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Modern carbon nanofibers (CNF), obtained from polyacrylonitrile (PAN), do not have high tensile strength. It is
because there is still no understanding how the electroforming method affects the quality of CNF.

This paper investigates a process to obtain high-strength nanofibers with a carbon content of up to 90% by the
method of electroforming. The research made it possible to obtain CNFs with a diameter of 150-500 nm with unique
properties due to our CNF continuous and combined forms, which distinguishes our CNFs from existing ones when applied
to composite materials. Such nanofibers, obtained by selecting the optimum stabilization temperature and carbonization
regime, have homogeneous cross sections, and as a result of improving their mechanical properties, the aircraft structure
performance can be substantially improved.
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INTRODUCTION

Electrospinning is a process to form nanofibers (NV) as a result of electrostatic forces acting on
an electrically charged jet of a polymer solution or melt. The scheme of the EF process is shown on
Fig. 1[8, 10, 14-16].

Electrical voltage of 1...100 kV (typically: 10-60 kV) is applied to a polymer solution (melt)
fed through a capillary by means of a dispenser. High voltage induces electric charges of the same sign
in the polymer solution. This, as a result of Coulomb electrostatic interaction, leads the polymer
solution to stretch into a thin jet. In the process of electrostatic drawing of the polymer jet, the jet can
undergo a series of successive splittings into thinner jets with a certain ratio of viscosity values,
surface tension, and electric charge density (or electrostatic field strength) in the fiber. The resulting
jets cure by evaporation of the solvent or as a result of cooling, turning into fibers, and, under the
action of electrostatic forces, drift to a grounded substrate having the opposite sign of the electric
potential. A variant is possible when the capillary is grounded, and high voltage is applied to the
deposition substrate. The precipitation electrode (collector) must have good electrical conductivity, but
the electrode can have a different shape: the rod, plane or cylinder, can be solid or as a grid, solid, or
liquid, stationary, or mobile.

BASIC PROVISIONS

The material used to make our nanofibres: polyacrylonitrile with a molecular weight of
100,000 g/mol, containing 94,6% monoacrylonitrile and 5,4% monomethylacryl, in a solution of 15%
by weight polymer (product of the Polyacryl Isfahan factory, Iran).

The properties of the solvent (product of “Merck”, Germany) to produce nanofibers are shown
in Table 1.

Table 1
The product manufactured by "Merck™ (Germany)
. Boiling Saturated Surface tension Relative
Density, . .
Name Jom? Temperature, | vapor pressure coeff, dielectric
& °C at 1 atm. N/m permitivity
Dimethylformamide 0,945 153 0,0045 0,036 37
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To determine the viscosity of our polymer solution, a rotary device "Brookfield" model DV2
(USA) is used with rotation speed of 20 rpm. The crystallinity index of our nanofiber polyacrylonitrile
Is determined by the formula [2, 7]

CF=A 173¢ /A 2243

where A ;53 — the area under the curve of one carbonyl group with wave number 1730 cm™;
A 524, —the area under the curve of one nytril group with wave number 2240 cm™L.

As the degree of nanofiber crystallization increases, the nanofiber's crystallinity index is
determined by the formula

CP = A4, [A 173, + A 224,
The distance between nanofiber crystals is determined by the formula
0= A/2sin 6,
where 2 — radiation wavelength;

6 — angle of incidence, mm.
The nanofiber crystal size is determined by the formula

LC =0/94/Bcos 6,
where S — the area of the crystal at half its height.

PROCESS TO PRODUCE CARBON NANOFIBERS
BY THE ELECTROSPINNING METHOD

At the Electrospinning unit (Fig. 1), the voltage between the pump and the rotor collector is
regulated within 12...25 kV. The distance between them should be 15...20 cm. The pump (volume
0,1 ml/h) sprays the solution on the rotor at speed of 40 Hz. The resulting nanofilament should be left
at room temperature for 24 hours, so that dimethylformamide evaporates from the surface of the
nanofibers.

Fig. 1. Electrospinning plant:
a. High Voltage Source; b. Syringe Pump; c. Rotor Collector; d. Collector Controller
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Voltage is regulated by a high voltage source. The collector and the pump are positioned at
required distance. The syringe is filled with PAN and fixed on the pump. After that, the initial data is
entered into the collector regulator. The liquid from the pump is sprayed onto the collector for
15 minutes.

HEAT TREATMENT OF PAN NANOFIBERS

Our PAN nanofibers were stabilized in a furnace (Thermolyne 47900) by heating to 300 °C
with heating rate of 5 °C/min and holding for one hour at the maximum temperature. The optimal
temperature and stabilization time are determined by differential scanning calorimetry. Stabilized
nanofibers were deposited on alumina foil and placed in a high-temperature carbonization furnace.

Nitrogen is fed through the roof of the furnace and the nanofibers are heated for 1 hour under
nitrogen (at peak temperatures of 800 °C, 1100 °C, 1400 °C, and 1700 °C) to determine how
carbonization temperature influences the tensile strength and modulus of elasticity. The heating rate is
5°C/min. PAN and carbon nanofibers were tested for uniformity and presence of surface defects by means
of a scanning electron microscope, while TEM was used to study the structure of nanofibers at different
carbonization temperatures and to measure the average thickness of crystallite turbostratic carbon.

In this experiment, we investigated how the electroforming conditions influence the mechanical
properties of PAN nanofibres to obtain a PAN with increased rigidity and strength.

INFLUENCE OF RELATIVE HUMIDITY
ON THE MORPHOLOGY OF PAN NANOFIBERS

Relative humidity plays a critical role in obtaining a smooth surface of PAN nanofibres [8-9].
These nanofibers, formed at relative humidity of 60%, have a rough surface and porosity, while those
made with 30% relative humidity had a smooth surface. Thus, the relative humidity is very important
for our study to succeed.

a. b.
Fig. 2. Nanofibers at humidity of 60% (a) and 30% (b). They have rough and smooth surfaces respectively

At high relative humidity, the solvent evaporates more slowly, which gives more time to pro-
duce nanofibers of smaller diameter and longer length.

RELATIONSHIP BETWEEN THE MECHANICAL PROPERTIES
OF PAN NANOFIBERS AND THE ELECTROFORMING REGIME

In the course of our study, we determined optimal conditions for electroforming to improve
molecular alignment and uniform cross-section of our nanofibers collected on a metal collector
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[11-12, 16-17]. The effect of moisture was described in the previous section, but the effect of temper-
ature and polymer concentration has not been studied. All work on electroforming was carried
out at room temperature. Experimental conditions: the matrix of electrospinning voltage variation
and the distance to the collector between 15...25 kV and 15...25 cm, respectively. At 15 kV and
25 c¢cm, nanofibres were not obtained, probably because the surface charges on a drop of the polymer
solution were insufficient to overcome the surface tension.

We isolated individual nanofibers by a heat

300

7 cumenc o8 w008y S probe made in the laboratory and tested by a na-
§> ] S | noscale method of Naraghi (Fig. 3).

§ = Fig. 3 shows stress-strain relationships for
2 15 some of the electroforming processes. It can be seen
a that the mechanical strength of our nanofibers in-

creases, depending on the electroforming data. The
J nanofilms, obtained at 25 kV and 25 cm from the col-
AT B o gy p lector, had the highest tensile strength and modulus of
Engineering strain (%) elasticity, although the fracture strain was ~ 200%
Fig. 3. Mechanical behavior of PAN nanofibers relative to a-l I-the- elec_trof_ormlng modes.
gfor different electrospinning conditions. _ $tab|I|zat|on IS Importa}nt to form a thre?-
The color code designations (in decreasing order) dimensional carbon grid that is thermally stable in
are voltage (kV), collector distance (cm) subsequent carbonation and graphitization treatments.
and nanofiber diameter (nm) During stabilization and coking, the nanofibers were
under stress to obtain high mechanical strength and high modulus of elasticity.
Stabilization was carried out at 270, 290, 300 °C with an increase in the thermal coefficient of
5 °C/min for one hour. The stabilization process is exothermic, so the amount of heat released depends on
the time and degree of completeness of the reaction. As shown in Fig. 4, at 250 °C, and 275 °C, the exo-
thermic reaction was not completed and the samples continued to generate heat for another 1 hour. Howev-
er, the reaction was completed after 1 hour at 300 °C. The heat release was significantly higher than at
250 °C and 270 °C. The second stage was carried out at 300 °C, and during this stage no additional heat was
released. This fact confirmed that the samples were stabilized during the first heating cycle. However, for
the stabilization process, it is impossible to select high temperatures, so this will cause the fibers to combust.
For carbonization, stabilized nanofibers undergo heat treatment at 800-1700 °C until the carbon
nanofibers are produced. The nanofilms are loaded into the furnace and partly covered to minimize the
damaging effects of the convection processes that takes place in the furnace. We conducted FTIR spec-
troscopy on the PAN structure and found that the structure, along with stabilization and carbonization
regimes, of our nanofibers changed in the right direction. The mechanical properties of each process
(stabilization, carbonization, production of PAN nanofibres) are shown on Figure 5.
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Fig. 4. DSC scans of PAN nanofibers stabilized Fig. 5. FTIR spectra of PAN nanofibers shaping at 300 °C,
at 250 °C, 275 °C, and 300 °C for 1 hr. stabilized nanofibers, and nanofibers carbonized at 800 °C
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Figure 6 SEM depicts our carbon nanofibers that have a uniform structure, a smooth surface,
and a uniform diameter along their entire length.

To study the thermal behavior of our polyacrylonitrile nanofibers, obtained by the EF method
and the carbonization process, we use thermogravimetric analysis. When PAN nanowires are heated to
100-120 °C, a gentle slope occurs, along with a weight loss [3-5, 16-17]. This happens because the
moisture inside the samples gets released and evaporated. Further, to stabilize the samples, we increase
the temperature by 290 °C £ 20 °C. The carbonization process starts from 800 °C.

To study the shape and surface characteristics of our nanofibers, an electron microscope (SEM)
was used. Fig. 6 shows that the diameter of each fiber reaches 500 nanometers. All nanofibers are ho-
mogeneous and lie in one direction; this is achieved by correctly setting the parameters of the EF in-
stallation and the optimal physical and chemical properties of the solution.

Figure 7, b shows that our nanofibers do not shrink in diameter, since they absorb sufficient
amount of oxygen from the air. But the very structure of the macromolecule of polyacronitrile has
changed, which becomes annular. The ring structures do not melt during the carbonization process and
therefore retain their diameter.

a. b.
Fig. 6. SEM image demonstrates alignment of continuous carbon nanofibers (a).
TEM image demonstrates the range of carbon nanofiber diameters
with homogeneous cross-sections without any evidence of skin-core structure (b)

At the stage of carbonization and raising the temperature to 1700 °C, the diameter of the fibers
decreases because H20 and gases NCN, H2 escape, and the carbon content increases to 90%.

a b c d

Fig. 7. Polyacrylonitrile nanofibers obtained by electrospinning (a), b-stable nanofibers at 290 +20 °C (b),
carbonation of nanofibers at 800 °C (c), stable carbon nanofibers at 1700 °C (d)

Vibrations of aliphatic CH groups were observed in the spectral regions 2870-2931,
1450-1460, 1350-1380, and 1220-1270. A strong band of absorption appeared in 2240 in conjunction
with the group of triple CN nitrile. The band 1070 belongs to the group C and to the triple group CN.
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Band 1732 refers to the bond length of excess vibrations of group C and the triple
group CN. As a result, it is possible to detect if ester or acids are present. Two-band carbon
materials have their own characteristics. Fig. 9 shows the spectrum of Raman scattering of carbon
nanofibers.

Fig. 8. Samples of spectra at various stages Fig. 9. Carbon nanofiber dispersion range
of our carbon nanofiber production process

Thus, spectroscopy and its combinations are the most powerful tool to investigate microstruc-
tures, as can be seen from Table 2.

Table 2
The spectrum of the samples at various stages of the production process
Bonds Wave number

OH bond oscillations indicating the water content 3500-3560
Vibrations of the CH group with different aliphatic regimes CH and CH2

CH group vibrations with different aliphatic regimes CH and CH2 2900

The relative triple bond CN 2242
Carbon monoxide and nitrogen carbon group, double bond 1731

Group C-H and bending CH2 bond 452-1447
Relative C-C bond and double N bond 1071

TENSILE STRENGTH AND MODULUS OF ELASTICITY
OF CARBON NANOFIBERS

The ultimate strength of our nanofiber at four temperatures is shown in Fig. 10, a. The plot
shows how the carbonization temperature is related to the ultimate strength; this information allows us
to tune the carbonization process for maximum performance [3-4, 8]. The maximum strength is
achieved at temperatures up to 1400 °C. After this value (1400-1700 °C), the strength decreases.
Fig. 10, b is the average number of nanofibers vs. carbonization temperature plot. The required diame-
ter is obtained at low carbonation temperatures. Similarly, the modulus of elasticity depends on the
diameter of the nanofiber, as shown on Fig. 11, a, and the modulus increases as the temperature inc-
reases, as shown on Fig. 11, b. The elastic modulus increases as the crystallite thickness and length
increases.

As noted, the diameter increases as the sample is stretched and as the sample's tensile strength
slightly decreases at low carbonation temperatures of 800 °C and 1100 °C. The strength limit increases
by almost 150% at 800°C for carbonized nanofibers when the diameter was reduced from 500 nm
to 200 nm.

The images of our samples, obtained at different carbonization temperatures, are shown on
Fig. 11 (b). No porosity or other discernible defects were detected, except for a slight surface rough-
ness. A study of the mechanical properties of PAN nanofibers on Naraghi shows that nanofibers with a
larger diameter had less strength and reduced molecular alignment.
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Fig. 10. The dependence of the tensile strength and the diameter
of the Nanofibers during carbonation (at different temperature values) (a).
The dependence of the average number of Nanofibers on carbonization temperature (b)
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Fig. 11. The dependence of the elasticity modulus on the diameter of Nanofibers (a),
dependence of the average level of the elasticity modulus on the carbonization temperature (b)

The nanofilms, carbonized at 1400 °C, obtain fiber strength of 3.60 GPa. The normative
strength in this case increases by a factor of 6, compared to the average strength. Nevertheless, the
strength of nanofibers carbonized at 1700 °C decreases sharply at break. In this paper, we already
demonstrated that the optimal molecular alignment prior to the stabilization process was important,
whereas the non-uniform structure of the core was absent. This process was identified as a limiting
factor for achieving high mechanical strength. The mechanical strength decreases as the crystalline
structure of nanofibers develops. As the carbonization temperature increases, turbo nanocarbon forms
up. This caused the sample to rupture since there is a discrepancy between the stresses of turbostratic
carbon and the stress of amorphous carbon, that surrounds the turbostratic one.

A large number of images of carbon nanofibers were obtained to measure the average crystallite
thickness. This allowed us to estimate how the crystallite thickness changes, Lc, and the length of La. Lc and
La increase as carbonization temperature increases. As indicated in Table 3, the average crystallite thickness
increased by 3.3+0.9 layers (on average) at 800 °C, and by 7.9+1.9 layers (on average) at 1700 °C.

Table 3
Features of fiber strength modulus depending on carbonization temperature
Carbonization Carbone Strength index, Elasticity Average
temperature, °C content, % GPa modulus, GPa crystallite value
800 81,2 2,20 80+19 3,3+0,9
1100 92,7 2,90 105427 3,9+0,9
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Table continuation

1400 N/A 3,60 172+40 6,6+1,4
1700 N/A 1,95 191+58 7,919

CONCLUSIONS

To study the thermal behavior and carbonization of PAN nanofibers, obtained by the EF method,
the thermogravimetry analysis was used. When PAN nanowires are heated to 100-120 °C, a gentle slope
with a weight loss occurs. This is due to the moisture gets released and evaporated. Further, to stabilize
the process, the temperature was raised to 290£20 °C. The carbonization process starts at 800 °C.

Our CNF, described in this paper, are unique in comparison with the existing carbon nanofibers and
nanotubes because of these CNF have continuous and combined forms, which are advantageous when used
in composite materials. The ultimate strength of carbon nanofibers reaches a maximum of 3.6 GPa at
1400 °C, the modulus of elasticity increases to 1700 °C and is equal to 172 + 40 GPa, which is 600% and
almost 300%, respectively, relative to the previously reported data. This improvement is a result of our ef-
fort to stabilize temperature and carbonization. So, our carbon nanofibers have uniform cross-sections and
as a result - improved mechanical properties, which allow to increase the efficiency of aircraft structures.
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MNOJYYEHUE U ITPUMEHEHUWE BBICOKOKAYECTBEHOI'O
YIVIEPOAJHOT'O HAHOBOJIOKHA /U1 HOBBIINEHUA
PABOTOCIIOCOBHOCTHU AETAJIEHN BO3JYIIHBIX CYJOB

Ilaxsepau Xamun Pesal, Boep Xaccanu Mexpaan®
YVuusepcumem Tap6uam Mooapec, 2. Tezepan, Hpan

[Monyuennsie 3 nonuakpunonurpuia (IIAH) coBpemennsie yriepoassie HanoBostokHa (YHB) He oOnaznatoT rnoka
BBICOKOM MPOYHOCTBIO IPU PACTSHKEHUH. JTO CBA3aHO C OTCYTCTBHEM B HACTOSIEE BpeMs MOHHUMAHUS TOTO, KaK BIUSET
MeTo]1 31eKTpodopMoBaHHs Ha kauecTBo YHB.

B crarbe paccMOTpeH Ipolecc MOJIy4eHHUs] BBICOKOTIPOYHOTO HAHOBOJIOKHA C cojepaHueM yriepozaa a0 90 %
MeToAoM 3JekTpodopmoBanus. [IpoBeneHHbIE HCCIeOBaHUA MO3BOMMIN Tonyunts YHB mmamerpom 150-500 HM C
YHUKaJIbHBIMH CBOWCTBaMH, OOYCIIOBICHHBIMH MX HENPEPBIBHBIMH M COBMEMICHHBIMH (DOPMaMH, YTO BBITOJHO OTJIMYACT
UX OT CYIIECTBYIOIIMX IIPH MPUMEHCHHH B KOMIIO3MLIHOHHBIX Marepuagax. Takue HaHOBOJOKHA, ITOJYYECHHBIE ITyTEM
BBIOOPA ONITHMAILHOHN TEMIIEpaTyphl cTaOMIN3aNy M PEKIMa KapOOHHU3aLUH, UMEIOT OJHOPOJHBIE MONIEPEYHbBIE CEUCHHS,
U B pe3yibTaTe YJIydIICHHS WX MEXaHWYECKMX CBOHCTB MOXKET OBITh CYIIECTBCHHO IOBBIIIEHA pabOTOCIOCOOHOCTH
ABUAIIMOHHBIX KOHCTPYKIIHH.

KaioueBble cj10Ba: HAaHOBOJOKHO, MOJHAKPUIOHUTPHUI, 3JIEKTPOQOpMOBaHHE, PACTBOPUTENb, TEMIIEpaTypa
CTa0MJIM3AIINH, PEKUM KapOOHHM3AIUH, TUAMTA30H BOJIH, 3JIEKTPOHHBIA MUKPOCKOIIL.
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