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Abstract: Carbon into polymer nanocomposite is so far a common additive for the enhancement of
the polymer properties. The properties of the polymer, such as thermal, and especially its mechanical
properties, are improved by the homogeneously dispersed carbon nanoparticles on the polymer
matrix. In this study, carbon wires in nano dimensions are, for the very first time, synthesized
via the hard templating method from the silicate matrix MCM-41, and used as nano additives of
polystyrene. The carbon nanowires were chemically oxidized, and further modified by attaching
octadecylamine molecules, for the development of organic functionalities onto carbon nanowires
surface. The nanocomposite materials of polystyrene with the modified carbon nanowires were
prepared by a solution-precipitation method at three nano additive to polymer loadings (1, 3 and
5 wt%). The as-derived nanocomposites were studied with a combination of characterization
and analytical techniques. The results showed that the thermal and mechanical properties of the
polystyrene nanocomposites gradually improved while increasing nano-additive loading until 3 wt%.
More specifically, the 3 wt% loading sample showed the best mechanical properties, while the 5 wt%
sample was difficult to achieve satisfactory dispersion of carbon nanowires and consequently has a
wide range of values.

Keywords: polystyrene; nanocomposite; carbon nanowires; octadecylamine; mechanical properties

1. Introduction

Nanotechnology nowadays attracts a good amount of research and development efforts compared
to other technological disciplines. A major area of research is based on the development of polymer-based
nanocomposites. In the last few decades, the main efforts of polymer research have been concentrated on
the development of novel nanocomposites, with the purpose of the enhancement of the basic properties
of neat polymers. So, the polymer matrix is filled with several nano additives, with the goal of increasing
properties, such as Young’s modulus, tensile strength and thermal properties. The key objectives are
the optimal homogeneous dispersion of the nanofillers, so that we can achieve high surface area for the
interaction with the polymer.
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Many different natural or synthetic nanofillers have been added to polymer matrices.
The incorporation involves inorganic nanofillers of different structures, including one-dimensional
materials such as nanofibers and carbon nanotubes (CNTs), two dimensional materials (nanoclays,
graphene, graphene oxide and layered double hydroxides-LDHs) and three-dimensional materials
(nanoparticles). Several works have been reported regarding the mechanical properties of polystyrene
(PS)/nanofillers nanocomposites [1–6]. Polystyrene is a common polymer that is used widely for
numerous applications, thanks to its high glass transition temperature and its high resistance
to shrinkage.

More specifically, the addition into the polystyrene matrix of a few nanofillers for the synthesis of
nanocomposites has been reported. The most cited literature is for the carbon nanotubes polystyrene
(CNTs/PS) nanocomposites [7,8]. Carbon nanotubes exhibit tremendous mechanical properties and
especially Young modulus up to 1 TPa [9]. So, the addition of those nanofillers into polystyrene
matrix offers good mechanical results, and provides the nanocomposites with synergetic electrical and
electromagnetic interference shielding properties [2].

Another commonly used nanofiller is the silicate clays [10,11]. The presence of those platelike
silicate layers into the polystyrene matrix, provides significant gains in terms of mechanical properties
and thermal stability. Over the last few years, and since the discovery of graphene, efforts have
been made for the synthesis of this kind of nanocomposites. So, through the oxidation of graphene
(GO), it has been achieved better dispersion and thus better mechanical properties of the PS/GO
nanocomposite [12,13]. Finally, carbon nanofibers have been tested as alternative one-dimensional
nanofiller to CNTs [14,15]. Carbon nanofibers (CNFs), exhibits characteristics of 70–200 nm in diameter
and 50–100 µm long. The idea of better mechanical properties, through the diminution of the nano
dimension and therefore the incensement of the surface area and the interaction with the polymer,
led to the synthesis of novel carbon nanowires.

In the present study, novel nanocomposites of polystyrene with carbon nanowires (CNWs) were
developed. The CNWs were synthesized through the hard templating method using as a template the
mesoporous silicate material developed by the Mobil Oil Corporation, MCM-41 (Mobil Composition
of Matter No. 41) [16]. Polystyrene nanocomposites with CNWs as nano-additives have not been
published in the literature before.

The nanocomposites were prepared by a solution-precipitation method at three nanofiller to
polymer loadings (1, 3 and 5 wt%) and tested against the same prepared polystyrene without nano
additives. For achieving a better dispersion of CNWs into PS, they have been oxidized with the
Staudenmaier method. Through the development of surface functional groups, the attachment
of octadecylamine (ODA) molecules to those functional groups has been done. The as-derived
nanocomposites were studied with a combination of characterization and analytical techniques.
Especially, Fourier-transform infrared (FT-IR) and Raman spectroscopies were used for the chemical
and structural characterization of the pristine materials and the derived nanocomposites, while the
morphology of nanocomposites and the dispersion of the carbon nanowires were analyzed by the atomic
force microscopy technique. Tensile testing, dynamic mechanical analysis and thermogravimetric
analysis (TGA) were also used to examine the mechanical properties and thermal stability-glass
transition temperature of PS after the incorporation of CNWs-ODA nanowires.

2. Materials and Methods

2.1. Chemical Reagents

All chemical reagents were used as purchased without further purification. Polystyrene (Mw~350,000)
(PS), tetraethyl orthosilicate 98% (TEOS), sucrose 99.5% and octadecylamine 99% (ODA), were purchased
from Sigma-Aldrich (Schnelldorf, Germany). Nitric acid 65%, sulfuric acid 95–97%, sodium hydroxide
98%, ammonia solution 25%, Cetyltrimethylammonium bromide 97% (CTAB) and toluene for analysis
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were purchased from Merck, whereas ethanol 99.8% was purchased from Fisher Scientific. Finally,
potassium chlorate 99% was purchased by Alfa Aesar.

2.2. Synthesis of Hard Template MCM-41

The MCM-41 sample was synthesized using CTAB as the surfactant and TEOS as the silica
source [17]. In a typical synthesis, 50 g of TEOS was added to a 1 L polyethylene bottle containing
417.5 g of H2O, 268.5 g of NH3 (25 wt%) and 10.5 g of CTAB. Each of the previous additions was stirred
for 30 min. The product was retrieved after heat treatment at 80 ◦C for 96 h, which can be slightly
considered as a hydrothermal treatment. It was filtered, rinsed with cold ethanol (EtOH), and placed
on a plate for air drying. Finally, is heat-treated to 550 ◦C for 5 h with a 2 ◦C/min heating rate.

2.3. Synthesis of Carbon Nanowires (CNWs)

The synthesis of CNWs was performed according to the hard templating method [18]. In particular
1 g MCM-41 was added to a solution obtained by dissolving 1.25 g of sucrose and 0.14 g H2SO4 in 5 g
H2O. The mixture was dried for 6 h at 100 ◦C and subsequently, for 6 h to 160 ◦C. The material was
treated again at 100 ◦C and 160 ◦C, using the same drying procedure after the addition of 0.8 g sucrose,
0.09 g H2SO4 in 5 g of H2O. The carbonization was completed by pyrolysis with heating to typically
900 ◦C under nitrogen flow. After the carbonization, the silica/carbon material was treated with 1 M
NaOH in 1/1 (v/v) solution of EtOH/H2O at 100 ◦C to remove the silica template. The obtained product
was filtered, washed with ethanol and dried at 120 ◦C.

2.4. Chemical Oxidation and Surface Modification of CNWs

For the chemical modification and the creation of organophilic surface onto carbon nanowires,
two steps of modification were selected. The first step includes the chemical modification of the surface,
according to Staudenmaier’s method [19]. The second step contains the attachment of octadecylamine
molecules onto the oxidized surface [20].

More specifically, for the first step 10 g of CNWs were added into a solution of 400 mL concentrated
sulfuric acid and 200 mL nitric acid, which is ice bathed. Afterwards, into the previous solution
200 g of potassium chlorate was added at small quantities each time under steering and cooling.
After 18 h the reactions are terminated by adding the solution at distilled water and washing the
product. The oxidized carbon nanowires (CNWs-ox) are placed on a plate for air drying.

The second step includes the dispersion of 200 mg CNWs-ox into 10 mL distilled H2O. Into this
aqueous is added a solution containing 40 mL of warm ethanol with 600 mg octadecylamine.
The solution is stirred under reflux for 90 h followed by centrifugation, washing with warm ethanol
and air drying of the product on a plate.

2.5. Preparation of the Nanocomposites

Nanocomposites of polystyrene containing 1 wt%, 3 wt%, and 5 nano additives were prepared as
follows: an appropriate amount of granular polystyrene was diluted in 10 mL toluene, and the solution
was reacted with aliquots of the corresponding filler suspension in 5 mL toluene as well. The quantities
were appropriate to achieve the final concentrations of nano-additives at final nanocomposites.
The mixture was then stirred for 3 h, precipitated with methanol and air-dried on a glass plate. Finally,
the solid samples were heated for 2 h under vacuum at 140 ◦C for the efficient removal of the solvent [21].
The final membrane products were shaped through the compression between two heated platens of
Specac’s Atlas suitable for Specac’s Hydraulic Press.
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2.6. Characterization

Infrared (FT-IR) spectra of samples in powder form, dispersed in KBr pellets, were measured with
a Perkin-Elmer GX, Fourier transform spectrometer in the frequency range 400–4000 cm−1. Spectra were
the average of 32 scans with a 2 cm−1 resolution.

Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed using a
Perkin-Elmer Pyris Diamond TG/DTA. Samples of approximately 5 mg were heated in nitrogen from
25 to 800 ◦C, at a rate of 5 ◦C/min.

Raman spectra were recorded with a RM 1000 Renishaw micro-Raman system using a laser
excitation line at 532 nm (Nd:YAG) in the range of 400−3500 cm−1. A laser power of ~10 mW was used
with a 2 µm focus spot.

Atomic force microscopy (AFM) images were obtained in tapping mode with a Multimode
Nanoscope 3D using Tap-300G silicon cantilevers with a tip radius <10 nm and a force constant of
~20–75 N m−1.

Transmission electron microscopy (TEM) images of polystyrene nanocomposites deposited
on carbon-coated copper grids (CF300-CU-UL, carbon square mesh, CU, 300 mesh from Electron
Microscopy Science) were obtained using the instrument JEM HR-2100, JEOL Ltd., Tokyo, Japan
operated at 200 kV in bright-field mode. The mechanical performance of all films was evaluated using
a miniature material tester with a 50 N load cell. Three to five “dog bone” tensile specimens (ASTM
638/95 Type V) were clamped between the grips (30 mm initial distance) and tensioned at a crosshead
speed of 1 mm/min according to ASTM D638. Force (N) and deformation (mm) were recorded during
the test and converted into stress (MPa) and strain (%), based on the cross-sectional area and the initial
length data, respectively. The results obtained from the mini-tester can only be used for comparison,
because the strain values are based on the rotational movement of the drive shaft. Baseline samples
(not containing CNW) were tested at the beginning of each set of samples for comparison.

A NETZSCH DMA 242C apparatus was used to evaluate the thermomechanical response of
selected samples under tensile mode at a frequency of 1 Hz, and temperatures ranging from 20–120 ◦C
(rate 2 ◦C/min). The amplitude of the deformation was 60 µm.

3. Results

3.1. Structural Characterization and Material Properties of the Nanofillers

The infrared spectra of CNWs, CNWs-ox and CNWs-ODA are shown in Figure 1. The spectrum
of CNWs (a) is typical for carbonaceous materials, and shows a broad absorption envelope in the
frequency region of 1700−1000 cm−1, exhibiting three maxima at around 1561, 1360 and 1200 cm−1.
According to previous studies on graphitized carbon, these peaks can be assigned to the asymmetric
and symmetric stretching vibrations of the –COO− units close to aromatic rings [22,23]. These peaks
are representative of the presence of carbonyl groups on CNWs. The third band at 1200 cm−1 is
attributed to stretching vibrations of the C-O groups, ether or hydroxyl groups. On the other hand,
the spectrum of CNWs-ox sample (b) is indicative of oxidation of the carbon surface after its chemical
treatment with acids. For instance, the development of a band at 1725 cm−1, the band shift from 1561
to 1580 cm−1, and the decrease of the absorption at 1360 cm−1. At the same time, a significant increase
in the absorption with a maximum at 1200 cm−1 can be observed. These changes are assigned to the
protonation of the carbonyl groups. Specifically, the band at 1725 cm−1 is attributed to the asymmetric
stretching vibrations of the carboxyl groups (COOH), whereas the absorption band at 1580 cm−1 to the
symmetric stretching vibrations of the same groups. The amplification of the absorption at 1200 cm−1

is assigned to the incensement of the number of carboxyl.
The successful addition of octadecylamine molecules decorated CNWs surface is apparent at

CNWs-ODA spectrum (c) and specifically from the appearance of new bands. The band at 1571 cm−1

corresponds to the asymmetric bending vibrations of N-H bonds from the NH2 groups of ODA. At the
asymmetric stretching vibrations of the same groups, NH2 is also attributed to the weak band at
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~3300 cm−1. Furthermore, bands appearing at 2918 and 2851 cm−1 are attributed to stretching vibrations
from C-H bonds of the alcylic chain of ODA (vibrations from CH2 and CH3 groups, respectively),
as well as the absorptions at 1467 and 1385 cm−1. The strong absorption that is caused by the carbonate
chains of ODA covers in a big degree the remaining features from the CNWs except for the previously
observed bands at 1571 and 1610 cm−1 [24,25].
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Figure 1. FT-infrared spectra of samples: carbon nanowires (CNWs), oxidized CNWs (CNWs-ox)
and CNWs-ODA.

Figure 2 shows the DTA (a) and %TG (b) curves for the CNWs and CNWs-ODA. Both samples
show very sharp exothermic peaks at 350 ◦C and 446 ◦C, respectively, which corresponds to the
combustion of the carbon material. Additionally, each sample shows another exothermic peak at
375 ◦C (CNWs) and 325 ◦C (CNWs-ODA). In the case of CNWs, this peak can be attributed to the
presence of various surface functional groups or more graphitic carbon species, whereas in the case of
organo-modified CNWs, this peak corresponds to the combustion of the surface functional organic
groups of octadecylamine.
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From the TGA curve of CNWs, the sample has estimated that it possesses about 15% of its
weight moisture that it has naturally adsorbed from the material. The modified sample, CNWs-ODA,
shows only a minor mass change until 100 ◦C proving the alteration of the nature of the sample from
hydrophilic to hydrophobic [26]. Additionally, once again, the incensement of the thermal stability
is obvious.

The graphitic characteristics of CNWs, CNWs-ox and CNWs-ODA samples were studied by
Raman spectroscopy and are shown in Figure 3a. The spectra of all samples exhibit the G and D-bands
that generally characterize the graphitic structures with defects on its matrix. As can be seen from
Figure 3b, the spectra have been normalized for their G-band intensity at 1600 cm−1. This fact implies
that the modification by adding ODA on CNWs does not significantly change the graphitization of
the material. On the other hand, the spectra are different in terms of the position of the frequency
and width of the D-band. This band at CNWs-ox and CNWs-ODA spectra presents a maximum at
1355 cm−1 and is narrower at the lower frequencies, whereas at the CNWs spectra the D-band has a
peak at 1337 cm−1 and appears to possess a shoulder at ~1170 cm−1.

In Figure 3c, the CNWs and CNWs-ODA spectra are decomposed to Gaussian profiles and confirm
that the differenced mentioned previously are attributed to the presence, besides the D and G-bands,
of another band at ~1195 cm−1 [27]. This band can be assigned to the existence of nanocrystalline
phases [28] or to phases rich in sp3 hybridism [29,30]. It is quite possible that the oxidation performed
at the pristine CNWs resulted at the removal of these phases, while they were weakly bounded with
the remaining part of the material, i.e., carbon nanowires.

It is also possible to assess the graphitization degree of carbon nanowires from the intensity ratio
(ID/IG) and the full width at half maximum (FWHM) of the G-band. These parameters for all samples
have been estimated and have similar values. The value of the ratio (ID/IG) was calculated in the range
0.90–0.91. That proves that the graphitization of all samples remains unaffected through all stages
of modification. These values are typical for that kind of structure, such as CMK-x [31], indicating a
rather low ordering (bulk graphite has ID/IG = 0.1–0.3), due to the three-dimensional structure of the
carbon nanowires.
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As seen in the images atomic force microscopy (AFM) images in Figure 4, the formation of carbon
nanowires with worm-like morphology is clear.
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The images prove the successful synthesis of CNWs with diameters from ~2 nm (Figure 4a) up to
5 nm (Figure 4b) and ~2 µm length.

3.2. Structural Characterization and Material Properties of the Nanocomposites

The infrared spectra of the nanocomposites at three different concentrations of nanofillers (1 wt%,
3 wt%, and 5 wt%), as well as the neat PS, are shown in Figure 5. The spectra of nanocomposites
have all those bands that exist at PS sample. The observation of peaks corresponding to the CNWs is
difficult, due to the similar nature of the materials and the low addition rate of the nanofillers to the
final nanocomposites.
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PS-CNWs-3% and PS-CNWs-5% samples.

The absorbance bands are in a wide area of the spectra. The first major band at 3025 cm−1

corresponds to the stretching vibrations of aromatic C-H bonds, while the second major band at
2921 cm−1 is from the same kind of vibrations of C-H on carbon chains. The next three major bands at
1600, 1492 and 1451 cm-1 are attributed to aromatic C-H bond stretching vibrations, as well as the major
peaks that are located at 1260, 1017, 796, 749 and 695 cm-1, which indicate aromatic C-H deformation
vibration [32].

Figure 6 shows the DTA (a) and TG (b) curves for the nanocomposites PS-CNWs at two different
analogies with 1 wt% and 5 wt% CNWs. On both samples, endothermic peaks appear at 308 ◦C, 377 ◦C
and 400 ◦C or 320 ◦C and 365 ◦C, respectively, as well as an exothermic peak at 515 ◦C. Contrarily,
the DTA curve of PS inhibits a strong intensity exothermic peak at 408 ◦C. This peak is correlated to the
decomposition of the polymeric structure through depolymerization of the form:
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that are surfaced modified by ODA molecules. It is well known that the decomposition of amine
groups occurs at temperatures below 400 ◦C and over more than one step. Therefore, given the fact that
the graphitic structure of CNWs is not affected at temperatures below 350 ◦C, the endothermic peaks
at 308 ◦C and 320 ◦C at the nanocomposite spectra are attributed to the amine groups decomposition,
catalyzing the decomposition of PS to lower temperatures (365 ◦C and 377 ◦C). The exothermic peaks
near 515 ◦C are indicative of the combustion of nanowires, as well as the remaining organic part of the
nanocomposite matrix.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 17 

cm−1 is from the same kind of vibrations of C-H on carbon chains. The next three major bands at 1600, 
1492 and 1451 cm-1 are attributed to aromatic C-H bond stretching vibrations, as well as the major 
peaks that are located at 1260, 1017, 796, 749 and 695 cm-1, which indicate aromatic C-H deformation 
vibration [32]. 

Figure 6 shows the DTA (a) and TG (b) curves for the nanocomposites PS-CNWs at two 
different analogies with 1 wt% and 5 wt% CNWs. On both samples, endothermic peaks appear at 
308 °C, 377 °C and 400 °C or 320 °C and 365 °C, respectively, as well as an exothermic peak at 515 °C. 
Contrarily, the DTA curve of PS inhibits a strong intensity exothermic peak at 408 °C. This peak is 
correlated to the decomposition of the polymeric structure through depolymerization of the form: 

 
This decomposition is catalyzed by the Pt crucible and greatly affects the DTA signal [33–35]. The 
differentiation observed at the nanocomposites curves can be assigned to the existence of nanowires 
that are surfaced modified by ODA molecules. It is well known that the decomposition of amine 
groups occurs at temperatures below 400 °C and over more than one step. Therefore, given the fact 
that the graphitic structure of CNWs is not affected at temperatures below 350 °C, the endothermic 
peaks at 308 °C and 320 °C at the nanocomposite spectra are attributed to the amine groups 
decomposition, catalyzing the decomposition of PS to lower temperatures (365 °C and 377 °C). The 
exothermic peaks near 515 °C are indicative of the combustion of nanowires, as well as the 
remaining organic part of the nanocomposite matrix. 

 
(a) (b) 

Figure 6. DTA (a) and TGA (b) curves of neat PS and two nanocomposites at 1 and 5% CNWs 
concentration. 

From the TGA curves, the nanocomposites are less thermally stable than the neat-PS. 
Specifically, the sample with 5 wt% CNWs is by 10 °C more thermal stable than the 1 wt% CNWs 
nanocomposite. Nevertheless, it is less thermally stable than the neat polymeric matrix by 10 °C. It is 
cited that for nanocomposite materials with carbon as nanofiller in PS matrix, the final product 

Figure 6. DTA (a) and TGA (b) curves of neat PS and two nanocomposites at 1 and 5% CNWs concentration.

From the TGA curves, the nanocomposites are less thermally stable than the neat-PS. Specifically,
the sample with 5 wt% CNWs is by 10 ◦C more thermal stable than the 1 wt% CNWs nanocomposite.
Nevertheless, it is less thermally stable than the neat polymeric matrix by 10 ◦C. It is cited that for
nanocomposite materials with carbon as nanofiller in PS matrix, the final product becomes more
thermally stable than the pristine polymer with regard to the concentrations of nano-additive above
10 wt%.

Raman spectra of the pristine PS, as well as for the three different nanocomposites, are shown in
Figure 7. The spectra of all samples exhibit the two intense peaks at 1601 and 1352 cm−1, which are the
characteristic G and D-bands [36] mentioned before. Once again, the graphitization of the samples
is unaffected while they are formed to nanocomposites. Specifically, the value of the ID/IG ratio is
0.80, 0.82, and 0.87 for the samples with 1 wt%, 3 wt% and 5 wt% CNWs, respectively. This value is
considered almost equal.

In all nanocomposites, the characteristic bands of the PS are dominant. Those peaks are mainly at
3059 and 2908 cm−1. Both are attributed to the C-H bonds’ vibrations. Analytically, the first of these
are due to the presence of C-H bonds in the carbon chain, while the second is due to the presence of
the same groups presenting at aromatic rings. Additionally, the presence of the band at 1003 cm−1 is
from the expanding/contracting “breathe mode” of aromatic C. Finally, the small intensity band at
~1600 cm−1 can be assigned to the double bond of C=C [36].
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Figure 8 shows the TEM images of PS-CNWs-3% nanocomposite. Figure 8a,b demonstrate the
existence of isolated carbon nanowires in the polymer matrix. The polymer matrix is also presented
in the following Figure 8c where the isolated carbon nanowires enhance the folding of the polymer.
The width of CNWs seems to be approximately ~5 nm or less (Figure 8a,b,d), and these results are in
agreement with AFM microscopy measurements.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 17 
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3.3. Mechanical Strength of PS-CNWs Nanocomposites

The mechanical properties of the pristine PS and the corresponding nanocomposites were evaluated
with tensile measurements and representative stress-strain curves are presented schematically in
Figure 9, while the average values of modulus of elasticity (E), tensile strength (σTS) and strain at break
% (εb) are depicted in Table 1.
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Table 1. Stiffness, strength and deformation in fracture of nanocomposites PS-CNWs with different rates
of nano-additive, as well as the pristine PS, are presented the mean values and the standard deviations.

Sample Concentration
of CNWs (%)

Stiffness
(MPa)

Tensile Strength
(MPa)

Distortion to
Breakage (%)

PS 0 3349 ± 107 79.87 ± 11.02 2.86 ± 0.19
PS-CNWs-1% 1 3557 ± 278 81.90 ± 6.23 2.56 ± 0.21
PS-CNWs-3% 3 3792 ± 394 83.63 ± 5.04 2.64 ± 0.31
PS-CNWs-5% 5 3568 ± 669 76.00 ± 15.77 2.38 ± 0.62

The representative curves (Figure 9) for the non-modified polymer, as well as for its nanocomposites,
are typical of brittle materials, since almost no plastic deformation is observed in all cases. According to
these curves, the general trend is an increase in the stiffness and strength and a respective reduction of
the strain at the break with nano-reinforcement. As observed, specimens with 1 wt% and 3 wt% CNW
behave similarly, while a further increase in CNW content results in lower mechanical enhancement.
Based on the values that are presented in Table 1, an up to 13% increase is observed in the stiffness of
the samples, the strain at break is reduced by up to approximately 17%, while the tensile strength is
fluctuating by the CNWs addition into the polymer.

These trends are better illustrated in the graphs of Figure 10a–c that present the modulus of
elasticity (Figure 10a), the tensile strength (Figure 10b), and the elongation at break (Figure 10c) as a
function of the CNW weight content. Based on the three graphs, it can be deduced that the best results
are obtained after the addition of 3 wt% nanowires.
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As discussed in other polymer/nanoparticle systems, the addition of rigid nanoparticles seems
to positively affect the modulus of elasticity (stiffness), whereas the values of strength and strain at
break depend much more on the effect of nano-addition on the morphology of the sample (change in
crystallinity, the orientation of the amorphous phase, etc.) and less on the mechanical properties of the
nanoparticles. From the above, we can conclude that the addition of 3% CNWs to the nanocomposite
material imparts the maximum increase in stiffness, which is associated with satisfactory dispersion
and lack of large aggregates. For higher rates of nano-reinforcement, there is much more difficulty in
achieving satisfactory dispersion, which is also confirmed by the large range of values displayed at a
5% addition (high standard deviation). The slight change in the strength of nanocomposite materials
can be justified by two competing phenomena, the phenomenon of strength enhancement due to the
addition of CNWs and the change in the morphology, where the nanowires lead to the loss of the
crystalline structure of the polystyrene chains, degrading the strength.

3.4. Thermomechanical Measurements on PS-CNWs Nanocomposites

Dynamic mechanical analysis (DMA) measurements provide information regarding the effect
of nano-addition into the polymer chains mobility, the glass transition temperature (Tg), as well as
the storage modulus (E’), loss modulus (E”) and loss factor (tanδ) of a polymer above and below the
Tg [37]. The results of the DMA measurements are presented in Figure 11 and in Table 2.

As observed pristine PS exhibits a decrease in E’ starting at app. 50 ◦C. The lowering of the E’
of the un-reinforced PS is also observed as a shoulder in the tanδ curve (Figure 11b) located in the
range of 60–80 ◦C, i.e., at temperatures well below the Tg of the PS, associated with some side groups
movement, such as phenyl groups.

Based on Figure 11, it is obvious that the addition of nanowires results in alteration of the
thermomechanical response of the PS matrix, both in terms of E’ and tanδ. As observed in Figure 11a,
CNW-based PS nanocomposites retain a constant E’ up to app. 80 ◦C, where the transition from the
glassy to the rubbery state begins. Contrary to plain PS, CNW reinforced specimens do not present
any shoulder in their tanδ spectra in the respective area. It seems that CNW particles interact with
the sidechains of PS restricting their mobility, and only one main transition (the one associated with
the Tg) is being observed. The higher the CNW content, the higher is the value of E’ in the glassy
state. This increase is more pronounced for CNW contents of 3% and 5 wt%. It is also important to
note that PS-CNWs-3%, even after the glass transition (rubbery state) exhibits much higher values
in E’ (~100 MPa) compared to other samples, having E’ ~20–30 MPa. The pronounced increase in E’
in both the glassy and the rubbery state for a 3% reinforcement, demonstrates the good interaction
of the nanowires with the PS matrix, thus creating a strong interface that leads to a clear reduction
of chain mobility both below and above the Tg. The increase in E’ for T < Tg, (i.e., the matrix is a
pure solid from a mechanical point of view), is simply explained based on what generally happens
when reinforcing solid matrices with fibers, CNTs, etc. The increased modulus of elasticity in the
rubbery state means that there are also some quite strong matrix-nanowires connections, and these
connections contribute to the modulus of elasticity of the material as equivalent to the cross-linking of
the matrix. These results agree with the stiffness ones, confirming the vital role of dispersion in the
thermo-mechanical performance of the nanocomposites.

As seen in Figure 11b, the Tg for the PS prior to the addition of carbon nanowires may be positioned
at 105 ◦C (main transition), or perhaps slightly lower, to a relatively satisfactory agreement with the
literature [38]. In parallel, the addition of CNWs seems to decrease the glass transition temperature by
~3 ◦C, at least if we accept that differences in temperatures of the maximum tanδ reflect differences in the
Tg value (Table 2). In this case, one usually resorts to interpret the alleged lowering the Tg, in reference
to the Tg dependence on the molecular weight of the chains (which herein may be reduced, for obscure
reasons, by the presence of nanowires) and the possible presence of small molecule impurities [39].
However, in the present case, it is preferable to avoid referring to a hypothetical specific reason of
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“lowering of the Tg” because the temperature difference of 3 ◦C (Table 2), combined with the much
higher peak tanδ range, allows for a variety of interpretations of chain relaxation and Tg.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 17 
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Table 2. Values of glass transition temperature (Tg) and storage modulus at 40 ◦C and 110 ◦C, of the
nanocomposites PS-CNWs with different addition rate and the pristine.

Sample Concentration
of CNWs (%) Tg (◦C) Storage Modulus

@ 40 ◦C (MPa)
Storage Modulus
@ 110 ◦C (MPa)

PS 0 105 2418 20
PS-CNWs-1% 1 102 2261 19
PS-CNWs-3% 3 101 3608 102
PS-CNWs-5% 5 100 2848 23
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4. Conclusions

Novel carbon nanowires were synthesized via hard template method and display unique prototype
features with worm like structure and diameter smaller than 5 nm. New polystyrene nanocomposites
based on the novel carbon nanowires were synthesized with three different nano-additive loadings (1%,
3%, and 5%). The nanocomposites have slightly lower thermal stability (~10 ◦C) than the neat-PS and
gradually improved while increasing of CNWs loading until 3 wt%. The best mechanical properties
were observed for the nanocomposite with 3 wt% loading CNWs, while for the 5 wt% nanocomposite
was difficult to achieve satisfactory dispersion of carbon nanowires and consequently have a wide
range of values.
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