Laupheim,
Germany) and modified cycloaliphatic amine (EH 2117, Ipox Chemicals
GmbH, Laupheim, Germany) were used as received without further
purification. Softwood kraft lignin (SKL, Westvaco Corp., Indulin AT,
MWV, Norcross, Georgia, USA) was treated with HCl 0.1M prior to its
use. All melt-spinning blends were dried in a vacuum oven for 24 h
prior to their extrusion.

2.2. Experimental process

Synthesis of MWCNTs was performed according to our previous
work [30] via chemical vapor deposition (CVD) method using a thermal
reactor that consists of a horizontal quartz tube housed in a three-zone
cylindrical furnace. Firstly, the catalyst particles [Fe/zeolite particles,
Fe content (20 wt%)] were synthesized by dissolving appropriate
amounts of zeolite and Fe(NO3)3·9H2O in water. The obtained slurry
was placed into tubes at 95 °C for 24 h. After that, the resulting dis-
persion was centrifuged at 2.0× 103 rpm for 10min, the supernatant
solution was discarded and the obtained particles were dried at 120 °C
for 4 h. Finally, the received material was calcinated at 550 °C under
nitrogen flow for 1 h.

Subsequently, the produced catalyst was placed on a silicon sub-
strate, located inside the quartz tube, in the middle of the reactor's
isothermal zone. The system was purged from atmospheric air via argon
flow through the quartz tube (flow rate 2.0× 102ml/min). Then, the
reactor was heated at 800 °C. Afterwards, the argon was replaced with a
mixture of gases (acetylene/argon 40:60) with a flow rate of
3.5× 102ml/min. The synthesis was carried out at the same tem-
perature for 1 h, where pyrolysis of the acetylene took place and car-
bonaceous materials were deposited on the silicon substrate. The pro-
duced MWCNTs were cooled down to room temperature in inert
atmosphere. Then, they were milled and exposed to atmospheric air
flow at 400 °C for 1 h, in order to remove the amorphous carbon.

The obtained MWCNTs were purified from the catalyst metal par-
ticles via constant boiling with 5M HCl solution, in a Soxhlet extractor.
Afterwards, the surface of the produced MWCNTs was functionalized
with –COOH groups by using an acid solution mixture of nitric acid and
sulfuric acid (HNO3:H2SO4 1:3). The MWCNT/acid mixture
(1.5× 10−1 g MWCNTs/1.0× 101ml acid solution) was stirred for 5 h
at room temperature. The treatment was followed by ice quenching and
neutralization with an aquatic solution of NaOH. The suspension was
filtered and the deposited on the filter black powder, was rinsed with
distilled water, ethanol, acetone and distilled water. Finally, it was
dried in an oven. The surface functionalization of the aforementioned
MWCNTs with carboxylic groups was carried out in order to enhance
their chemical affinity properties with diethylene triamine (DETA) and
sebacoyl chloride (SEBAC).

The polymerization of DETA and SEBAC results to the synthesis of a
nylon aliphatic type polymer, entitled P(DETA-alt-SEBAC). Samples of
nylon and nylon-SKL such as P(DETA-alt-SEBAC) and P(DETA-alt-
SEBAC)-SKL were synthesized in order to investigate the differences
between the nylon type polymer and the SKL enriched polymer. The
SKL was purified prior its use with HCl 0.1M. Afterwards, 2.0× 101ml
of DETA and 1.0×101ml of SEBAC were mixed into a glass spherical
flask so as to produce the nylon type polymer P(DETA-alt-SEBAC). The
aforementioned chemical reactions are depicted in equations (1)–(3)
(Fig. 1). Then, the produced material was oven dried at 80 °C. Fur-
thermore, in another spherical glass flask, 2.0× 101ml of DETA and
2.0 g of SKL were mixed under stirring until the full dissolution of SKL.
Subsequently, 1.0× 101ml of SEBAC was added to the reaction mix-
ture and the SKL enriched nylon type polymer was formed, entitled P
(DETA-alt-SEBAC)-SKL. The fabricated nylon type polymer was dried in
an oven at 80 °C for 24 h. The mechanism of the esterification reaction
(alcoholysis) between SKL and P(DETA-alt-SEBAC) is illustrated in the
chemical reactions (4), (5) and (6) (Fig. 2). The esterification process
comprises the formation of a tetrahedral intermediate due to an addi-
tion of oxygen (nucleophile) to the carbonyl group. Then, an electron
pair from oxygen displaces the chloride (leaving group), yielding a new
carbonyl compound as a product.

Moreover, P(DETA-alt-SEBAC)-CNTs and P(DETA-alt-SEBAC)-SKL-
CNTs samples were also synthesized. Therefore, in a spherical glass
flask, 5.0× 10−1 g of MWCNTs were dissolved in 3.0×101ml of
DETA under stirring at room temperature. After that, 1.0× 101ml of
SEBAC was added to the mixture so as to produce P(DETA-alt-SEBAC)
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enriched in MWCNTs, entitled P(DETA-alt-SEBAC)-CNTs. The SEBAC
addition is a very exothermic reaction, accomplished under vigorous
manual stirring. After the completion of the reaction, the solid product
was dried in an oven at 80 °C for 24 h.

In order to investigate the influence of SKL in this composite ma-
terial, an additional experiment was conducted. In a spherical glass
flask, 4.0× 10−1 g of MWCNTs and 1.0×101 g of SKL were dissolved
in 5.0×101ml of DETA under vigorous stirring at room temperature.
After the addition of 1.8× 101ml of SEBAC into the reaction mixture,
the nylon type polymer P(DETA-alt-SEBAC)-SKL-CNTs is fabricated.
Finally, the polymer was oven dried at 80 °C.

2.3. Melt spinning

The aforementioned materials were melt spun, using a melt spin-
ning apparatus (lab scale extruder), while mixed with pellets of the
commercial polymers PLA and PP. The melted material was inserted in
a cooled hopper where it dropped onto the hot surface of a cylindrical
rotor. As the rotor turned, the material was dragged against the inclined
surface of the stationary scroll and moved toward the outlet die. As the
specimen was collected in the radial gap, it was compressed by the

converging space between the scroll surface and the end of the header
case.

The material was melted through heat conduction created by the
mechanical work of the turning rotor and the temperature elevation.
When sufficiently melted, the specimen moved to the axial gap where it
was rotationally sheared between the end of the rotor and the inside of
the case. This motion caused a centripetal pumping effect, enabling the
specimen to flow to the outlet die and exit through the orifice.
Commercial PLA and PP were purchased in pellets and were of rela-
tively low molecular weight. Each extruded blend weighed 5.0 g. The
maximum mass of the synthesized compound that could be achieved in
the blend was 25wt% (Supplementary Table 1). Beyond this percen-
tage, it was not feasible for the blends to be easily treatable, or spin-
nable. The two commercial polymers, PLA and PP, were selected due to
their spinning ability, known from previous experiments. The tem-
perature range of the extrusion was 170 °C - 200 °C, while the roller
distance from the extruder to the take-up system ranged between
4.7×102mm and 7.3×102mm, depending on each sample. The ex-
trusion rate was adjusted, so that the wrapping of the fibers on the
roller to be conducted in a controlled manner (Supplementary Table 2).

2.4. Characterization

The synthesized fibers were characterized in respect of their mor-
phology and elemental composition via a Hitachi Tabletop Microscope
TM3030 Scanning Electron Microscopy equipped with an Energy
Dispersive X-Ray Spectrophotometer (EDS) system (QUANTAX 70) and
an Ultra-High-Resolution Scanning Electron Microscopy (UHR-SEM)
using NOVA NANOSEM 230 (FEI Company). Chemical analysis was
conducted via Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (FT-IR) using a Cary 630 spectrometer (Agilent) with
operating wavelength range at 4000-400 cm−1 at a resolution of
4 cm−1.

The internal structural information of these samples was evaluated
by a compact desk-top Bruker micro-CT, 3D X-ray scan system, SkyScan
1272. This system consists of a microfocus sealed X-ray source, which
operates at 20–100 kV and 10W (<5 μm spot size @ 4W), a 14bit
cooled CCD fiber, which is optically coupled to a scintillator and an X-
ray detector with a maximum resolution of 11 Mp (4032× 2688
pixels). During the scan, the samples were mounted on a rotational
stage. The distance between the rotation axis and the x-ray source was
set from 6mm to 12mm and the pixel resolution was set to
2016×1344 in order to obtain reliable images. To ensure sufficient
image resolution during CT acquisition process, the specimen was po-
sitioned in the scanner's field of view and the air surrounding the
sample was excluded. The X-ray tube current was set to 40 lA and the X-
ray tube voltage was set to 40 kV for all the samples. After the acqui-
sition of the X-ray projection images, the 3D image was reconstructed
by the image processing software of the X-ray CT system (NRecon).
Multiple images were stacked through out-of-plane direction for each

Fig. 1. Chemical equations of the reactions between diethylenetriamine and sebacoyl chloride.

Fig. 2. Mechanism of the esterification reaction between lignin and the nylon
polymer.
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specimen and used for image processing and calculations.
The thermal behavior of the aforementioned fibers was estimated

via thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC) using a simultaneous TG-DTA/DSC Apparatus (STA 449 F5
Jupiter), at a heating rate of 20 °C/min in nitrogen atmosphere. A
Dynisco LME (Laboratory Mixing Extruder) extruder which produces
fibers, was used for the melt spinning experiments. The mechanical
properties were investigated by tensile tests which were performed
using a Zwicki 1120 apparatus, fitted with a 100N dynamometer at
room temperature. The first step of the tensile test includes the tensile
specimen formation according to ASTM D 2101-79 standard. A dumb-
bell type specimen consisting of epoxy resin, in which the fiber is em-
bodied, is used for the experiment. Subsequently the specimen is in-
serted on the tensile machine's grapnels and the mechanical load is
applied on the fiber.

3. Results and discussion

Taking into consideration the fibers production and characteriza-
tion, several observations can be stated. Firstly, it should be mentioned
that the fibers which did not contain SKL, presented agglomerates on
their surface. This phenomenon indicates that these blends demonstrate
neither sufficient spinning ability [7] nor compatibility with the com-
mercial polymers PLA and PP. On the other hand, the fibers including
SKL presented a reduced amount of agglomerates and their surface was
macroscopically, smoother and thinner. It should be taken into account
that the optimum results in respect of surface and porosity were ob-
served for the fibers containing both SKL and MWCNTs. These samples
demonstrated few agglomerates and an even smoother surface. The
thinnest fiber was the one containing P(DETA-alt-SEBAC), SKL,
MWCNTs and PLA, that was also exhibited optimal performance in
respect of stress tolerance.

Regarding the P(DETA-alt-SEBAC)-CNTs based fibers, it may be re-
marked that some agglomerates were observed on the fibers surface,
possibly due to the incorporation of MWCNTs. This phenomenon in-
dicates that these blends have neither sufficient spinning ability [31],
nor sufficient compatibility with the commercial polymers. On the
contrary, the P(DETA-alt-SEBAC)-SKL-CNTs based fibers had a smaller
number of conglomerates and their surface was smoother and thinner
macroscopically. It was observed that the miscibility of P(DETA-alt-
SEBAC)-CNTs material with the commercial polymers PLA and PP was
enhanced by the addition of SKL [32,33]. Finally, it was noticed that
the miscibility of P(DETA-alt-SEBAC)-SKL material with the commercial
polymers PLA and PP was improved by the addition of MWCNTs.

The thermal behavior (TGA/DSC) evaluation of the four produced
samples (Table 1) via Thermogravimetric Analysis (TGA) and Differ-
ential Scanning Calorimetry (DSC) is illustrated in Fig. 3. Concerning
this figure, it may be remarked that although the peak of the thermal
degradation occurs at a relatively low temperature, the degradation
proceeds slowly after that point, to higher temperature. According to
the obtained TGA/DSC graphs, it can be concluded that the materials
including MWCNTs present better thermal behavior compared to the
other two samples. This result appears due to the fact that the initiation
of their thermal degradation occurs at a higher temperature. Ad-
ditionally, the mass residue is roughly 8% of the initial mass of the
samples [34].

Taking into account the TGA diagrams of P(DETA-alt-SEBAC)-CNTs
and P(DETA-alt-SEBAC)-SKL-CNTs samples, it may be remarked that
they slightly differ in respect of the temperature of their thermal de-
gradation. More specifically, the SKL enriched sample delays the be-
ginning of the decomposition as well as the temperature where the
maximum rate of decomposition occurs. This outcome denotes that SKL
incorporation results in the production of a sturdier material, at least at
low temperatures [35]. However, both samples depict the same tem-
perature of thermal degradation at 525 °C and lose roughly the same
amount of mass, 90% and 92%, respectively. These phenomena suggest
that fibers produced from these materials could be effectively thermal
treated at temperatures below 500 °C, especially those enriched with
SKL [36].

Regarding the DSC graphs, it can be mentioned, that samples P
(DETA-alt-SEBAC)-CNTs and P(DETA-alt-SEBAC)-SKL-CNTs present
transitions of a smaller range (wide curves) than the other two samples.
This fact indicates that the thermal behavior of these two samples, and
especially of the P(DETA-alt-SEBAC)-SKL-CNTs, is more gradual and
controlled [37]. Also, the characteristic endothermic peak is more in-
tense, meaning bigger heat capacity, which is also confirmed by the
TGA graphs [38]. The thermal analysis results are demonstrated in
Table 1.

As it is evidenced by the FT-IR diagram in Fig. 4, the graphs of P
(DETA-alt-SEBAC) and P(DETA-alt-SEBAC)-SKL are similar. At about
3300 cm−1, the relatively strong peak is ascribed to the N-H stretch of
DETA. When SKL is added, the peak which corresponds to the O-H
stretch of SKL hydroxyls appears at about 3200 cm−1 to 3300 cm−1

[39]. Thus, it is overlapped by the N-H stretch peak of DETA, because
although some of the N-H bonds have become N-O- SKL bonds, there
are other N-H bonds which have been sustained, due to the fact that
some of the reactants have not successfully reacted. Moreover, the peak
at 2910 cm−1 is assigned to the C-H stretch, so it is similar in both
samples. Furthermore, the peak at 1650 cm−1 is ascribed to the C-C in-
ring stretch (due to SKL) and to the C=O stretch [due to P(DETA-alt-

Table 1
Thermal analysis of the samples.

Sample Start of thermal degradation (oC) Peak of thermal degradation (oC) End of thermal degradation (oC) Mass Change (%)

P(DETA-alt-SEBAC) 60 185 520 −100
P(DETA-alt-SEBAC)-SKL 60 200 500 −100
P(DETA-alt-SEBAC)-CNTs 160 364 525 −90
P(DETA-alt-SEBAC)-SKL-CNTs 180 393 525 −92

Fig. 3. TGA diagrams of: P(DETA-alt-SEBAC) ( ), P(DETA-alt-SEBAC)-SKL (
), P(DETA-alt-SEBAC)-CNTs ( ) and P(DETA-alt-SEBAC)-SKL-CNTs ( ) sam-
ples. DSC diagrams of: P(DETA-alt-SEBAC) ( ), P(DETA-alt-SEBAC)-SKL ( ), P
(DETA-alt-SEBAC)-CNTs ( ) and P(DETA-alt-SEBAC)-SKL-CNTs ( ) samples.
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SEBAC)]. Additionally, the N-O asymmetric stretch is evident at
1500 cm−1. Moreover, the peak at 1300 cm−1 is attributed to O-H
deformation and C-O stretching ring vibration interaction of the aro-
matic ethers (due to SKL) and the secondary amides [due to P(DETA-alt-
SEBAC)]. Considering the peak at 1300 cm−1 it may be remarked that it
is more intense in the P(DETA-alt-SEBAC)-SKL sample compared to the
sample without SKL, because of the presence of the aromatic rings and
the aromatic ethers. Also, the peak at 1150 cm−1 is assigned to the C-N
stretch of all materials [40]. To summarize, the characteristic wave-
numbers and the peaks which are ascribed to them are demonstrated in
Table 2.

The comparative FT-IR diagram of the two synthesized P(DETA-alt-
SEBAC)-SKL-CNTs and P(DETA-alt-SEBAC)-CNTs materials is also de-
monstrated in Fig. 4. The peak at 1650 cm−1 is ascribed to the C-C in-
ring stretch (due to SKL) and to the C=O stretch [due to P(DETA-alt-
SEBAC)]. This peak is more intense for the P(DETA-alt-SEBAC)-SKL-
CNTs sample, due to SKL presence, which amplifies the peak owing to
its C-C in-ring bonds. Moreover, the peak at 2910 cm−1 is assigned to
the C-H stretch of P(DETA-alt-SEBAC) and to the O-H stretch of SKL
hydroxyls. This peak is slightly more intense for the SKL enriched
sample, due to the stronger stretch of O-H SKL bonds which reinforce
the peak. Furthermore, the small peak which can be noticed at
3250 cm−1 corresponds to the weak aromatic C-H stretch of SKL and
the N-H stretch on account of the P(DETA-alt-SEBAC) [41]. The peak at

1080 cm−1 is attributed to functionalized MWCNTs due to -COOH
groups [42]. The peak at 980 cm−1 is assigned to C-H aromatic stretch
[43]. The aforementioned FT-IR analysis results of the materials P
(DETA-alt-SEBAC)-SKL-MWCNTs and P(DETA-alt-SEBAC)-MWCNTs are
demonstrated in Table 2.

The SEM image of the fabricated MWCNTs is illustrated in Fig. 5. It
can be observed that their diameters range between 30 nm and 113 nm.
Concerning SEM analysis of the produced materials, it is evidenced that
PLA/P(DETA-alt-SEBAC)-SKL-CNTs and PP/P(DETA-alt-SEBAC)-SKL-
CNTs fibers are obtained via melt-spinning process (Figs. 6 and 7).
Moreover, it may be remarked that smaller diameters are observed for
PLA based fibers (134 ± 15 μm) compared to PP based fibers
(158 ± 50 μm). This phenomenon suggests that SKL and MWCNTs are
more miscible with PLA compared to PP in the extruded fiber, produ-
cing materials with possibly better mechanical and other properties
[44,45]. The SEM cross-section images of the synthesized PLA/P(DETA-
alt-SEBAC)-SKL-CNTs and PP/P(DETA-alt-SEBAC)-SKL-CNTs fibers are
illustrated in Fig. 8a and c, respectively. Taking into account Fig. 8b and
d, it is clearly denoted that MWCNTs have been successfully in-
corporated into the fibers.

Micro-CT images of PLA/P(DETA-alt-SEBAC)-SKL-CNTs and PP/P
(DETA-alt-SEBAC)-SKL-CNTs fibers are illustrated in Fig. 9 [46]. In the
case of PLA based fibers, as seen in Table 3, the SKL addition caused
different results. As far as surface and thickness are concerned, they
remained the same. In contrast, the structure linear density is reduced
by a small amount, while the degree of anisotropy has been sub-
stantially increased. This fact indicates that the fibers became thinner
but on the other hand the orientation was downgraded due to the SKL
addition. This suggests that SKL is not fully compatible with PLA, thus
miscibility between the two materials is not sufficient for proper com-
pounding, when the MWCNTs are not also present [47]. The total
porosity was decreased by a negligible amount.

Regarding the surface and thickness of PP based samples (Table 3),
they demonstrate the same values with or without SKL, although the
structure linear density is slightly increased by the SKL addition.
Moreover, the degree of anisotropy is almost doubled after SKL in-
corporation, which indicates a great decrease in fibers orientation. This
fact can be ascribed to the elongation ability, which the PP fibers pre-
sent. Plain PP fibers tend to be elongated when subjected to tension, so
when other compounds are mixed with PP pellets, it becomes more and
more difficult for the fibers to retain their shape during extrusion.
However, the most interesting result is the significant reduction of
porosity from about 0.60% to 0.04%, which proves that SKL

Fig. 4. FT-IR graphs of the P(DETA-alt-SEBAC) ( ), P(DETA-alt-SEBAC)-SKL
( ), P(DETA-alt-SEBAC)-CNTs ( ) and P(DETA-alt-SEBAC)-SKL-CNTs ( )
samples.

Table 2
FT-IR characteristic peaks of P(DETA-alt-SEBAC), P(DETA-alt-SEBAC)-SKL, P
(DETA-alt-SEBAC)-CNTs and P(DETA-alt-SEBAC)-SKL-CNTs samples.

Wavenumber (cm−1) Type of bond

3300 N-H stretch
3250 aromatic C-H stretch, O-H stretch, N-H stretch
3200 O-H stretch
2910 C-H stretch, O-H stretch
2855 C-H stretch, N-H stretch
1650 C-C in-ring stretch, C=O stretch
1520 N-O asymmetric stretch
1300–1350 O-H deformation and C-O stretching vibration interaction

of the ring, aromatic ethers
1120, 1190 C-N stretch
1080 CNT-COOH groups
980 C-H aromatic stretch

Fig. 5. SEM images of the fabricated MWCNTs.
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incorporation produced a sturdier and more durable polymeric fiber
[48].

It is evidenced that the materials' inner pores are reduced going
from the P(DETA-alt-SEBAC)-CNTs to the P(DETA-alt-SEBAC)-SKL-CNTs
fibers, regardless of the commercial polymer used. This fact results in a
stronger and sturdier fiber due to SKL enrichment. It is also indicated
that SKL and MWCNTs have an impact on fiber surface and morphology
through crosslinking [49]. Furthermore, the thickness increases after
SKL addition on a MWCNTs enriched material, denoting that the fiber
surface becomes smoother, durable, and obtains enhanced properties.
This indication is also reinforced by the object surface density, which
remains stable in every occasion. Concerning the structure linear den-
sity, it may be noticed that it increases in value as the number of ma-
terials in each blend increases. On account of this phenomenon, it can
be deduced that the irregular compounding of the materials in the
holder of the extruder leads to a denser and maladjusted fiber surface
[50].

According to micro-CT characterization, it can be noticed that the
total porosity of all the produced fiber is below 2%. Furthermore, the
derived fibers based on P(DETA-alt-SEBAC)-SKL-CNTs are thicker and
denser than plain fibers based on P(DETA-alt-SEBAC), a fact which
suggests that the synthetic process results in the fabrication of a durable
fiber. In addition, the degree of anisotropy is severely reduced after
MWCNTs addition; this phenomenon suggests that the synthesis step is
a decisive factor concerning fiber orientation. On the other hand, the
SKL addition increased the degree of anisotropy, due to material mis-
cibility issues.

In order to investigate the mechanical performance of the produced
fibers as a reinforcing material, one-dimension epoxy composites were
manufactured and tensile tests were performed. The produced fibers
were placed inside dumbbell type sacrificial templates [51] and then an
epoxy resin solution consisting of Bisphenol-A/F monofunctional RD
(ER 1042–7) and modified cycloaliphatic amine (EH 2117) was added
to each template and the specimens were left to cure overnight in room
temperature. According to literature [52,53], after tensile tests, the
sample orientation has not changed, an indication of possible further
treatment. Furthermore, these values are similar to the tensile proper-
ties of natural fiber composites [54], while the difference in tensile
strength between the fibers is ascribed to the different microstructure.
The microstructure is affected by temperature, extrusion speed and
materials residence time in the extrusion holder, while the size of the

spinneret (diameter) also plays a significant role [55]. Additionally, the
damage and tensile deformation of fibers are tremendously affected by
both orientation and defects [56], while the chemical bonding has a
strong impact on both the tensile strength and fiber stiffness [57].

Fig. 10 illustrates the f(strain)= stress diagrams of the produced
composites, whereas Table 4 tabulates the corresponding results. It was
evidenced via tensile tests, that the produced epoxy composites had
advanced mechanical properties, due to fiber addition in the polymeric
matrix. More specifically, the composites, which contained fibers en-
riched with MWCNTs, presented higher elastic modulus and ultimate
tensile strength than composites containing only SKL fibers. Moreover,
the composites including PP/P(DETA-alt-SEBAC)-SKL-CNTs fibers ex-
hibited increased ultimate strength compared to the other composites
containing PP fibers. However, a brittle behavior can also be observed
that can be attributed to inhomogeneities between PP and P(DETA-alt-
SEBAC), SKL and MWCNTs. Inhomogeneities as well as the overall
brittle behavior of PP based fibers compared to PLA based fibers were
macroscopically observed during the melt spinning process. The op-
timum behavior was observed for the composite specimen containing
the PLA/P(DETA-alt-SEBAC)-SKL-CNTs fibers.

Micro-CT images of the fibers inside the composites are demon-
strated in Fig. 11 and the corresponding analysis is presented in Table 5.
Although both of the composites exhibit similar values, it can be ob-
served, that the composite which includes PLA fibers presents lower
porosity and higher thickness, while PLA fibers demonstrate better
dispersion and orientation into the resin matrix (possibly due to their
thinness and smaller diameters). Another reason for that, is the better
affinity of epoxy resin with PLA compared to PP. This phenomenon is
ascribed to the -C=O and -OH groups, which are not present in the PP
chain. Subsequently, these results are in accordance with the outcome
of the tensile tests.

According to literature, it may be remarked that in the work of
Wang et al. [14] carbon fibers with lignin and CNTs have been manu-
factured showing superior thermal stability compared to those manu-
factured in our work. Furthermore, in the work of Xu et al. [58] carbon
fibers from CNTs grafted with lignin were produced and investigated
for their mechanical tolerance. However, it should be taken into deep
consideration that the fibers in the work of both Wang et al. [14] and
Xu et al. [58] have not been investigated concerning their behavior in
composites and their mechanical properties. Additionally, despite the
fact that lignin has been investigated for the production of specific types

Fig. 6. SEM image of the fibers: (a) PLA/P(DETA-alt-SEBAC)-SKL-CNTs, (b) PLA/P(DETA-alt-SEBAC)-SKL and (c) PLA/P(DETA-alt-SEBAC)-CNTs.

Fig. 7. SEM images of the fibers: (a) PP/P(DETA-alt-SEBAC)-SKL-CNTs, (b) PP/P(DETA-alt-SEBAC)-SKL and (c) PP/P(DETA-alt-SEBAC)-CNTs.
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of resin [59], it has not been referred for lignin to be used in a complex
material along with commercial epoxy resins in order to form compo-
sites.

It should be taken into account that in this study, SKL, CNTs and P
(DETA-alt-SEBAC) have been utilized to produce chemical compounds,
which are successfully used in an emerging application [60,61]. The
produced fibers were positioned in-plane and parallel into the epoxy
resin mold, so as to ensure that they have the maximum effect to the
composites behavior [62]. The obtained results in our work revealed
that the tensile strength of the fabricated epoxy composites (Table 4)
has the same order of magnitude as the tensile strength in the following
work: Kenaf fiber/multi-walled carbon nanotube/polylactic acid green
composites of P-Y. Chen et al. [8], poly(l-lactic acid)/ramie fabric
biocomposites of D. Chen et al. [63] and polypropylene-glass fiber/
carbon fiber hybrid composites of X. Yan and S. Cao [64]. In the work of
Xu et al. [65], the produced hemp fibers reinforced composites de-
monstrated similar values of tensile strength, but their elastic modulus
was of one order of magnitude less than in our work. On the other hand,
in the work of Zegaoui et al. related to alkali modified hemp fibers
reinforced cyanate ester/benzoxazine blend composites [66], the illu-
strated tensile strength and elastic modulus are higher than those in our

study; however, it should be mentioned that the used pristine hemp
fibers were commercial with enhanced initial tensile strength and no
information is given in respect of their diameter.

To sum up, taking into account the obtained results and the litera-
ture, it may be remarked that the incorporation of P(DETA-alt-SEBAC),
SKL and MWCNTs into the fiber structure influenced the fibers me-
chanical properties, while the process was kept as simple as possible.
The incorporation of both SKL and MWCNTs in a melt spun fiber,
containing both a commercial and a chemically synthesized nylon [P
(DETA-alt-SEBAC)] aliphatic polymer is a new attempt. Moreover, the
specific chemical synthesis that was followed, leads to the successful
conjugation of SKL, MWCNTs and P(DETA-alt-SEBAC) polymer before
the materials enter the extruder. This experimental path ensures that
the material is homogenized and that there will be no impediments,
regarding the treatment and compatibility or miscibility of the mate-
rials during the extrusion step. In addition, the synthesis of this specific
polymeric structure is a simple experimental path, towards the manu-
facturing of a low-cost fiber with desired properties.

Fig. 8. The SEM cross-section images of the synthesized (a, b) PLA/P(DETA-alt-SEBAC)-SKL-CNTs and (c, d) PP/P(DETA-alt-SEBAC)-SKL-CNTs fibers.

Fig. 9. Micro-CT images of the PLA/P(DETA-alt-SEBAC)-SKL-CNTs and PP/P(DETA-alt-SEBAC)-SKL-CNTs fibers.
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4. Conclusions

In this study, polymer fibers were fabricated via the incorporation of
SKL, MWCNTs, and P(DETA-alt-SEBAC) into commercial polymers,
such as PLA and PP. The influence of all the aforementioned compo-
nents was investigated in respect of the spinning ability, thermal be-
havior as well as homogeneity and mechanical properties of the fibers.
The obtained results revealed that the combination of SKL and
MWCNTs improved the produced fibers in terms of thermal stability
and homogeneity. Furthermore, SKL caused better miscibility and
compatibility of the different compounds at the time of extrusion. It was
observed that PP produced thicker fibers with agglomerations and a
more rugged surface than PLA.

The incorporation of the obtained fibers into epoxy resin compo-
sites, revealed that SKL enhanced the strength and tensile resistance of
those composites, while MWCNTs improved them even more; the in-
corporation of PLA/P(DETA-alt-SEBAC)-SKL-CNTs fibers into epoxy
coatings presented the best mechanical behavior. Concerning the initial
aim, the outcome was the enhancement of the composites durability
using modified fibers containing chemically synthesized material, in
comparison to the plain fiber composites, as evidenced by the tensile
testing. Finally, the obtained results confirmed the initial aim of this
study to employ easily accessible compounds, so as to form cost

effective materials via repeatable and applicable methods. Future plans
include an increase of the percentage of the synthesized materials in the
final product and the transformation of these fibers into carbon fibers.
Then, they will be used to reinforce composites (resin composites,
building materials, cement) and will be studied as to their effect on the
mechanical properties, in comparison with the current results.
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Table 3
Micro-CT arithmetical results for the PLA and PP based fibers.

Parameters PLA-P(DETA-alt-SEBAC) PLA-P(DETA-alt-SEBAC)-CNTs PLA-P(DETA-alt-SEBAC)-SKL-CNTs

Object Surface to Volume ratio 11.81 44.94 42.82
Object Surface Density (mm−1) 11.81 44.93 42.81
Structure Thickness (mm) 0.487 0.112 0.120
Structure Separation (mm) 0.026 0.012 0.012
Structure Linear Density (mm−1) 2.055 8.936 8.329
Degree of Anisotropy 3.436 2.505 3.596
Fractal Dimension 1.899 1.726 1.791
Total Porosity (%) 0.001 0.029 0.019

Parameters PP-P(DETA-alt-SEBAC) PP-P(DETA-alt-SEBAC)-CNTs PP-P(DETA-alt-SEBAC)-SKL-CNTs

Object Surface to Volume ratio 13.80 38.65 38.92
Object Surface Density (mm−1) 13.80 38.43 38.90
Structure Thickness (mm) 0.306 0.089 0.092
Structure Separation (mm) 0.020 0.014 0.012
Structure Linear Density (mm−1) 3.268 11.19 12.82
Degree of Anisotropy 2.632 1.800 3.217
Fractal Dimension 1.890 1.759 1.669
Total Porosity (%) 0.016 0.563 0.042

Fig. 10. Tensile test of the dumbbell fiber - epoxy composites, with PLA and PP
based fibers.

Table 4
Tensile stretch arithmetical results for the PLA and PP based fibers.

Parameters PLA PLA-P(DETA-alt-
SEBAC)-SKL

PLA-P(DETA-alt-
SEBAC)-SKL-CNTs

Average Ε – Elasticity
Modulus (MPa)

413 841 1020

max ε – Deformation Factor
(Strain, %)

53.55 19.44 24.84

max σ – Ultimate Tensile
Strength (Stress, MPa)

16 34.2 38.7

Test Speed (mm/min) 0.9 1.0 1.2
Lo – Length of Specimen (mm) 29 29 29
a – Height of Specimen (mm) 1.6 1.6 1.6
b – Width of Specimen (mm) 4.7 4.7 4.7
A= a*b (mm2) 7.52 7.52 7.52

Parameters PP PP-P(DETA-alt-
SEBAC)-SKL

PP-P(DETA-alt-
SEBAC)-SKL-CNTs

Average Ε – Elasticity
Modulus (MPa)

499 975 628

max ε – Deformation Factor
(Strain, %)

18.28 9.67 12.22

max σ – Ultimate Tensile
Strength (Stress, MPa)

15 29 28.1

Test Speed (mm/min) 1.2 1.0 1.2
Lo – Length of Specimen (mm) 29 29 29
a – Height of Specimen (mm) 1.6 1.6 1.6
b – Width of Specimen (mm) 4.7 4.7 4.7
A= a*b (mm2) 7.52 7.52 7.52
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Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.matchemphys.2018.07.025.
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