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Аннотация. Проведено исследование углеволокна (УВ) марки UMT 49-12К-ЕР ООО «Алабуга-Волокно» (АО «Юматекс»). 

Изучены его физико-химические свойства. С помощью рентгеновской дифракции и атомно-эмиссионной спектроскопии 
определены межплоскостные размеры и химический состав УВ. Исследования поверхностных свойств углеволокна (удельной 
поверхности и распределения пор по размерам) проведены по адсорбции азота. Удельная поверхность рассчитана по методу 
БЭТ и составила 0,29 м2/г. Объем мезопор и их распределение по размерам рассчитывали по методу Баррета, Джойнера 
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Abstract. The  carbon  fiber (CF) of  UMT 49-12K-ER grade, manufactured by Alabuga-Volokno LLC (Umatex JSC), was the  subject 

of  an  extensive study. This investigation  encompassed an  analysis of  its physico-chemical properties. The  interplanar dimensions 
and chemical composition of the CF were determined using X-ray diffraction and atomic emission spectroscopy. Surface properties 
of the CF, including specific surface area and pore size distribution, were investigated through nitrogen adsorption. The BET specific 
surface area was measured at 0.29 m2/g. The volume of mesopores and their size distribution were calculated using the Barrett, Joyner, 
and Halenda method. Additionally, an analysis of surface functional groups was conducted through a back titration method. It was 
observed that there was no presence of carboxyl, phenolic, or carbonyl groups. The diffraction patterns were processed with a two-
component profile description model. The results of atomic emission spectral analysis revealed that silicon compounds were the dominant 
impurities in the chemical composition of the CF. Further investigations determined that, in an inert environment, the epoxy coupling 
agent used to enhance the performance properties of this CF undergoes thermal decomposition at temperatures of 300–400 °C. The CF 
itself does not experience weight loss when heated up to 950 °C. It was also discovered that this CF ignites in the presence of oxygen 
at temperatures exceeding 550 °C, surpassing the thresholds noted in previous publications for carbon fibers without such specialized 
additives. The results of this research have suggested new methodologies for studying carbon fibers. 
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(AESA), specific surface area, BET method, functional groups
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IntroductionIntroduction
High-strength carbon  fibers (CF) find a wide range 

of  applications in today’s technological, transportation, 
and construction  industries. The  development of  these 
sectors heavily relies on  the  utilization  of  fibrous 
materials, and CFs are a key component in the produc-
tion of composite materials. They are primarily derived 
from various polymer fibers, with polyacrylonitrile (PAN) 
fibers being the most common choice. PAn fibers offer 
exceptional properties, such as high strength, a rela-
tively high modulus of  elasticity, low specific gravity, 
and the  ability to  withstand high temperatures without 
weight loss. These characteristics make CFs valuable in 
various applications. Over the last few decades, a signifi-
cant body of scientific and technical literature [1–18] has 
been dedicated to this subject. However, some physico-
chemical parameters’ impact on the final properties of CF 
remains inadequately explored.

The objective of this research was to conduct a com-
prehensive examination  of  carbon  fiber using a combi-
nation  of  analytical techniques, including X-ray phase 
structural analysis (XPSA), synchronous thermal analysis 
(STA), atomic emission spectral analysis (AESA), tomo-
graphic studies, and the assessment of fiber surface prop-
erties. The results obtained from these investigations have 
been consolidated. 

For the experimental studies, UMT 49-12K-EP fiber 
from Alabuga-Volokno LLC (Umatex JSC) was selected 
as the starting material.

The data derived from these physico-chemical analy
tical studies serve as a valuable foundation for the devel-
opment and proposal of further research methodologies 
for CF.

ExperimentalExperimental
The  image of  the  fibers was obtained using a 

“SkyScan  1272” (Bruker, Germany) high resolu-
tion  microtomograph. The  scanning was conducted in 

filterless mode, with parameters set at  50 kV, 200 mA, 
a rotation  step of  0.1°, and a pixel size of  3.81 µm. 
The reconstruction of  the sections was carried out using 
“NRecon” and “CTvox” software».

For the X-ray phase structural analysis, a D8 Advance 
diffractometer (Bruker, Germany), which uses Bragg-
Brentano geometry, was employed. This device uti-
lized a copper X-ray tube capable of  delivering up 
to 2200 W, generating CuKα radiation with a wavelength 
of λ = 0.15418 nm. The occurred within the angular range 
of 2θ = 10÷90°, with an exposure time of approximately 
10 min. The fibers were positioned on a silicon cuvette 
designed to minimize background interference, ensuring 
even distribution over its surface. Prior to each measure-
ment, the X-ray tube and detector were calibrated. A spe-
cialized program, TOPAS, was utilized for the analysis 
of the diffractograms. The angular position of the diffrac-
tion  maxima was measured with an  absolute error not 
exceeding ±0.026°.

Atomic emission  spectral analysis of  CFs was car-
ried out using a DFS-8 (LOMO company, St. Petersburg) 
in the  wavelength range of  220–330 nm. The  sample 
weight used was 7 mg. A glass electrode (type IV) was 
employed as the lower electrode, while a cone electrode 
(type I) served as the  upper electrode. The  fibers were 
placed in the lower electrode’s crater and lightly dusted 
with high-purity graphite. The  exposure time was set 
at 10 s, and a 17 A DC arc was employed. Spectra were 
recorded using a photoelectron cassette, and the analy-
sis was conducted using the SM 2008 program (MORS 
LLC, Troitsk). 

The CF sample also underwent simultaneous thermal 
analysis using an STA 449 F1 Jupiter device (Netzsch, 
Germany). The carbon fiber was analyzed under the fol-
lowing conditions: 

1) in an  argon  environment (40 ml/min), with a 
sample weight of  5 mg. The  heating process was uni-
form, with a rate of 5 °C/min in the  temperature range 
of 25–955 °C, including a 10-min hold time at the maxi-
mum temperature;

и Халенды. Методом обратного титрования проведен анализ содержания поверхностных функциональных групп. Наличие 
карбоксильных, фенольных и карбонильных групп не обнаружено. Обработку дифрактограмм осуществляли посредством 
двухкомпонентной модели описания профиля. По результатам атомно-эмиссионного спектрального анализа установлено, 
что в примесном химическом составе углеволокна преобладают соединения кремния. Подтверждено, что в инертной среде 
эпоксидный аппрет, которым пропитано данное УВ для улучшения эксплуатационных свойств, подвергается термической 
деструкции при температурах 300–400 °С, в то время как само углеволокно не теряет массу при нагревании до 950 °С. 
Установлено, что данное УВ сгорает на воздухе при температуре свыше 550 °С, что превышает температуру, указанную 
в литературе для углеродного волокна без специальных добавок. По результатам проведенных исследований предложены 
методики исследования углеволокна.  
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2) in an air environment (40 ml/min), with a sample 
weight of 5 mg. Uniform heating at  a rate of 5 °C/min 
took place in the temperature range of 25–950 °С.

The results obtained were processed using the “Proteus 
Thermal Analysis v.5.1.0” (Netzsch, Germany) software.

This data processing involved the  determina-
tion  of  various parameters such as the  beginning 
of weight loss temperatures, residual weight at the final 
temperature, temperature intervals corresponding to pro-
cesses with thermal effects (either exo- or endothermic), 
peak temperature values for thermal effects, and more.

Results and discussionResults and discussion
Figure 1 displays the appearance of the original fiber.
The  diffractograms were processed using a two-

component profile description model. Figure 2 illustrates 
a diffractogram of UMT 49-12K-EP carbon fiber, which 
clearly demonstrates its amorphous nature. Carbon fibers 
belong to  the  non-graphitized materials category, mea
ning that the crystallites are randomly arranged and rela-
tively small compared to graphitizing materials. Notably, 
there is an asymmetry towards smaller angles, a feature 
conventionally attributed to  the  presence of  multiple 
structural components (SCs). In this paper, a two-com-
ponent model of  profile description  is chosen (Fig. 3). 
A component with a larger spacing is referred to  as 
a  “kernel,” and a component with a smaller spacing is 
considered a “shell.” The approximate content of  these 
components, as estimated by the peak areas, is 57 wt. % 
for SC 1 and 47 wt. % for SC 2. 

The table shows that CF has a large interplanar dis-
tance and small crystallite sizes, indicating that this fiber 
belongs more to amorphous non-graphitic materials. 

The  absolute error of  the AESA measurements was 
70–0.5 ppm.

The  results of  atomic emission  spectral analysis for 
the UMT 49-12K-EP sample are displayed below, ppm:

Al . . .
B . . . .
Fe . . .
Si . . .

41
5
73
420

Mg . . .
Ca . . .
Co . . .
Cr . . .

30
230
40
3

Mo . . .
Ti . . . .
Mn . . .
Cu . . . 

17
26
<0.1
6

Cd . . .
Ni . . .
Pb . . .
V . . . .

3
7
4
4

Σimpurities – 909

Data from X-ray phase analysis  
of UMT 49-12K-EP carbon fiber 

Данные рентгенофазового анализа  
углеволокна UMT 49-12K-EP

Structural component d002 , nm Lc , nm
SC 1
SC 2

0.3523
0.3894

2.2
1.4

Note. d002 – interplanar distance; Lc – crystallite size (perpendicular 
to the layer).

The measurement error for d002 was 0.05 % and for Lc it was  4.1 %.

Fig. 2. Carbon fiber diffraction pattern 

Рис. 2. Дифрактограмма углеволокна

Fig. 1. UMT 49-12K-EP fiber fragment (3D reconstruction) 

Рис. 1. Фрагмент волокна UMT 49-12К-ЕР 
(3D-реконструкция)
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The content of  impurities in carbon fiber was deter-
mined in accordance with MI00200851-323-2009 
(a  procedure by  JSC “NIIgraphite”). Silicon  was iden-
tified as the  primary contributor to  the  total impurity 
content. The presence of silicon is attributed to the addi-
tion  of  an  organic compound containing silicon  during 
the precursor’s production phase for subsequent catalytic 
graphitization  of  hydrocarbons. Further details regard-
ing the presence of Si in high-strength carbon fibers are 
elaborated upon in reference [19].

The results of thermal analysis of CFs are presented 
in the  form of  graphs displaying TG and DSC signals 
versus temperature (Fig. 4).

In an  inert environment, as depicted in Figure 4, a, 
the  CF sample initiates weight loss at  temperatures 
exceeding 100 °C. At  around 300 °C, a 0.3 % weight 
loss occurs, attributed to the gradual removal of residual 
moisture and volatile substances. Subsequently, the weight 
loss rate escalates significantly as a result of the thermal 
degradation of the epoxy sizing agent applied to the car-
bon fiber. This sizing agent serves to enhance the wetta-

bility and adhesion of polymer binders to the CF surface 
when producing composite materials. The drop in weight, 
about 1.5 % in the  temperature range of  300÷400 °C 
aligns with the sizing agent’s manufacturer-declared con-
tent in hydrocarbons (1.2–1.7 wt. %). Upon further heat-
ing in argon, weight loss essentially ceases (<0.1 wt. % 
at  400÷955 °C). The  residual weight of  CF at  the  final 
temperature is 98.15 wt. %, consistent with published 
data suggesting that, in an inert environment, carbon fiber 
can withstand heating above 1000 °C without altering its 
mechanical properties [3]. This high thermal resistance is 
achieved through the rigorous temperature treatment dur-
ing the production of carbon fiber.

In the presence of atmospheric oxygen, when the tem-
perature reaches 550 °C, the CF sample experiences a loss 
of over 5 % of its weight. As the temperature continues 
to rise, active oxidation (combustion) of the sample takes 
place, marked by a significant exothermic effect (a peak 
on the DSC curve at 781.5 °C). In previous studies [1; 3], 
it has been noted that  in an air environment, the maxi-
mum operational temperature for carbon  fiber without 

Fig. 4. Results of simultaneous thermal analysis of UMT 49-12K-EP carbon fiber  
in an inert environment (argon) (a) and in air (b) 

Рис. 4. Результаты синхронного термического анализа углеволокна UMT 49-12К-ЕР  
в инертной среде (аргон) (а) и на воздухе (b)

Fig. 3. Example of calculation using a two-component model 

Рис. 3. Пример расчета по двухкомпонентной модели
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additives, before thermal oxidation initiates, ranges from 
300–370 °C. Given that the residual weight at 950 °C is 
approximately 0.09 wt. % (equivalent to  900 ppm), in 
line with the  earlier AES results (Σimpurities = 909 ppm), 
it can  be inferred that  the  unburned residue comprises 
impurities such as silicon  compounds, calcium, and 
other elements present in small quantities within the car-
bon fiber composition. These compounds appear to con-
tribute to increasing the thermal oxidative stability of CF 
in the presence of air.

The  surface properties of  UMT49-12K-EP fiber 
were examined using nitrogen adsorption with an ASAP 
2020 device (Micromeritics, USA). The  specific sur-
face area was determined using the BET method, while 
the volume of mesopores (diameter <900 Å) and their 
size distribution  were calculated using the  Barrett, 
Joyner, and Halenda (BJH) method across a pressure 
range of 0.35–0.95 p/ps .

The CF surface properties are as follows:

Ssp , m2/g . . . . . . . . . . .
Vp , сm3/g . . . . . . . . . .
Dp , Å . . . . . . . . . . . . .

0.29
0.0002
255

where Ssp is the specific surface area, Vp is the  relative 
volume of mesopores, Dp is their average diameter.

Figure 5 displays the  mesopore size distribution. 
The graph of relative pore volume against their diameter 
exhibits distinct peaks, indicating the presence of groups 
of pores of similar size. 

Figure 6 depicts the  isotherm of  the  carbon  sample 
under study. It falls into the 4th type of isotherms, follo
wing the BDDT international classification, which is char-
acteristic of non-porous materials, specifically PAN fiber. 
On the adsorption branch, there’s a consistent increase in 
specific sorption  (Vads) as the  relative index p/ps , rises, 
followed by a sharp increase at around p/ps = 1. The iso-
therm exhibits an extended and irreversible hysteresis. 

The  determination  of  surface functional group 
content in the  carbon  fiber was conducted following 
the MI-00200851-331-2010 procedure (JSC NIIgraphfit). 
The analysis revealed the absence of carboxyl, phenolic, 
and carbonyl groups.

Based on  the  data acquired, we can  deduce 
that the fiber’s surface lacks activation and doesn’t pos-
sess acid-base centers. In terms of its surface properties, 
the  fiber aligns with the  class of  carbon  fibers derived 
from PAN precursor [20–22]. It exhibits adsorption and 
chemical inactivity, which could further delineate its 
potential application.

ConclusionsConclusions
1. The structural characteristics of carbon fiber have 

been thoroughly examined, and its chemical composi-

tion  has been detailed. It has been conclusively deter-
mined that  carbon  fiber possesses an  underdeveloped 
surface and does not contain surface carboxyl, phenolic, 
and carbonyl groups.

2. The  predominant impurities in the  chemical 
composition  of  carbon  fiber have been identified as 
silicon compounds.

3. Precise temperatures for the  thermal degrada-
tion  of  the  carbon  fiber sizing agent in an  inert envi-
ronment (300–400 °C) have been ascertained. The  car-
bon fiber itself demonstrates exceptional heat resistance, 
enduring temperatures up to  950 °C without any loss 
of weight.

4. It has been established that the presence of elemen-
tal organic compounds in the  composition  of  CF con-
tributes significantly to an increase in thermal oxidative 
stability. Oxidation  (combustion) commences at  tem-
peratures exceeding 550 °C, in contrast to  the  350 °C 
threshold for CF without additives.

5. This research suggests new physico-chemical 
methods for investigating carbon fiber.

Fig. 5. Relative volume of mesopores as an integral function  
of their diameter 

Рис. 5. Интегральная зависимость относительного объема 
мезопор от их диаметра

Fig. 6. Nitrogen adsorption-desorption isotherm 

Рис. 6. Изотерма адсорбции-десорбции азота
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