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Abstract. The crystalline structure of carbon fibers (CF) based on polyacrylonitrile (PAN) and viscose precursors, treated in the tempe-
rature range of 1500 to 2800 °C, was studied using X-ray diffraction analysis and Raman spectroscopy. The objective of the study
was to obtain data on the structure of low-modulus viscose-based fibers, which are widely used as fillers in composite mate-
rials, and to compare the characteristics of CF derived from different precursors. An empirical dependence of the intensity ratio
of the D and G lines (/,,/1;) of the Raman spectra on the treatment temperature was established for carbon fibers based on viscose
and PAN. The crystallite sizes L, and L_ of both types of CF obtained at different treatment temperatures were evaluated. It was
revealed that as the treatment temperature increases, the crystallite sizes L and L, grow, while the interlayer spacing d,,, decreases,
indicating an increase in the degree of graphitization. It was found that viscose-based carbon fibers exhibit a less ordered crystalline
structure compared to PAN fibers processed under the same conditions. Additionally, the true density and elastic modulus of viscose-
based CF were investigated, showing lower values than those of PAN fibers treated at the same temperature. These differences in
the properties and structure of CF are attributed to the microtextured nature of viscose fibers. However, during treatment at 2800 °C,
CF undergo partial graphitization, which significantly reduces structural differences between fibers of both types. Nevertheless,
despite the similarity in crystalline structure, viscose-based CF, even after high-temperature treatment, does not become analogous
to PAN-based fibers.
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Kpuctannuueckas cTpykTypa yrnepoaHbiX BOJIOKOH
Ha OCHOBE NOJIMaKPUIOHUTPUIIA U BUCKO3bI
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B MHTepBane temnepartyp 1500-2800 °C
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AHHOTauMﬂ. MeTO}IaMI/I PEHTIE€HOBCKOT'O Z[I/I(bpaKL[I/IOHHOI‘O aHalin3a 1 CIICKTPOCKOIINU KOM6I/IHaL[I/IOHHOl"O paccesaHus NpoOBEAEHO UCCIIC-

JIOBaHUE KPUCTAITIMYECKOH CTPYKTYphI yrIepoaHslXx BonokoH (YB) Ha ocHoBe mommakpmionutpuna (ITAH) u Buckossl, 06pado-
TaHHBIX B auanazone temmneparyp ot 1500 go 2800 °C. Ilenbto ucciaeqoBanus ObUIO MONTYYCHHUE JAHHBIX O CTPYKTYPE HH3KOMO-
JIYJTBHBIX BOJIOKOH HA OCHOBE BHCKO3bI, IMEIOIINX HINPOKOE MPHMEHEHHE B Ka4eCTBE HAMOJIHUTEIICH KOMITO3HI[OHHBIX MaTepPHAIOB,
a TaKk)Ke CpaBHEHHUE XapaKTepUCTHK ¥ B Ha 0cHOBE pa3HBIX IpeKypcopoB. [lomydena sMmmupudeckas 3aBUCHMOCTb OTHOIICHWSI HHTCH-
cusHoctet muunit D u G (I,,/1;) cIeKTPOB KOMOMHAIIMOHHOTO PACCESHUs OT TEMIEPATYPhl 00PaOOTKH JIsl YIIEPOIHBIX BOJOKOH
Ha ocHoBe Bucko3bl 1 [TAH. TIpoBenena orenka pa3mepos KpucTauTos (L u L) 06oux Tumos YB, NONTyYeHHBIX MPU Pa3THIHBIX
TeMIieparypax 00paboTku. BEIIBIIEHO, UTO C pOCTOM TeMIlepaTypbl 00pabOTKH BOJIOKOH IPOUCXOJIUT YBEIMUYECHIE PAa3MEPOB KPHCTAI-
JUTOB L U L, a MEXCIIOEBOE PACCTOSHUE (d,)),) YMEHBIIAETCS, YTO YKA3BIBACT HA MOBBIICHUE CTEEHH IPAUTAIMH. YCTAHOBIIEHO,
YTO yIJIEPOJHBIC BOJIOKHA HA OCHOBE BHCKO3BI IMEIOT MEHEE COBEPIICHHYIO KPHCTAUTMUYECKYIO CTPYKTYpY 10 cpaBHeHHIO ¢ [TAH-
BOJIOKHaMH, 00pabOTaHHBIMU B TeX K€ yCJIOBHsX. Takke OBUIH MCCIIeIOBaHBI HCTHHHAS IUIOTHOCTh U MOAYNb yNpyroctd ¥YB Ha
OCHOBE BHCKO3BI, y KOTOPBIX OKa3aJHCh Oojiee HU3KHe 3HaueHus, 4yeM y [IAH-BosokoH ¢ Toii xe TeMneparypoit 00paboTku. JlaHHbIE
pa3nuuMsl B CBOMCTBaxX M CTpyKType YB 00yclIoBIEHB MHKPOTEKCTYPUPOBAHHOCTBIO BUCKO3HOTO BOJOKHA. OIHAKO B Iponecce
obpaboTku mpu Temmeparype 2800 °C VB mnpeTeprneBaroT 4acTUUHYIO rpadUTaIUI0, YTO B 3HAYUTEIBHOU CTCTICHH HUBEIUPYET
CTPYKTYpHBIE Pa3iIM4Hsl MEKTy BOJIOKHAMU 000MX BUIOB. TeM He MeHee, HeCMOTPsI Ha CXOZICTBO KPUCTAIIMIECKOH CTPYKTyphl, YB

Ha OCHOBE BHCKO3bI JIaKe TI0CIIC BEICOKOTEMITEPATypHOH 00paboTKH He cTaHOBsATCs aHanorom ITAH-BonokHa.

KnioueBbie c/ioBa: yriepoiHble BOJIOKHA, PEHTTeHO(a30BbIi aHAIN3, PAMAHOBCKAs CIIEKTPOCKOTHS

Ana yntuposanms: Kneycos b.C., CamoitnoB B.M., Ensaanunosa B.A., Bynymmu J.A., JIutoBdenko E.M., TToruasckast A.C., Bo-
ponoB B.A. Kpucraminueckas CTpyKTypa yIIEpOJHBIX BOJIOKOH Ha OCHOBE TOJMAKPUIOHUTPHIIA U BUCKO3BI MOCIIE BBICOKOTEM-
nepatypHoii 06padotku B nHTepBane temmneparyp 1500-2800 °C. Hzeecmus 6y306. [Topowikosas memannypeus u QyHKYUOHATbHbLE
nokpwimus. 2025;19(1):30-39. https://doi.org/10.17073/1997-308X-2025-1-30-39

Introduction

The development of carbon fiber-reinforced
plastics has led to the production of a wide range
of carbon fibers (CF) [1-6]. The existing classifica-
tion divides all CF into several types based on their
modulus: low-modulus (30-100 GPa), intermediate-
modulus and high-strength (200-350 GPa), high-
modulus  (350-500 GPa), and ultra-high-modu-
lus (500-1000 GPa) [6-11]. Another critical factor in
classifying fibers is the precursor type, which deter-
mines the crystalline structure of CF and, ultimately, its
final properties [6—11]. Currently, nearly all commer-
cially produced CF are derived from three main precur-
sors: polyacrylonitrile (PAN), isotropic and mesophase
pitches, and viscose [6—11].

The crystalline structure of PAN- and mesophase
pitch-based CF has been extensively studied using
X-ray diffraction, often in combination with Raman
spectroscopy and electron microscopy [12-17].
However, the structure of viscose-based fibers remains
underexplored. Existing data in early literature [18; 19]
pertain to the technology for producing intermediate-
and high-modulus viscose-based CF, developed over
50 years ago in the United States. Studies on the crys-
talline structure of low-modulus (30-100 GPa) vis-
cose-based CF are extremely limited [20-22], despite
their widespread use as fillers in composite materials
for various applications.

The aim of this study was to investigate the crys-
talline structure of viscose-based carbon fibers and its
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changes during high-temperature treatment, with a com-
parative analysis of similar data for PAN-based CF.

Materials and methods

For this study, semi-finished products of TGN-brand
viscose-based CFs and UKN-type PAN-based CFs,
both manufactured in the Russian Federation, were
used. The samples were obtained by additional heat
treatment (HT) of CF bundles in a laboratory Tammann
furnace under argon atmosphere in a free state (without
tension). The heating rate was 300 °C/h, and the dwell
time at the target temperature was 20 min. The process-
ing temperature was monitored using a pyrometer.

The true density of the obtained CF samples was
measured using the gradient tube method in accor-
dance with GOST R ISO 10119-2012. The average
filament diameter, tensile strength, and dynamic elastic
modulus of single filaments were measured according
to ASTM D4018-11. The physical and mechanical
properties of CF were determined as averages from
25 measurements of tensile strength and elastic modu-
lus, following GOST 6943.5-79 and GOST 28008—88.

Raman spectra of CF subjected to various HT
temperatures (#,;) were recorded from the Ilate-
ral surface of filaments in the broad spectral range
of 700-3000 cm™! using a confocal Raman microspec-
trometer Via Reflex (Renishaw, UK) equipped with
an optical microscope and a cooled CCD detector.
The laser spot size at 100x magnification was 0.5 pm.
The excitation source was a diode-pumped solid-
state Nd:YAG laser with a wavelength of 532 nm and
a power of 1 mW.

In the first-order spectrum (1000-2000 cm™),
carbon materials, including CF, typically exhibit two
characteristic bands [30; 31; 34]. One is the band
at v=1580 cm™!, allowed by Raman scattering and
corresponding to the ideal graphitic vibrational
mode with E,, symmetry, often referred to as the G
mode [23-27]. It is associated with in-plane vibrations
of carbon atoms in graphene layers and relates to car-
bon atoms in an sp’-hybridized state. The other band,
at v=1360 cm™!, is due to disordered carbon atoms,
corresponds to lattice vibrations with 4,, symmetry,
and is called the D mode [23—-27]. This mode is linked
to carbon atoms in sp?- and sp? hybridization states,
typically localized at defects or the edges of graphene
layers [23-27]. The D band is absent in monocrystal-
line graphite, and its increasing intensity is considered
indicative of a higher content of disordered or periph-
eral carbon [23-27]. According to numerous studies,
for crystallite sizes up to 2 nm, the ratio of the inte-
grated intensities of these bands (/,/I;) depends
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on the defect concentration and follows the Ferrari
equation [28; 30-32]. For crystallite sizes larger than
2 nm, the 1, /I, ratio is determined by the average dis-
tance between defects. In graphitizing carbon mate-
rials, it can characterize the average crystallite size
(L,) using the Tuinstra-Koenig relation [29-31]. For
the studied CF, L, was calculated using the following
equation:

= > (1)

where C(A) is a constant dependent on the laser wave-
length. Thus, C(A =532 nm) is approximately equal
to 4.4 nm [23; 24; 27].

The interpretation of the secondary 2D band
(v=2700 cm™") is more complex. This band appears
at a sufficiently high degree of crystalline structure
perfection and typically consists of several compo-
nents [24; 27]. However, for the purposes of this study,
only the ¢, (heat-treatment temperature) at which
the 2D band appears was recorded.

X-ray phase analysis was conducted using
a D8 Advance diffractometer (Bruker, Germany).
A copper X-ray tube with a maximum power of 2200 W
and CuK  radiation (A =0.15418 nm) was used as
the X-ray source, in Bragg—Brentano geometry (reflec-
tion mode). X-ray diffraction patterns were recorded
over the angular range of 26 = 10+90°, with a scanning
speed of 2°/min and a step size of 0.02°. The fibers were
placed on a low-background silicon holder, evenly dis-
tributed over its surface. Before each measurement,
the tube and detector were initialized. The diffraction
patterns were processed using the specialized TOPAS
software. The absolute error in measuring the angu-
lar positions of diffraction peaks did not exceed
+0.026° [33]. The interplanar spacing (d,,,) was calcu-
lated based on the center of gravity of the (002) peak
using the Wulff-Bragg equation:

A

. >
2sin 0,

@

dooz =

where A is the wavelength of the X-ray radiation and
0, 1s the diffraction angle determined from the center
of gravity of the (002) reflection.

The crystallite sizes were calculated using
the Scherrer formula:
ke
ST A3)
Pcos By,

where B is the full width at half maximum (FWHM)
of the (002) reflection, and £ = 0.89 [32; 33].
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Results and discussion

Fig. 1 presents photographs of PAN- and viscose-
based CF filaments treated at processing temperatures
tyr = 1200 and 2800 °C. It is evident that the micro-

.
0.§ pm

I

structure of the fracture surface and the lateral surface
of the filaments of the studied CF at ¢, = 1200 °C show
minimal differences. However, the fracture surface
photographs of the CF after heat treatment at 2800 °C
exhibit pronounced differences.

9.74 um

A
.i -
- .. /\

5.35 um

Fig. 1. Photographs of viscose-based CF (a, b) and PAN-based CF filaments (c, d) at
= 1200 °C (a, ¢) and 2800 °C (b, d)

Puc. 1. ©otorpadun punamentoB YB Ha ocHOBe Bucko3ssl (@, b) u ITAH (¢, d)
t10 = 1200 °C (a, ¢) u 2800 °C (b, d)
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The dependencies of the true density of CF filaments
(v, g/ecm?) and the dynamic elastic modulus (E, GPa)
on the processing temperature of the studied fibers are
shown in Fig. 2. It can be seen that viscose-based fibers
exhibit lower values of y and £ compared to PAN-based
CF across the entire range of #,,,. Notably, the elastic
modulus of viscose-based fibers is 4-5 times lower
than that of PAN-based fibers throughout the tempera-
ture range.

Fig. 3 shows the X-ray diffraction patterns and
Raman spectra of the studied CF with varying process-
ing temperatures, while Fig. 4 illustrates the depen-
dence of their crystalline structure parameters on 7.

Itis evident that the increase in intensity and narrow-
ing of the (002) diffraction line indicates an improve-
ment in the crystalline structure with increasing ;.
for both viscose- and PAN-based CF (Fig. 3, a, b).
The asymmetry of the diffraction peak can be effectively
described by multiple structural components [34-35];
however, this study provides averaged data for one
of these components.

In the Raman spectra of the studied CF (Fig. 3, ¢, d),
the D and G bands become narrower with increasing 7,,,,
and the relative intensity of the D peak decreases. After
heat treatment at £ ~ 1800 °C, the 2D peak appears, and
its intensity relative to the G peak increases with rising
processing temperature.

However, after heat treatment at 2800 °C, the diffe-
rences in the crystalline structure parameters of vis-
cose- and PAN-based CF become insignificant or dis-
appear entirely (see Fig. 3), except for the crystallite
size L, (see Fig. 4).

2.0
19
1.8 1y

Y, m/cm

34
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Fig. 5 shows the dependencies of Raman spec-
troscopy parameters for viscose-based CFs (/) and
PAN-based CFs (2) on the processing temperature.

It is evident that the positions and widths of the D
and G bands systematically change with increasing
t,r- In accordance with the results of previous studies,
the dependence of the 7, /I, parameter was previously
used by us to evaluate the effective processing tempe-
rature of PAN-based CFs [36].

Using a similar approach, empirical expressions
for determining the effective processing temperature
(t.4> °C) of PAN-based (4) and viscose-based (5) CFs
were derived based on the obtained dependencies
of the /,)/I . parameter on 7., (see Fig. 5, a):

f5 =2089 — 9011n 12 , 4)
IG
ID
fyr =1815—| 641In =L |. )
G
Conclusion

The results of the study indicate that viscose-
based carbon fibers (CFs) exhibit a significantly lower
degree of crystalline structure perfection compared
to PAN-based CFs across almost the entire range
of heat treatment temperatures. However, high-tempe-
rature treatment at 2800 °C largely mitigates these dif-
ferences, suggesting partial graphitization of viscose-
based CFs. Nevertheless, as evidenced by the full set
of obtained data, despite the similarity in most crys-
talline structure parameters, viscose-based CFs do not

500
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200
150 |

100 + /I
50 & o @ e e b
1 1 1 1 1 1

0
1400 1600 1800 2000 2200 2400 2600 2800
tyr> °C

E, GPa

Fig. 2. Dependence of true density («) and dynamic elastic modulus (b)
on the processing temperature for viscose-based (1) and PAN-based (2) carbon fibers

Puc. 2. 3aBUCHMOCTH HCTUHHOU IUIOTHOCTH (@) U TUHAMUYECKOTO MOAYJIst yupyroct (b)
oT Temneparypsl 00pabotku YB Ha ocHoBe Bucko3bI (1) u [TAH (2)
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Fig. 3. X-ray diffraction patterns of CFs (a, b) based on PAN (a), and viscose (b),
and Raman spectra of CFs (c, d) based on PAN (c), and viscose (d)

Puc. 3. Pentrenorpammel (a, b) u crieKTpbl KOMOHHAIIMOHHOTO paccesitus (¢, d) YB na ocuose ITAH (a, ¢) u Buckoss (b, d)

35



36

’OHM uodn U3BECTUA BY3OB. TOPOWKOBAA METANINYPTUA U SOYHKLMUOHANBHBLIE NOKPbLITUA. 2025;19(1)130—39
' mssecunsvsos  Kpeycos b.C., Camolinos B.M. u dp. KpucTannmuyeckas CTpyKTypa yriepoAHbIX BONOKOH Ha OCHOBE MOMAKPUIOHUTPUAA ..
25 8 0.370
a b c
20k ol 0.365 |-
2 0.360 1
g 15 = g
9% S 4t - 0.355
~ 10 ~ ™
0.350 -
2r 1
5r 7 0.345 - 2
0 1 1 1 1 1 1 1 0 1 1 1 1 340 1 1 1 1 1 1 1
1400 1800 2200 2600 3000 1400 1800 2200 2600 3000 1400 1800 2200 2600 3000
tyr, °C tyr, °C tyr, °C

Fig. 4. Dependence of crystalline structure parameters on the processing temperature of fibers based on viscose (1) and PAN (2)

a — crystallite size L ; b — crystallite sizes L ; ¢ — interlayer spacing d,

002
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Fig. 5. Dependence of Raman spectroscopy parameters for viscose-based CFs () and PAN-based CFs (2)
on the heat treatment temperature
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become equivalent to PAN-based CFs even after high-
temperature treatment. The elastic modulus of viscose-
based CFs does not exceed 100 GPa, which is over four
times lower the elastic modulus of PAN-based CFs sub-
jected to identical treatment conditions. The true den-
sity of viscose-based CFs remains significantly lower
compared to PAN-based CFs (see Fig. 2, a), indicating
the distinctive nature of their porosity.

These differences, in our view, can be attributed
to the inherently low degree of microtexturing in
viscose-based CFs compared to PAN-based CFs and,
to an even greater extent, to mesophase pitch-based
CFs [19; 37]. The closest counterpart to low-modulus
viscose-based CFs are fibers produced from isotropic
pitches [10], which similarly exhibit reduced true den-
sity and microtexturing.

Based on previous studies [7; 22], which found no
significant differences in the properties of the raw vis-
cose fibers used for CF production, it can be inferred
that the low elastic modulus of the investigated viscose-
based CFs is primarily due to the absence of inten-
sive orientational stretching during the graphitization
process.
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