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1. Introduction

Due to the outstanding mechanical properties and low density, fiber reinforced
polymer composites have been extensively used in high performance applica-
tions, such as aerospace, automotive, shipbuilding and sports [1] [2] [3] [4]. Ap-
plication of nanosized particles as fillers of polymer binder in order to enhance
the physico-mechanical characteristics of polymer composites is actively inves-
tigated recently [5]-[12]. However, the most common use is the use as a rein-
forcing element of CNT’s as the most effective [13] [14] [15]. The mechanical
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and thermal properties of CNT’s are unique and are determined by several fac-
tors [16]: high strength of sp> bonds of C-C; superdense packaging of atoms in
the graphene plane; absence or low density of structure defects. Due to this, tak-
ing into account the special form factor (7) (length-to-diameter ratio) of 10°, the
threshold (Fp) E, ~1/p, that is, the concentration at which a continuous grid with
CNT’s is formed, provided that they are uniformly distributed in the matrix of
the polymer may be up to =0.1% by weight. CN'T’s are widely used to obtain new
high-strength composite materials of both structural and functional purpose,
which are widely used in engineering [1] [2] [3] [4] [17] [18]. As a rule, the ad-
dition of any nanosized filler, including CNT’s, in the astringent of the compo-
site system increases its physical and mechanical characteristics. The theoretical
analysis carried out in various models, for example [19] [20], shows that such a
change in properties is due to the characteristics of various phases formed on the
interface between the nanofiller and the bulk polymer. Modeling by methods of
molecular dynamics [19] demonstrates the formation of an ordered layer of a
polymer matrix around CNT’s. This layer, known as interphase one, plays a cen-
tral role in the overall mechanical response of the composite. Due to the poor
transfer of the load from the matrix to the CNT’s, the effect of gain, attributed to
the CNT’s, is negligible; consequently, the interphase is considered as the only
reason for the enhancement of characteristics in the composite. The purpose of
this work was an experimental verification of the influence of the state of the
surface of the CNT’s on the strength characteristics of the fiberglass, the binding
of which was reinforced by CNT’s and their forms, which were modified by

oxygen and nitrogen.

2. Methods and Materials

Multiwall nanotubes (Figure 1) synthesized by the method of catalytic pyrolysis
(CCVD), according to [21], conformed to the requirements of the standard TU
U 24.1-03291669-009:2009. Complex oxide catalysts with a metal ratio
(Al,FeMo,,,) obtained by the aerosol method were used, by decomposing an

aqueous mixture of iron citrate and aluminum and molybdenum formates.

Figure 1. TEM CNT’s synthesized from propylene.
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CNT’s with 2 - 40 nm in the diameter were grown in a 24 dm’ reactor with
smooth mixing of the catalyst beds due to the rotation of the reactor. The source
of carbon was propylene, obtained in the process of dehydration of propanol.
Degree of conversion of propylene to carbon under optimal conditions was
about 80% - 97%. To prevent the agglomeration of CNT’s in the process of syn-
thesis, a pyrogenic silicon (aerosil) grade A 300 was added to the catalyst. Oxy-
gen modification was carried out by anodic oxidation of CNT’s in 94% sulfuric
acid in the reactor according to the scheme [22]. Modification of CNT’s by ni-
trogen was carried out by adding propylene, the main source of carbon, acetoni-
trile (one nitrogen atom in a molecule) or ethylenediamine (two atoms of nitro-
gen in a molecule), about 20% of the volume of propylene. In another embodi-
ment, the carbon source was 100% acetonitrile or 100% ethylenediamine. The
iron-containing catalyst was used. The prototype of the fiberglass plastics were
consisted of two layers of glassfiber with a density of 110 g/m* with a core of
PVC foam bonded with a binder: an epoxy resin LR285 with a polymerization
catalyst LH286 filled with CNT or their modified oxygen or nitrogen forms.
Determination of the specific surface of CNT’s was carried out by the method
of thermal desorption of argon (GOST 23401-90). The state of the surface of the
washed from mineral impurities and dried CNT was investigated by the method
of potentiometric micro titration and X-ray photoelectron spectroscopy (XPS),
XPS spectrometer “SERIES-800”, Kratos Analyticcal using monochromatic
MgK-radiation with energy of 1253.6 eV. The structural state of the CNT sam-
ples was characterized by the method of Raman scattering (RS). Spectra of RS
CNT’s was recorded by the Horiba Jobin-Yvon T-64000 spectrometer in combi-
nation with the geometry of inverse scattering at room temperature when ex-
cited by an argon laser (A = 514.5 nm, 1 mV). As a standard for calibrating the
wavelength, a band of silicon RS was used at 520 cm™. The introduction of
CNT’s into the epoxy resin was carried out on a three-hop mixer, and in the po-
lymerization catalyst was processes by ultrasound, as in a less viscous liquid.
These methods provided sufficiently homogeneous distribution of CNT’s or
their modified forms, which was controlled by the laser correlation spectroscopy
method of highly diluted solutions in ethanol of epoxy resin and catalyst filled
with CNT’s. The analysis of particle size and mass was carried out by Malvern
Instrument (UK) photoconductivity spectrometer ZetaSizer 3 with correlator
7032 and 25 mW helium-neon laser LH-111 (wavelength A = 633 nm). Mechan-
ical tests of tensile and bending layered composites were conducted on a
break-out machine 2167 P 50 with continuous automatic recording of the

load-deformation’ diagram on a PC.

3. Experimental Results and Their Discussion

3.1. Characterization of CNT and Their Modified Oxygen and
Nitrogen Forms

The oxidation of CNT’s results in a slight decrease in the specific surface area
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from 293 + 1 m?/g for the initial CNT’s to 281 - 285 m*/g oxidized by different
amounts of electricity. According to the results of potentiometric titration, the
values of the SOE of the CNT’s of the initial and the CNT’s of the oxidized 120
A-h/kg were obtained. They amounted to 1.22 and 1.38 mg-equivalent/g, respec-
tively. According to the analysis of the XPS of high resolution spectra, it follows
that the outputs of CNT’s have 0.75 % at and oxidized 120 A-h/kg at 3.62% at
oxygen. Relative concentrations of oxygen-containing centers are given in Table
1. Thus, the anode treatment of CNT’s in 120 A-h/kg significantly (4.8 times)
increases the amount of oxygen on the surface of CNT.

The SM spectra and the values of the main parameters of the characteristic
bands of the initial CNT’s, anode oxidized 120 A-h/kg and modified with nitro-
gen, are presented in Table 2 and Figure 2. The obtained spectra are typical for
multilayer nanotubes (Figure 2).

The G-band (the so-called “graphite” mode of symmetry E,, at the point G of
the Brillouin zone) is recorded at 1573 cm™ for the output of CNT’s, which
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Figure 2. The SM spectra of CNT’s: (a) oxidized, 120 A-h/kg; (b) output CNT’s; (c)
CNT’s obtained with using acetonitrile; (d) CN'T’s obtained with using ethylenediamine.

Table 1. Relative concentrations of oxygen-containing centers of CNT’s and corres-
ponding binding energy.

Relative concentration of oxygen-containing groups,%

Samples
of CNT’s Eb=286.1-1286.3 E,=287.3-287.6eV E,=288.4-2889eV E,=290.4-290.8 eV
eV (C-OH) (C=0) (C-O0H) (CO, CO,)
Outgoing 49.1 17.2 17.2 16.5
120 A-h/kg 53.8 19.8 13.6 12.8
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Table 2. The basic parameters of the characteristic bands, which are manifested in the
micro-Raman spectra of CNT’s of different degrees of oxidation.

Samples CNT’s D,cm™ G,cm™ 2D,ecm™ Dy cm™  Gpymne cm™ Ip, au. I, au Ip/lg

120 A-h/kg 1352 1583 2711 55 59 11.78 1134 1.04
outgoing 1348 1573 2706 51 53 9.0 104 0.86
acetonitrile 1352 1576 - 93 84 5.55 6.0 0.92
ethylenediamine 1360 1582 - 89 90 4.96 55 0.90

corresponds to the tangential oscillation of the carbon atoms in the rings of the
graphene layer [23]. A so-called 1348 cm™ band for the outgoing BNT is rec-
orded, which characterizes disordering in graphene multilayer structures, and is
not present for a perfect hexagonal lattice graphite [24]. This mode corresponds
to the “respiration” fluctuations of the rings of the graphene layer at the point B
of the Brillouin zone. Relative intensity and half-width (FWHM) D and G strips
represent the degree of ordering of the graphite-like structure (broadening the
band corresponds to a greater degree of disorder). For the output of CNT’s, the
intensity of the G-mode is slightly higher than the intensity of the D-band, indi-
cating a slight disordering of the structure caused by defects. Due to the low
concentration of defects, including the presence of perfect packing of layers in
highly oriented graffiti, the D-band is not observed. 120 A-h/kg of electricity
leads to a change in the intensity ratio: the intensity of the D-band becomes
higher, with the half-width of the G-band becoming larger and shifted towards
higher frequencies, that is, the deficiency of CNT’s increases. The modification
of CNT’s by nitrogen obtained from propylene also leads to an increase in defect
in the structure of CNT’s according to the SM: there is an extension of the G and
D bands and an increase in their frequency. However, the ratio of intensities re-
mains similar to the initial CNT’s, ie. I/I; < 1. Pictures of transmitted electron
microscopy of CNT’s, which were synthesized from 100% acetonitrile and 100%
ethylenediamine in the iron-containing catalyst, are presented in Figure 3.
Nanoscale carbon materials with nitrogen inclusion were received using CVD
method in the followings works: by decomposition of ethylene-ammonia mix-
tures on metal catalysts [25], xylol/pyridine and ferrocene pyrolysis [26] using
modified precursor feed, acetonitrile [27], pyridine or N, N-dimethylformamide
with catalyst Fe-, Co- or Ni in the temperature interval 823 - 1123 K, also ob-
served bamboo-like structures. Moreover, a uniform distribution of nitrogen
and the formation of ordered defects were recorded in N-CNT’s [25]. In accor-
dance with the performed structural modeling, the ordered defects contain four
carbon vacancies and pyridine-like nitrogen. On the contrary, it has been found
that N-CNF’s (carbon fibers) have an uneven distribution of nitrogen; their
structural defects are disordered and also contain pyridine-like nitrogen. It is
noted in [26] that the system creates a nitrogen concentration gradient, which
modifies the CNT’s from the hollow cylinder to a bamboo structure, which con-

tains a number of compartments whose lengths gradually decrease with increasing
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Figure 3. Transmission electron microscopy pictures of the product obtained from: (a)
100% acetonitrile; (b) 100% of ethylenediamine.

nitrogen concentration. The physical and chemical properties of the resulting
N-CNT’s, such as the ratio of C/N or the type of nitrogen, are related to the
synthesis parameters. It was found [27] that the C/N ratio increases with tem-
perature, which may be due to the thermodynamic stability of metal carbides
and metal nitrides. Also, the kind of nitrogen present in the layer of graphene
varied with increasing temperature from predominantly pyridine—to quater-
nary nitrogen. N-CNT’s produced from the Fe catalyst showed bamboo mor-
phology regardless of the source C/N or growth temperature, whereas direct
tubes were obtained with a Co or Ni catalyst. The authors assume that this dif-
ference in morphology can be explained by the thermodynamic stability of vari-
ous metal carbides, which leads to “pulsating” growth in the case of Fe in con-

trast to more continuous growth in the case of Co or Ni.

3.2. Obtaining of Layered Composites and Study of Their
Mechanical Characteristics

According to the results of LCS analysis of solutions of epoxy resins and poly-
merization catalyst with the content of CNT’s of different concentrations, it was
found that on average: in the epoxy resin, the majority of particles (over 40%)
have a size within the range of 30 - 100 nm; also particles (up to 35%) in the size
of 130 - 1200 nm and large particles (up to 5%) in the size 3.5 - 7.0 microns are
observed; in the case of polymerization catalyst, 2 peaks were found in sizes from
300 to 1200 nm (18%) and from 4 to 7.9 microns (32%), but by the amount most
of the particles (45%) corresponded to the size of 20 nm. The distribution of the
particle size in both the epoxy resin and catalyst depends on the concentration of
the filler, and it is nonlinear and correlates with the strength characteristics.
Model specimens of three-layer composites with a core of PVC foam were ob-
tained by vacuum pressing. The influence of CNT’s concentration and the me-
thod of administration (separately in the epoxy resin and separately in the poly-
merization catalyst) on the tensile strength and bending strength were investi-
gated. Figure 4 shows the dependences of increasing tensile strength and bend-
ing strength on the CNT’s concentration relative to the sample of the unloaded
CNT’s. As can be seen from the dependencies in Figure 4, at introducing CNT

into the polymerization catalyst, increase of the strength are observed at lower
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Figure 4. The relative increase of the strength of the layered PCM. CNT’s are introduced:
into LH286, 1) tensile, 1') bending; into LR285; 2) tensile, 2') bending.

concentrations of CN'T’s (an increase of 25% - 30% in the range of 0.2% - 0.4%
wt of CNT’s). This indicates that the introduction of CNT’s into a polymeriza-
tion catalyst (less viscous fluid) and ultrasound treatment provides a more effec-
tive, Z.e. more homogeneous distribution of CNT’s in an epoxy binder. As one
can see in Table 3, the bending strength of the model specimens, which con-
sisted of two layers of glass fiber with a density of 110 g/m?, with a core of PVC
foam, an epoxy binder LR285, a polymerization catalyst of LH286 without
CNT’s and filled with different types of CNT’s and modified with oxygen and
nitrogen with a concentration of 0.3% wt. in relation to the hard binder.

CNT’s and their modified forms were introduced both in the LR285 resin and
in the LH286 hardener.

As one can notice from the data in Table 3, technological variants for the in-
troduction CNT’s in the glassfiber material significantly affect its strength. So, if
you introduce hydrophobic CNT’s (Samples 2 - 4) into a catalyst for polymeriza-
tion of LH 286, then the strength with respect to non-reinforced CNT’s samples
increases by 48% - 54%. In this case, if they are injected into an epoxy resin, then
the increase in strength is only 11% - 13%. But the introduction of oxidized
CNT’s shows the opposite effect. Oxidized CNT’s (200 A-h/kg) added to the re-
sin increases strength by as much as 59%. Their introduction into the hardener
gives the lower effect of increasing the strength, as the degree of oxidation is
higher (Samples 8, 9 in Table 3). Nitrogen-containing nanostructures also give
the effect of increasing the strength significantly less, but both when introduced
into the resin and hardener.

To explain this effect as a hypothesis, one can propose the following. Amine
hardener (such as LH286) in interaction with CNT’s acts as a surfactant. When
interacting with the initial CNT’s, it is guided by the hydrocarbon part to the
tube, and the amino groups are externally. The resulting superficial layer pre-
vents reverse agglomeration of CNT’s after dispersion. Since amino groups in

particular are reacted with resin epoxies, the ends of the polymer chains during
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Table 3. Dependence of the bending strength of the model on the samples on the origin
of CNT’s and the method of their introduction in the binding.

Homogeneous distribution of CNT’s and their modified forms
0.3% wt. in relation to the mass of the approved resin

Ultrasound treatment in a . .
. Mixing on three roller mills
polymerization catalyst

i in LR285
(hardener LH286) 10 epoxy resin
Type of filler
Bending Change in strength Bending Change in strength
strength,  to non-reinforced strength, to non-reinforced
MPa CNT’s samples MPa CNT’s samples
Without CNT’s 26.96 - 26.96
Outgoing CNT’s 41.51 1.54 30.57 1.13
CNT’s on a pyrogenic catalyst 39.90 1.48 29.96 1.11
CNT’s “short” 40.43 1.50 - -
N-consistent CNT’s 33.58 1.25 29.59 1.10
CNT’s, China 26.92 1.00 31.85 1.18
Oxidized 120 A-h/kg 33.36 1.24 - -
Oxidized 200 A-h/kg 27.36 1.01 42.88 1.59

curing should be “attached” to CNT’s (the interaction of the polymer matrix
with the CNT’s surface increases). That is why Nitrogen-containing CNT’s be-
have a little worse, because they have a more charged surface. Oxidized tubes at
the expense of acidic groups on the surface of the opposite turn the molecules of
the hardener to amino groups to the surface of the CNT’s and the hydrocarbon
residue outside, Ze., there is no charged layer to prevent agglomeration. Also,
due to such an orientation of the amino group, the corrector molecules are ad-
sorbed on the surface of the CNT’s if they are screened by their own hydrocar-
bon residues from epoxy resin groups during curing (which leads to a weakening
of the bond of CNT’s with a polymer matrix). In the case of dispersion of oxi-
dized CNT’s in a resin, the most oxygen-containing groups on the surface of the

CNT’s, due to their polarity, prevent reverse agglomeration after dispersion.

4. Conclusion

It was shown experimentally that the multilayer CN'T’s which were synthesized
by CCVD method at introducing into the epoxy system of LR285-LH286, in-
crease the strength of a model laminated fiberglass with a porous core with re-
spect to stretching and bending by 25% - 35% at low concentrations of CNT’s
(up to 0.4% wt). The effect increases with the introduction of CNT’s into a less
viscous fluid, namely the polymerization catalyst LH286. Modifying the surface
of CNT’s with oxygen and nitrogen changes their interaction with the epoxy
matrix. Hydrophobic CNT’s (output) at introducing into the catalyst polymeri-
zation of LH286, increase strength with respect to unreinforced CNT’s by 48% -
54%. The oxidized CNT’s (200 A-h/kg) introduced into the resin increases the
strength by 59%.
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