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The paper considers the effect of low- (Uglen-9) and high-modulus (Ural-
N-24/320) carbon fibres (CF) on the physical and technical characteristics
of copolymer BSP-7/CF carbon plastics. All materials, namely, CF, BSP-7,
and BSP-7/CF composites, demonstrate electron paramagnetic resonance
(EPR) signals with different characteristics. The whole composite and its
individual components’ properties, as well as the interaction of the matrix
with fillers are studied. The shape of EPR spectrum of CF Ural is con-
trolled by the conduction electrons in dependence on the sample and skin-
layer thicknesses for microwaves. The EPR spectra of CF Ural and Uglen
are isotropic showing that these are carbonized rather than graphitized
fibres. CF Uglen is characterized by a significant specific surface area,
which causes a strong (by = 25 times) broadening of the EPR line due to
the interaction of CF electron spins with spins of air oxygen. The technol-
ogy for preparing the composites, which includes magnetic mixing of the
components inevitably leads to the ferromagnetic (FM) and superpara-
magnetic absorption signals within both BSP-7/Ural and BSP-7/Uglen.
The magnetic resonance characteristics of composites depend on porosity
of the samples, nature and concentration of fillers and FM impurities. The
study of the tribological properties of composites shows that addition of
Uglen-9 and Ural-N-24/320 fibres leads to a significant positive effect: a
decrease in the friction coefficient, linear wear intensity and heat release
over the restored surface of the original polymer by 1.6-2.6, 18.9-81.3
and 1.65-2.6 times, respectively.

B maniii po6oTi poO3ryISHYTO BIJINB HU3BLKO- (YTieH-9) Ta BUCOKOMOAYJIBHUX

(Ypan-H-24/320) ByriemneBux BosiokoH (BB) Ha (ismko-TexmiuHi xXapakxTe-
puctuku ByrienaactTukiB BCII-7/BB. BcramoBieHno, mio Bci CKJIamoBi, —
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BCII-7, Byrienesi BosokHa, komnosutu BCII-7/BB, — memMoHCTPYIOTH Hasd-
BHIiCTH ITapaMaTHeTHUX CUIHAJIiB, XapaKTePUCTUKU SKUX BU3HAUEHO 3i cIie-
KTpiB eJeKTpoHHOTO mapamarHerHoro pesomauncy (EIIP), B Tomy uwmcii Bu-
SABJIEHO POJIb B3aEMOMii MaTpuili 3 HamoBHIOBauamMu. Popma cuextpy EIIP
BB Vpasn BusHauaeThCcA €JEKTPOHAMU ITPOBiTHOCTH B 3aJI€KHOCTI Bix cmiB-
BiHOIIIEHHS TOBIIMHN 3pasKa Ta TOBIMUHMU CKiH-IIApPYy IS MiKPOXBUJIb.
IzorponuicTy EIIP-cumekTpiB mocaimxkenmx BB BcTanoBa€e ixHIO mpuponxy
AK KapOoHizoBaHux MarepiAnis. BB YrieH mMaioTh 3HAUYHY TUTOMY IIOBEPX-
HIO, II[0 IPUBOAUTHL OO CUJIBbHOTrO (B = 25 pasiB) posmupenHs Jjinii EIIP za-
BAAKM B3a€EMOJii e€JeKTPOHHUX CHiHIB YTIJeHy 3i cImiHaAaMH MOJIEKYJIAPHOTO
KHCcHIO IoBiTps. TexHoJOTisg CHHTE3M KOMIO3UTIB, KA BKJIIOUAE€ MarHeTHe
mepeMilniyBaHHS KOMIIOHEHTIB, IPUBOJIUTH M0 IOSBU CHUT'HAJIB (hepoMartHer-
HOoro (PM) Ta cymepmapamarsetrHoro BOupamua y BCII-7/¥Ypan i BCII-
7/¥Yraen. MaraHeTHO-pe30HAHCHI XapaKTEePUCTUKMN KOMIIO3UTIB 3aje€KaTh Bif
MIOPUCTOCTH 3PasKiB, IPUPOAU Ta KOHIEHTpAallii HamoBHIOBa4YiB i DPM-
momitmok. TpuGosoriumi mocaimkeHHA MOKasaau, IO AOJAaBAHHA BOJIOKOH
Yraen-9 i ¥Ypan-H-24/320 8 BCII-7 mpuBOguTh N0 3HAYHOTO TO3UTUBHOTO
eerTy: 3MeHINIEHHA KoedillieHTa TepTs, iHTEHCMBHOCTH JIiHiMHOTO 3HOIIY-
BaHHS Ta TEIJOBUIIJIEHHS II0 BiJHOBJIIOBAJLHiN ITOBepXHi BUXiJHOTO IIOJIi-
mepa y 1,6-2,6, 18,9-81,3 i1 1,65—2,6 pasiB BigmoBigHoO.

Key words: carbon fibres, polyarylatesulfone BSP-7, electron paramagnetic
and ferromagnetic resonances, intensity of linear wear, friction coefficient.

KarouoBi croBa: ByrJeneBi BoJioKHa, moJiapuaarcyabdoH BCII-7, emexTt-
poHHUI NapamMarHeTHuil i depomarHeTHuil pe3oHaHCH, IHTEHCUBHiCTH JIi-
HIAHOTO 3HOIIIYBAaHHS, Koe(dillieHT TepTs.
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1. INTRODUCTION

Polymer composite materials (PCM) with fillers of various natures
are widely used in many fields of science and technology, as they
are characterized by an improved set of tribological and physical-
mechanical properties compared to the original polymers, metals
and ceramics [1, 2]. Purposeful creation of new PCM with the set
characteristics, it is impossible without knowledge of their struc-
ture, electric and magnetic properties at the atomic and molecular
level. It is important to control both the electronic properties of the
base polymers and fillers, the degree of their dispersion in the com-
posite and the mechanisms of interaction with the polymer matrix.
Among the many PCM, one of the most common is carbon plastic
(CP), which contains as a filler low- and high-modulus carbon fibres
(CF). The scope of these data is very diverse: thermal protection of
spacecraft and satellite components, automotive, friction units of
various mechanisms, including in agricultural engineering, the use
of activated CF as effective sorbents and more.
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One of the features of explosives is their turbostratic structure,
in which adjacent graphite layers are rotated at an angle relative to
the normal to the layer, which is also accompanied by an increase in
the distance between the individual layers [4]. The magnitude of
these effects depends on many factors, including the type of raw
material and the processing temperature of CF. As a result, the
structure of CF consists of layers several microns long and about a
nanometer-thick [4, 5]. Accordingly, the electronic properties of CF
are determined by the presence of both conduction electrons (CE)
and a significant concentration of localized centres—defects such as
broken carbon bonds [6, 7]. It is likely that the features of the elec-
tronic structure of CF will be reflected in their mechanical proper-
ties as well as the properties of composites with their participation.
One of the effective methods of studying the electronic structure of
solids is the method of electron paramagnetic resonance (EPR). This
applies to studies of both dielectrics and conductive materials, the
theory of spin resonance of conduction electrons (CESR) which is
developed in detail [8—-11].

Among the polymer matrices of considerable interest is polyary-
latesulfone BSP-7. This material surpasses the known serial poly-
mers of tribotechnical purpose in terms of performance (strength
and toughness): caprolon B, polyamide PA 6 210/310, polyamide
12-L. due to the presence of sulfonic groups in the chemical compo-
sition. However, low wear resistance hinders its widespread use in
tribological compounds. It is known from the literature [12, 13]
that low- and high-modulus CF improve the tribological properties
of aliphatic and aromatic polyamides, because of which the devel-
oped PCM is actively used in the agricultural, metallurgical and au-
tomotive industries instead of serial materials.

The aim of this work was to develop high quality composites for
tribological applications based on BSP-7 with CF as fillers. The in-
fluence of low- (Uglen-9) and high-modulus (Ural-N-24/320) CF on
the features of para- and ferromagnetic responses of polymer, nano-
fillers and composites, processes of polymer—filler interaction, and
tribological properties of the obtained composites was studied.

2. EXPERIMENTAL/THEORETICAL DETAILS

As a polymer matrix for the creation of CP was chosen polyary-
latesulfone block copolymer sulfaryl BSP-7. This polymer was syn-
thesized under the conditions of acceptor-catalytic polycondensation
in an organic solvent based on 2.2-di (4-oxyphenyl) propane, phe-
nolphthalein, 4,4'-dichlorodiphenylsulfone and dichloranhydrides of
tere- and isophthalic acids. As filler, we chose carbon fibres: low-
(Uglen-9, further Uglen) and high-modulus (Ural-N-24/320, further
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TABLE. Technical characteristics of carbon fibres [3].

Parameter Carbon fibre
Ural-N-24/320 | Uglen-9
Length of fibre, mm 3-4
Density, g/cm? 1.5 1.6
Tensile strength, H/tex 1.5-2.0 3.5-5.0
Breaking elongation, % 1 —
Elasticity modulus, GPa 60—-80 15-18

Ural) produced by PC ‘Svetlogorsk Khimvolokno’, the main proper-
ties of which are given in Table. The choice of CF was determined,
on the one hand, their technical characteristics and, on the other
hand, cost. The PCM based on copolymer BSP-7 containing CF
Uglen (10-30 mass.%) and Ural (10—-30 mass.% ) was made by com-
pression moulding according to the method described in [14].

The EPR is an effective method for studying the electronic and
magnetic properties of matter, including the mechanisms of interac-
tion between the polymer matrix and fillers in composites. Since
both the polymer matrix BSP-7 and all the fillers used in this work
had paramagnetic or ferromagnetic properties, EPR studies have
become an important component of the development of CP based on
BSP-7. EPR measurements were performed at room temperature
using an X-band Radiopan X-2244 spectrometer (microwave fre-
quency v=9.4 GHz) with 100 kHz magnetic field modulation. The
estimated accuracy in determining the g-factor was of +2:10™*. The
absolute accuracy of the spin concentration (N,) was of +£50%.
Measurements were performed on both source and evacuated sam-
ples. To do this, the latter was placed in a quartz tube and pumped
out for 1 hour at T=413 K. After that, the sample was moved to
the resonator of the spectrometer, and the EPR spectrum was rec-
orded without changing the pumping out conditions.

Tribological properties (coefficient of friction (f), intensity of
linear wear (I,) and heat dissipation (q)) were studied under friction
conditions without lubrication on a friction disk machine [16], steel
45 (45-48 HRC, R,=0.32 nym) at a load of 0.6 MPa and a sliding
speed of 1 m/s, the friction path was of 1000 m.

3. RESULTS AND DISCUSSION

Magnetic Resonance Properties. Samples for EPR measurements of
carbon fibres in the form of bundles were placed in a quartz tube,
so that the axis of the carbon fibre was directed perpendicular or
parallel to the external magnetic field. In the case of crushed and
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diluted in paraffin explosives, chaotic distribution of CF in all di-
rections was realized. Chaotic particle distribution was naturally
realized in powder samples of BSP-7/CF composites.

Figure 1 shows the EPR spectrum of the powder sample BSP-7.

Theoretical analysis of the spectrum (dotted curve in Fig. 1)
showed that it consists of an intense signal with the following pa-
rameters: N,=4-10" g, g=2.0028, line width AB,,=0.66 mT, and
a weaker signal with parameters as follow: N,.=4.8-10"® g™,
g=1.993, AB,,=0.58 mT.

Figure 2 shows the EPR spectrum of the CF bundles Ural.
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Fig. 1. EPR spectrum of polymer BSP-7 powder sample.
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Fig. 2. Spin resonance of conduction-electrons’ signal of the CF bundles
Ural. Dashed line—simulated spectrum in dimensionless units calculated
according to the theory [7—10]. The insert shows a spectrum of fibres dis-
persed in a paraffin matrix. v=9406 MHz.
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The following parameters of the spectrum were determined:
N,=2510" g', g=2.0030, AB,,=1.7 mT. These data refer to the
symmetric line with the Lorentz shape shown in the insert. The data
for the asymmetric CESR line with the Dyson shape, calculated on
the basis of the spin-resonance theory of conduction electrons [7—
10], as expected, coincide with those obtained for the dispersed sam-
ple. It is established that the orientation of CF relative to the direc-
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Fig. 3. EPR spectrum of the CF bundles Uglen. I—sample in the air; 2—
pumped out for 1 hour at T=413 K. Modulation amplitude were chosen

optimal for each case.
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Fig. 4. Spectra of magnetic resonance signals for samples of composite
BSP-7/Ural with the content of CF 10 (a) and 30 mass.% (b). Broad in-
tense signals are due to the FMR and SPM resonances. Narrow paramag-
netic signals (marked by dashed frame) belong to CF. Spectra were record-

ed under pumping out conditions at T'=413 K.
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tion of the magnetic field does not affect the value of the g-factor.

Figure 3 presents the EPR spectra of low-modulus CF Uglen.

The parameters of the spectra in Fig. 3 were determined after
comparing the experimental spectra with those theoretically calcu-
lated according to the theory [8, 11]. The results are as follow:
N,= 710" g™, g=2.0030, AB,,=12 mT and 0.45 mT for lines I and
2, respectively. It is seen that the EPR line dramatically expands in
air due to the presence of paramagnetic molecular oxygen.

In the BSP-7-based composites with CF Ural and Uglen fillers, the
situation changes significantly. Signals from fillers are still present,
but their characteristics are changing. In addition, new ferromag-
netic (FMR) and superparamagnetic (SPM) signals are emerging, the
nature of which is related to the technology of obtaining CP, which
includes the process of magnetic mixing of the mixture using ferro-
magnetic particles [11]. The magnetic resonance spectra of the com-
posite BSP-7/Ural with a CF content of 10 and 30 mass.% are given
in Fig. 4, a, b, respectively. The pumping out of the samples does
not affect the FMR and SPM signals; at the same time, the EPR
signals from CF are narrowed during pumping with a corresponding
increase in their amplitude. It can also be seen that the amplitude of
FMR and SPM signals is = 2 times larger for the composite with 10
mass.% CF (Fig. 4, a) compared to the composite with 30 mass.%
CF (Fig. 4, b). The behaviour of the EPR line width of samples 1-4
with different content of CF Ural turned out unexpected (Fig. 5).
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Fig. 5. (a) Dependence of the EPR line width of BSP-7/Ural composite
samples with different fillers’ content in the air and when pumping out
for 1 hour at T=413 K; dashed lines are an eye guide. (b) An increase in
the width of the EPR line for the composite BSP-7 samples with 20
mass.% CF Ural in the air after pre-pumping the sample; the dashed curve
is constructed according to formula (1).
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Figure 5, a shows that, in air, the width of the EPR line of the
filler Ural can significantly exceed its width outside the composite
content. The effect is strong for samples 1 and 3, and almost im-
perceptible for samples 2 and 4. Figure 5, b also shows that the gas
permeability of the composite occurs at room temperature too, but
the speed of the processes is much lower. According to the work
[14] on the study of absorption processes in porous carbon, the
curve in Fig. 5, b describes the rate of diffusion of oxygen entry
and filling of the immediate environment of paramagnetic centres
(PC), because AB,, is proportional to the oxygen concentration in
the PC environment. The dashed curve is calculated theoretically
according to the law [14]:

exp (]
T
AB, (t) = AB B e A

pp,max ¢ ’
1+exp| —
31

where 1, =14.4 hours is the time of oxygen diffusion in the sample.
A significantly different situation is observed for BSP-7/Uglen
composites. The FMR and SPM resonance signals are also observed
in them (Fig. 6). However, the EPR signals from Uglen fillers have
a different dynamics in them, when pumping out samples.
Under the conditions of pumping out samples of this composite at
T =413 K, the dynamics of the signals is such that regardless of the
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Fig. 6. Signals of FMR (1), SPM (2) and EPR (3) in the composite BSP-
7/Uglen with a content of the CF Uglen 30 mass.% . The spectrum is rec-
orded in the air. The EPR line width from CF Uglen (line 3, marked by
dashed frame) AB,, =9 mT.
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content of Uglen filler (samples 5—8), the EPR signals from it are
narrowed in all samples approximately equally, namely, to the value
of AB,,=0.5-0.6 mT, inherent to that in CF Uglen.

Analysis of EPR Results and Discussion. It follows from Fig. 1
that the polymer BSP-7 has paramagnetic properties. The concen-
tration of defects is small: N,=4.10" g!. The value of their g-
factor g=2.0028 and EPR line width AB,,=0.6 mT are very similar
to the data for dangle bonds in polymer chains of other polymers,
for example, in aromatic polyamide phenylene [2]. In bulk samples,
the concentration of dangling bonds, as expected, is approximately
an order of magnitude lower.

The Ural filler EPR spectra (Fig. 2) show an asymmetric Dyson
shape line for CF bundles and a symmetric line for dispersed samples.
The spectral parameters for both types of samples are almost identical,
indicating that the nature of paramagnetism does not change.

The Dyson shape line is typical for the EPR of the conductive
samples. The parameters of such spectra are described with the in-
volvement of the theory of spin resonance of conduction electrons,
developed in [7—10]. CESR theory takes into account the processes
of electron diffusion in the volume of the skin layer into which the
radio frequency field penetrates. If the thickness of the conductive
sample significantly exceeds the thickness of the skin layer, the Dy-
son shape characterizes the CESR line, which is a consequence of
the simultaneous manifestation of the contributions of dispersion
and absorption [7—9]. In our case, the calculated CESR spectrum
(dashed curve in Fig. 2) well describes the experiment with the fol-
lowing parameters: g=2.0030+2-107%, AB,,=2 mT, R=50, where
R=(T,/T,)?, T, is the time of diffusion of the electron through the
skin layer, T, is the time of spin relaxation of the electron.

It is also known [7—10] that, when the thickness of the conduc-
tive sample is less than the depth of the skin layer for a given mi-
crowave frequency, the CESR line becomes symmetrical one, and its
shape becomes of Lorentz’s type. Indeed, the CESR line of the same
CF bundles, but crushed and dispersed in paraffin, acquires the Lo-
rentz’s shape (see insert in Fig. 2). It is important to note that the
value of g-factor is the same for all fibre orientations, i.e., there is
no spectral anisotropy. This directly indicates that Ural CF are car-
bonized, not graphitized.

Another type of fibre is low-modulus Uglen fibre, which has dif-
ferent properties. Due to the peculiarities of its structure, high
conductivity of samples [3], and a small length of individual fibres
as well as because of a larger specific surface area of the samples,
the EPR line is symmetrical, and its width is determined by the in-
teraction of electronic spins of Uglen with molecular oxygen spins.
In our case, the effect of broadening the EPR line of CF Uglen due
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to oxygen is strong, approximately 25 times (see Fig. 3).

Magnetic resonance signals in BSP-7/Ural and BSP-7/Uglen com-
posites are much more complex. First, new signals of ferromagnetic
and superparamagnetic resonances are registered. The intensity of
the FMR and SPM signals, and their ratios in samples with differ-
ent content of fillers, changes. The reason for this behaviour is re-
lated to the technology of obtaining these composites, where the
process of magnetic mixing of the initial mixture plays an im-
portant role. This process is accompanied by the friction of strong
fibres with uniaxial FM particles—mixing activators, because of
which micro- and nanoparticles of FM material are cleaved, which
are responsible for the FM and SPM properties of the prepared
composites [11]. A characteristic feature of these composites is the
dependence of the intensity of the FMR and SPM signals on the na-
ture of the fillers (Ural, Uglen) and their percentage amount in the
composite (see Fig. 4 and Fig. 6).

The behaviour of EPR signals in BSP-7/Ural composites with dif-

ferent filler concentrations turned out to be unexpected. Thus,
evacuated samples 1-4 show a gradual decrease in the width of the
EPR line AB,, from 3.75 mT to 2.1 mT with increasing filler con-
centration from 10 to 30 mass.% . At the same time, these samples,
which were in contact with air for 1-2 months (paramagnetic oxy-
gen!), show a nonmonotonic change in AB,, from 12 to 2.1 mT,
which does not correlate with the change in filler concentration (see
Fig. 5). The analysis showed that the reason for this behaviour is
the difference in the porosity (density) of the composite samples. It
can be expected that the best tribotechnical characteristics of the
composite will be characteristic of the densest samples 2 and 4. At
the same time, in the composites BSP-7/Uglen, it was found that
regardless of the change in the concentration of Uglen CF from 10
to 40 mass.%, the pumping out of samples at T=413 K always
leads to a decrease in the EPR line width of Uglen from 9-12 mT to
0.45-0.6 mT, i.e., the value of the line width inherent in pure
pumped powdered samples of Uglen.
Tribological Properties of Composites. Analysis of the results of
tribological properties of carbon plastics showed that the use as a
filler of low-modulus fibre Uglen (Fig. 7) reduces the intensity of
linear wear and friction coefficient of the original polymer in 6.7—
18.9 and 1.1-1.6 times, respectively.

The introduction of high-modulus CF fillers Ural (Fig. 8) into the
BSP-7 block copolymer proved to be more effective compared to
Uglen, the intensity of linear wear and the friction coefficient is
decreased in 39.2—81.3 and 2.2-2.6 times. This is because this filler
is characterized by high strength characteristics (see Table) and, as
a result, strengthens the polymer matrix more, because of which CP
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Fig. 7. Influence of CF Uglen content (C, mass.%) on friction coefficient
(f, 1), intensity of linear wear (I,, 2), and heat release (g, 3) of block co-
polymer sulfaryl BSP-7.
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Fig. 8. The effect of the percentage of CF Ural (C, mass.%) on coefficient
of friction (f, 1), intensity of linear wear (I,, 2), and heat (¢, 3) block co-
polymer sulfaryl BSP-7.

has a stronger resistance to abrasion and external deformations.

The decrease of heat intensity in 1.65 (Fig. 7) and 2.6 (Fig. 8)
times in the contact zone between the counter body and the sample
is probably [15] due to an increase in the thermal conductivity of
the CP, which provides heat removal from the friction zone. In gen-
eral, the improvement of the tribotechnical characteristics of the
original polymer can be explained by the fact that, in the process of
friction on the steel counter—friction transfer, film is formed, re-
sulting in friction occurring according to the ‘polymer—polymer’
scheme [12].

4. CONCLUSION

The magnetic resonance properties of fillers and composites BSP-
7/CF at the atomic level reflect the relationship between the charac-
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teristics of fillers and composites with their participation. In par-
ticular, this concerns to the porosity of composites, gas permeabil-
ity at different temperatures, and ferromagnetic properties as a
side effect of the technological process of synthesis of composites.
Analysis of the results of operational properties of the developed CP
showed that the use of Uglen-9 and Ural-N-24/320 as a filler for
block copolymer BSP-7 is a promising way to improve its tribotech-
nical characteristics: reducing friction, intensity of linear wear and
heat on the reducing surface of the original polymer in 1.6-2.6,
18.9-81.3 and 1.65—2.6 times, respectively. It is established that
more effective improvement of these properties takes place for
Ural-N-24/320 filler.
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