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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 X­ray diffraction analysis and Raman spectroscopy. The objective of the study 
was to obtain data on the structure of low­modulus viscose­based 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 (ID /IG ) of the Raman spectra on the treatment temperature was established for carbon fibers based on viscose 
and PAN. The crystallite sizes La and Lc of both types of CF obtained at different treatment temperatures were evaluated. It was 
revealed that as the treatment temperature increases, the crystallite sizes La and Lc grow, while the interlayer spacing d002  decreases, 
indicating an increase in the degree of graphitization. It was found that viscose­based 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, viscose­based CF, even after high­temperature treatment, does not become analogous 
to PAN­based fibers. 
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Аннотация. Методами рентгеновского дифракционного анализа и спектроскопии комбинационного рассеяния проведено иссле­

дование кристаллической структуры углеродных волокон (УВ) на основе полиакрилонитрила (ПАН) и вискозы, обрабо­
танных в диапазоне температур от 1500 до 2800 °С. Целью исследования было получение данных о структуре низкомо­
дульных волокон на основе вискозы, имеющих широкое применение в качестве наполнителей композиционных материалов, 
а также сравнение характеристик УВ на основе разных прекурсоров. Получена эмпирическая зависимость отношения интен­
сивностей линий D и G (ID /IG ) спектров комбинационного рассеяния от температуры обработки для углеродных волокон 
на основе вискозы и ПАН. Проведена оценка размеров кристаллитов (La и Lc ) обоих типов УВ, полученных при различных 
температурах обработки. Выявлено, что с ростом температуры обработки волокон происходит увеличение размеров кристал­
литов La и Lc , а межслоевое расстояние (d002 ) уменьшается, что указывает на повышение степени графитации. Установлено, 
что углеродные волокна на основе вискозы имеют менее совершенную кристаллическую структуру по сравнению с ПАН­
волокнами, обработанными в тех же условиях. Также были исследованы истинная плотность и модуль упругости УВ на 
основе вискозы, у которых оказались более низкие значения, чем у ПАН­волокон с той же температурой обработки. Данные 
различия в свойствах и структуре УВ обусловлены микротекстурированностью вискозного волокна. Однако в процессе 
обработки при температуре 2800 °С УВ претерпевают частичную графитацию, что в значительной степени нивелирует 
структурные различия между волокнами обоих видов. Тем не менее, несмотря на сходство кристаллической структуры, УВ 
на основе вискозы даже после высокотемпературной обработки не становятся аналогом ПАН­волокна.  
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IntroductionIntroduction
The development of carbon fiber­reinforced 

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: low­modulus (30–100 GPa), intermediate­
modulus and high­strength (200–350 GPa), high­
modulus (350–500 GPa), and ultra­high­modu­
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 
pitch­based CF has been extensively studied using 
X­ray diffraction, often in combination with Raman 
spectroscopy and electron microscopy [12–17]. 
However, the structure of viscose­based fibers remains 
underexplored. Existing data in early literature [18; 19] 
pertain to the technology for producing intermediate­ 
and high­modulus viscose­based CF, developed over 
50 years ago in the United States. Studies on the crys­
talline structure of low­modulus (30–100 GPa) vis­
cose­based 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 viscose­based carbon fibers and its 
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changes during high­temperature treatment, with a com­
parative analysis of similar data for PAN­based CF.

Materials and methodsMaterials and methods
For this study, semi­finished products of TGN­brand 

viscose­based CFs and UKN­type PAN­based 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 accor ding 
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 (tHT ) were recorded from the late­
ral surface of filaments in the broad spectral range 
of 700–3000 cm−1 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 100× magnification was 0.5 µm. 
The excitation source was a diode­pumped solid­
state Nd:YAG laser with a wavelength of 532 nm and 
a power of 1 mW.

In the first­order spectrum (1000–2000 cm−1), 
carbon materials, including CF, typically exhibit two 
characteristic bands [30; 31; 34]. One is the band 
at ν = 1580 cm−1, allowed by Raman scattering and 
corresponding to the ideal graphitic vibrational 
mode with E2g symmetry, often referred to as the G 
mode [23–27]. It is associated with in­plane vibrations 
of carbon atoms in graphene layers and relates to car­
bon atoms in an sp2­hybridized state. The other band, 
at ν = 1360 cm−1, is due to disordered carbon atoms, 
corresponds to lattice vibrations with A1g symmetry, 
and is called the D mode [23–27]. This mode is linked 
to carbon atoms in sp2­ and sp3 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 (ID /IG ) depends 

on the defect concentration and follows the Ferrari 
equation [28; 30–32]. For crystallite sizes larger than 
2 nm, the ID /IG ratio is determined by the average dis­
tance between defects. In graphitizing carbon mate­
rials, it can characterize the average crystallite size 
(La ) using the Tuinstra­Koenig relation [29–31]. For 
the studied CF, La was calculated using the following 
equation: 

            (1)

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

The interpretation of the secondary 2D band 
(ν = 2700 cm–1) 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 tHT (heat­treatment temperature) at which 
the 2D band appears was recorded.

X­ray phase analysis was conducted using 
a D8 Advance diffractometer (Bruker, Germany). 
A copper X­ray tube with a maximum power of 2200 W 
and CuKα radiation (λ = 0.15418 nm) was used as 
the X­ray source, in Bragg–Brentano geometry (reflec­
tion mode). X­ray diffraction patterns were recorded 
over the angular range of 2θ = 10÷90°, with a scanning 
speed of 2°/min and a step size of 0.02°. The fibers were 
placed on a low­background 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 (d002) was calcu­
lated based on the center of gravity of the (002) peak 
using the Wulff–Bragg equation:

        (2)

where λ is the wavelength of the X­ray radiation and 
θ002 is the diffraction angle determined from the center 
of gravity of the (002) reflection. 

The crystallite sizes were calculated using 
the Scherrer formula:

         (3)

where β is the full width at half maximum (FWHM) 
of the (002) reflection, and k = 0.89 [32; 33].
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Results and discussionResults and discussion
Fig. 1 presents photographs of PAN­ and viscose­

based CF filaments treated at processing temperatures 
tHT = 1200 and 2800 °С. It is evident that the micro­

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

Fig. 1. Photographs of viscose­based CF (а, b) and PAN­based CF filaments (c, d) at
tHT = 1200 °С (а, c) and 2800 °C (b, d) 

Рис. 1. Фотографии филаментов УВ на основе вискозы (а, b) и ПАН (c, d) 
tТО = 1200 °С (а, c) и 2800 °С (b, d)
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The dependencies of the true density of CF filaments 
(γ, g/cm3) 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 viscose­based fibers 
exhibit lower values of γ and Е compared to PAN­based 
CF across the entire range of tHT . Notably, the elastic 
modulus of viscose­based fibers is 4–5 times lower 
than that of PAN­based fibers throughout the tempera­
ture range.

Fig. 3 shows the X­ray 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 tHT .

It is evident that the increase in intensity and narrow­
ing of the (002) diffraction line indicates an improve­
ment in the crystalline structure with increasing tHT 
for both viscose­ and PAN­based 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, c, d), 
the D and G bands become narrower with increasing tHT , 
and the relative intensity of the D peak decreases. After 
heat treatment at t ~ 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 PAN­based CF become insignificant or dis­
appear entirely (see Fig. 3), except for the crystallite 
size La (see Fig. 4). 

Fig. 5 shows the dependencies of Raman spec­
troscopy parameters for viscose­based CFs (1) and 
PAN­based CFs (2) on the processing temperature.

It is evident that the positions and widths of the D 
and G bands systematically change with increasing 
tHT . In accordance with the results of previous studies, 
the dependence of the ID /IG parameter was previously 
used by us to evaluate the effective processing tempe­
rature of PAN­based CFs [36].

Using a similar approach, empirical expressions 
for determining the effective processing temperature 
(teff , °С) of PAN­based (4) and viscose­based (5) CFs 
were derived based on the obtained dependencies 
of the ID /IG parameter on tHT (see Fig. 5, а):

             (4)

              (5)

ConclusionConclusion
The results of the study indicate that viscose­

based carbon fibers (CFs) exhibit a significantly lower 
degree of crystalline structure perfection compared 
to PAN­based CFs across almost the entire range 
of heat treatment temperatures. However, high­tempe­
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, viscose­based CFs do not 

Fig. 2. Dependence of true density (a) and dynamic elastic modulus (b)  
on the processing temperature for viscose­based (1) and PAN­based (2) carbon fibers 

Рис. 2. Зависимость истинной плотности (а) и динамического модуля упругости (b)  
от температуры обработки УВ на основе вискозы (1) и ПАН (2)
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Fig. 3. X­ray diffraction patterns of CFs (а, b) based on PAN (a), and viscose (b),  
and Raman spectra of CFs (c, d) based on PAN (c), and viscose (d) 

Рис. 3. Рентгенограммы (а, b) и спектры комбинационного рассеяния (c, d) УВ на основе ПАН (а, c) и вискозы (b, d)
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Fig. 5. Dependence of Raman spectroscopy parameters for viscose­based CFs (1) and PAN­based CFs (2)  
on the heat treatment temperature 

Рис. 5. Зависимости параметров рамановской спектроскопии для УВ на основе вискозы (1) и ПАН (2)  
от температуры термообработки 

Fig. 4. Dependence of crystalline structure parameters on the processing temperature of fibers based on viscose (1) and PAN (2)
a – crystallite size La ; b – crystallite sizes Lc ; c – interlayer spacing d002 

Рис. 4. Температурные зависимости параметров кристаллической структуры волокон на основе вискозы (1) и ПАН (2)
а – размеры кристаллитов La ; b – размеры кристаллитов Lc ; c – межслоевое расстояние d002
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become equivalent to PAN­based 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 PAN­based CFs sub­
jected to identical treatment conditions. The true den­
sity of viscose­based CFs remains significantly lower 
compared to PAN­based 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 
viscose­based CFs compared to PAN­based CFs and, 
to an even greater extent, to mesophase pitch­based 
CFs [19; 37]. The closest counterpart to low­modulus 
viscose­based 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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