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Abstract

Objectives. The work set out to modify the technology of accelerated thermal stabilization of
polyacrylonitrile (PAN) fibers used in the production of high-strength carbon fibers by reducing the
formation of a heterophase core-shell structure to create an oxygen concentration gradient in heat
treatment furnaces while maintaining a total thermal stabilization time of 30 min. The optimized
process conditions led to milder thermal stabilization conditions, reducing both the final heat
treatment temperature and the temperature difference between the thermal stabilization zones while
simultaneously maintaining the target volume density parameter with respect to the previously
developed accelerated thermal stabilization technology.

Methods. The thermal stabilization study of an industrially produced 12S precursor under different
conditions on an experimental carbon fiber production line included measurement of bulk density,
analysis of the thermal effects of the oxidation reaction by differential scanning calorimetry (DSC), and
a study of micrographs of the resulting samples.

Results. The optimum process of thermal stabilization of PAN fiber was determined in four stabilization
zones using selected compositions. The formation of the core-shell structure is significantly reduced
when the target volume density and DSC thermal oxidation reaction effect of the stabilized polymer
fiber are achieved in a given time (30 min).
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Conclusions. The resulting technology regime is promising for the production of high strength
(4.5 GPa, 4.9 GPa) PAN fibers at a reduced cost. While maintaining the total thermal stabilization
time of PAN at the level of 30 min, which is three times less than the industrial processes used,
it was possible to reduce the formation of a heterophase structure, as well as lowering the
final processing temperature and reducing the temperature difference between the stabilization
zones. This is promising in terms of a positive effect on the stability and safety of the industrial
process, as well as ensuring the quality of the obtained products.
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AHHOMAuus

Ienu. Moodudguyuposame mMexXHONI02UID YCKOPEHHOU mMepmocmabunuzayul. NOAUAKPUNO-
HumpunwsHozo ([TAH) eonokHa npu npouseoocmee 8blCOKONPOUHBLLX YaNepOoOHbLX B0JIOKOH,
npu nomowu Komopoil yoacmest YmeHbuums o00paszosaHue 2emepoghasHoll. cmpyKkmypbl
©10po—o0bonoukar nymem co30aHUSL 2padueHma KOHUEHMpAauuu KUCA0poOd 8 neuax mepmo-
obpabomKu npu coxpaHeHuu obuwezo epemeHu mepmocmadunuzayuu ITAH (30 mun); onmumu-
3uposamsb NPoyecc Ha OCHOBAHUU NPediazaemoz0 pesKuma ¢ Uesbto noayueHus bosee Msizkux
ycnosuii. mepmocmabunuzayuil: CHUXKeHUs. KOHEeuHOU memnepamypel mepmoobpabomru u
pasHuybl memnepamyp MmexK0y 30HAMU MepMOoCMaduiU3AUUU NPU COXPAHEHUU Uesne8o2o
napamempa 06beMHOU NnAOMHOCMU (OMHOCUMENbHO paHee pa3padomaHHol mexHos02UU
YCKOpeHHOU mepmocmabunusayuL).

Memoovl. Tepmocmabunuzayus NPOMBLUILEHHO 6blNYCKaemozo npekypcopa wmapku 12S
8 PA3IUUHBLX YCN08USIX HA ONBbIMHOU JAUHUU NOAYUEHUS Y27lepOOHbLX 80JI0KOH, nociedyrouiee
usmeperue O06beMHOU NAOMHOCMU, GHAAU3 Menoeblx 3PPeKmos peakuuu OKUCTeHUS.
memodom ougpgeperHyuanvHoll ckarupyroweil kanopumempuu ([ICK) u usyueHue murxpo-
gomoepachuti wnugo8 noryuaemoblx 06pasyos.
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Pesynomamut. OnpedesieH onmumaibHblii npoyecc mepmocmadbunruzayuulTAH gonoxkHa 8 430Hax
cmabunu3ayuu ¢ UCNONbL308AHUEM NOOOOPAHHBLX COCMAB08, NPU KOMOPOM CYULECMBEHHO
CHwkKaemecst  obpasosaHue cmpykmypsbl  «i0po—0b00uKa» Npu  0OCMUIKeHUU  ueJie-
80l 0beMmHOll naomHocmu U mennogozo 3ggexma pearxyuu oxucaneHust [ICK cmabu-
AUBUPYEMO20 noaumepHo20 80JI0KHA 3a ycmaroesieHHoe epemsi (30  mumn).
Bbteoowst. [TonyueHHblll MexHO02UUECKUTL PEXUM SBAAEMCS NePCNeKMUSHbIM OJist NOAYUEHUSL
evlcokonpourslx (4.5 I'Tla, 4.9 I'Tla) IIAH 6010KOH cO CHU’XKeHHOU cebecmoumocmuro. Ilpu
coxpaHeHuu obuiezo spemeru mepmocmadbunuzayuu ITAH Ha yposHe 30 mun, umo 6 3 pasa
MeHbUE UCNONBb3YEMbLX NPOMBLUIEHHBLIX NPoYeccos, Yyoasiocb cHU3ums obpaszoearue zemepo-
asHoll cmpyKkmypbl, YMeHbULUMb KOHEUHYI0 memnepamypy obpabomku u CHU3UMb nepenao
memnepamyp mexK0y 30HOAMU CMAOUAUSAUUU, UMO O0JKHO NOJOJKUMENbHO CKA3amubCsi HA
cmabuneHocmu u 6ezonacHocmu 8e0eHUst NPOMBLULIIEHHO20 npoyecca U Kauecmee noayuaemotl
npooyKyuu.

Knroueevle cnoea: KomMnosumol, no/iuaKpuJioHUmMpus, yailepodeLe 680J/10KHAQ, cma6quu3al_1,uﬂ,

KapboHusayus
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INTRODUCTION

The development of technologies for reducing
the cost of carbon fiber (CF) production is one
of the most significant directions in the industry
today. Rather than aiming at the production of
ultrahigh-strength products (4.5 GPa or more),
such technologies are geared to the satisfaction of
mass market demand. With a significant reduction
in cost, fibers with a strength of 4.0-4.2 GPa will
be in greater demand in the automotive, sports
equipment, construction, shipbuilding, and wind
energy industries, helping to stimulate the development
of new design solutions in these industries and
increasing the introduction of carbon composites
into everyday life.

The total cost of producing a kilogram of
CF is made up of many factors. These include the
price of precursors (acrylonitrile, methyl acrylate,
itaconic acid, etc.), the price of solvents for the
commonly-used wet molding method (zinc chloride,
dimethylacetamide, sodium thiocyanate, etc.), the
price of auxiliary chemicals (oiling agents,
antistatic  agents, and dressing compositions),
depreciation costs for expensive equipment, and

electricity, large quantities of which are used in the
main (synthesis, molding, and heat treatment)
and auxiliary technological processes (solvent
regeneration).

In connection with the above factors, work
is underway to improve the efficiency of associated
processes and thus reduce costs. The present work
considers the heat treatment of polyacrylonitrile
(PAN) to obtain desired hydrocarbon products.
In our previously published works, proposals for
modifying traditional CF production technology in
order to reduce the time of thermal stabilization
of the fiber prior to carbonization were presented
and substantiated [1-3]. By pre-stabilizing the PAN
fiber in nitrogen, followed by oxidation of the
pre-stabilized fibers, the process time was reduced
to 30 min without any loss of product quality.
A comparison of the proposed system with classic
industrial technology based on the oxidation
process alone shows a three-fold reduction in thermal
stabilization time. At the same time, the strength
of the fibers obtained is in the order of 4.3 GPa,
while the modulus of elasticity is around 240 GPa.
Using the nominal value of 12K (12000 monofilaments),
it was possible to maintain the standard linear
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density of 785 tex (g/km) for this type of fiber, which
is an extremely important indicator in industrial
production >34,

An industrial line developed on the basis of
the described technology offers a 2.5-3 times
increase in the speed of fiber passage as compared
to current industrial processes. A corresponding
40% reduction in the cost of CF production would
represent a serious incentive for the development
of the composites industry.

However, despite sufficient results in terms
of mechanical tests and cost-benefit assessment,
the technology proposed by the present authors
in [1-3] involves a number of drawbacks:

— a high (up to 20°C) temperature difference
between the furnace zones, representing a source of
production concern, since such a temperature jump
can lead to uncontrolled local overheating of the
fiber due to exothermic reactions on its surface.
This effect can lead to fiber breakage in an industrial
furnace, increasing scrap yields and downtime on
the refueling line;

— the formation of a heterophase core—
shell structure, resulting in reduced physical and
mechanical properties of the fiber at the heat
treatment stage.

Thus, the present work continues the
development of accelerated thermal stabilization
processes in an attempt to eliminate these two
serious shortcomings in the presented CF production
technology.

Experience with accelerated oxidation has
shown that PAN fibers become extremely reactive
after being pre-stabilized in nitrogen, leading to
very rapid reactions with atmospheric oxygen
when entering the oxidation furnace. On the one
hand, such high reactivity can be useful when
intensifying the process, including a reduction in
total stabilization time and the number of
required furnaces to four (the standard scheme of
heat treatment in air includes 6-8 oxidation
furnaces [4-6]). On the other hand, such rapid
reactions—even those occurring at relatively low
temperatures—lead to the formation of a shell of
more stabilized PAN on the surface of the
monofilament, which is poorly permeable to the
gases (particularly oxygen) used for the thermal

' https://www.torayca.com/en/download/. Accessed
August 10, 2022.

2 https://umatex.com/production/fiber/. Accessed
August 10, 2022.

3 https://www.dowaksa.com/aksaca/. Accessed
August 10, 2022.

4 https://www.teijincarbon.com/ru/produkcija/
uglerodnye-volokna-tenaxr/zhguty-tenaxr/. Accessed August
10, 2022.

stabilization reactions in the formed core. Due
to the appearance of such a shell, it becomes
necessary to significantly increase the temperature
in the subsequent zones in order to bring the
final volume density of the stabilized fiber to
1.36 g/cm® (the minimum density value sufficient
for safe carbonization of the fiber) [7, 8]. As a result,
two distinct phases are distinguished depending
on the radius of the monofilament: core and
sheath. A less dense core lacks stability and may
partially degrade during carbonization, leading
to a reduction in the physical and mechanical
properties of the final CF.

Despite previous work aimed at identifying
heat treatment modes for minimizing this
negative effect, it was not possible to eliminate
it completely [2]: a significant increase in the
temperature  difference  between  the  zones
continues to be necessary for maintaining the core—
shell effect.

To reduce this effect along with the temperature
difference between the =zones to at least 10°C,
a series of experiments with a gradient of oxygen
concentration between the zones was proposed
(hereafter referred to as the “Gradient experiment”).
The essence of these experiments was to reduce
the formation of a gas-tight shell on the surface
of the filament in the early stages of oxidation
by reducing its rate without increasing the
temperature gradient. Taking into account studies
[9-11], the use of stabilization in nitrogen (or in
a rarefied atmosphere) increases the yield of carbon
fibers, which also improves the productivity of CF
production lines and associated economic factors.
Therefore, the first stage of oxidation following
prestabilization in nitrogen was carried out in an
oxygen-depleted environment. Here, it was assumed
that the reduced oxygen concentration would
intensify the formation of a heterophase structure,
which would slightly increase its diffusion towards
the center of the monofilament to improve the
volume density set.

In the first stages of the study, the thermal
stabilization parameters—in particular, the temperature
and oxygen concentration in the specified heat
treatment zone—were determined. The oxidation
conditions in the subsequent zones were selected
on the basis of the fiber properties.

MATERIALS AND METHODS

The methods used to develop and study the
samples are described in the article [2]. All work
and experiments were carried out at the
YUMATEKS research center, which is part of the

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):243-253

246


https://www.torayca.com/en/download/
https://umatex.com/production/fiber/
https://www.dowaksa.com/aksaca/
https://www.teijincarbon.com/ru/produkcija/uglerodnye-volokna-tenaxr/zhguty-tenaxr/
https://www.teijincarbon.com/ru/produkcija/uglerodnye-volokna-tenaxr/zhguty-tenaxr/

Evgeny A. Trofimenko, Tatyana V. Bukharkina, Svetlana V. Verzhichinskaya

New Materials and Technologies division of the
Rosatom company group (Russia). The research
center is equipped with an experimental line for
the CF production, comprising a set of 6 three-pass
oxidation furnaces, a low temperature carbonization
(LTC) furnace, a high temperature carbonization
(HTC) furnace, a surface treatment module, as well
as receiving equipment. In addition, the line is
equipped with the necessary ancillary equipment,
starting with a nitrogen station for operations
involving high purity nitrogen (>99.9999%). The
exothermic effect of the oxidation reaction of
PAN samples stabilized to different densities was
determined using a DSC214 differential scanning
calorimeter (Netzsch, Germany). An RR/DGA gradient
column (Ray-Ran Test Equipment, United Kingdom)
was used to determine the changes in bulk density
of the material as a function of heat treatment
conditions. A Tegramin-20 grinding system (Struers,
France) and Olympus BX-51 microscope with
U-TV0.63XC camera (Olympus, Japan) were used
for the comparative evaluation of the formation
of heterophase core—shell structures in samples
developed by classical accelerated oxidation for
the development of the stages of the experimental
gradient mode.

As in previous experiments, the industrially
produced PAN precursor Jilin 12k was used as
the base precursor. Until recently, this was the fiber
used at ALABUGA-Volokno, the largest enterprise
in Russia for CF production. Based on the
characteristics and parameters of this PAN, it is
possible to  obtain  industrial  quantities  of
hydrocarbons having a strength of 4.5 GPa, a
modulus of elasticity of 250 GPa, and a linear
density of 800 £+ 20 tex, representing a considerable
CF market niche.

The PAN harness was pre-stabilized in a high
purity nitrogen medium using an LTC furnace.
The experimental line for the CF production
transport system was used to create continuous fiber
movement through a nitrogen-blown carbonation
furnace. At the same time, the operation of the
transport system was organized in such a way as
to ensure that the fiber remained in the working
chamber of the furnace for 10 min at a temperature
of 255°C. This unchanged parameter was accepted
as optimal according to the results of previous
studies [1, 2]. After winding the pre-stabilized
fiber onto the spool using an automatic take-up
device, it was mounted onto the feed spool for
unwinding the fiber and passing it through the
heat stabilization zones.

To function as a reduced oxygen thermal
stabilization chamber, one of the oxidation furnaces
was selected. Since there was no requirement for

connecting gases other than atmospheric air during
the design and construction of these furnaces, a
new connection was made via a fitting inserted
into the atmospheric air inlet pipe below the level
of the adjustable valve. Pipes were then laid from
the nitrogen station to the oxidation furnaces to
supply the system with inert gas. At the nitrogen
station itself, the gas supply system was split
between the LTC and HTC furnaces, as well as,
separately, to the oxidation furnace. A regulator
installed between the nitrogen station’s gasifier
and the pipes leading to the oxidation furnaces
was used to maintain the nitrogen supply pressure
at 3 atm. In order to ensure the required level of
purity, a 150 L/min capacity rotameter was used
to regulate the flow of supplied nitrogen; this was
installed at the end of the system before the
nitrogen is supplied to the oxidation furnace
No. 1 (OF1). Immediately prior to commencing the
process, the ambient air inlet valve was closed and
the nitrogen consumption was increased at the
rotameter. The nitrogen concentration in OF1
was monitored using an external oxygen analyzer
SGM7T (Zirox, Germany), whose inlet tube was
placed in the working area of the furnace. By changing
the nitrogen consumption at the rotameter, the
composition of the medium can be controlled by
the gas analyzer to achieve the required oxygen
content in the working atmosphere.

Similar changes only affected OF1. The
remaining zones of thermal stabilization (oxidation
furnaces OF2 and OF3) operated in normal mode
without additional supply of inert gas.

The transport system provided the same fiber
dwell time (6.6 min) in each of the three OF1-OF3
zones. The total residence time of the fiber in the
heat treatment zone, taking into account the time
of pre-stabilization in nitrogen and subsequent
treatment in oxidation furnaces, was ~30 min.

The samples were produced at different
temperatures in OF1-OF3 and different (5.5 and 11%)
oxygen concentrations in OF1.

The samples obtained from the Gradient
experiment were analyzed on the DSC214 and
compared with differential scanning calorimetry
(DSC) data obtained in accelerated oxidation
mode. The bulk density of the samples and the
appearance of the monofilament were analyzed
under a microscope at different processing stages.

RESULTS AND DISCUSSION

Since the density of the nitrogen pre-stabilized
fiber was 1.225 g/cm?, in order to achieve a bulk
density >1.36 g/cm®, it becomes necessary to
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increase the fiber density in each of the three
following zones by at least 0.045 g/cm’.

The installed OF1 nitrogen supply system
created a working atmosphere with an oxygen content
of 5.37-5.49%, which is close enough to the target.
The temperature in the furnace was raised to
240°C. Based on the results of the density measurement
following heat treatment in OF1, it was decided
to change the temperature. The results of the
selection of the working conditions of OF1 are
presented in Table 1 along with the data on the
measurement of the bulk density of the obtained
samples and the thermal effects of the DSC reaction
in air (AH ).

The characteristics of Samples 3 and 4, which
were developed at temperatures of 250 and 260°C,
respectively, are close to those of reference Sample 6
(Table 1).

Figure 1 shows the sections of the micrographs
of the samples developed according to the modes
shown in Table 1 modes (also included is the
micrograph of the reference sample with standard
accelerated oxidation).

From Figure 1, it can be seen that an oxygen
concentration gradient in the OF1 and OF2 furnaces
results in a significantly less pronounced core—shell
structure along with comparable values of volume
density and thermal oxidation effects as measured by
DSC. While the presence of such a structure is not in
itself a limiting factor in obtaining high quality fibers,
it is associated with high filament surface reactivity,
which prevents the diffusion of oxygen into the central

In the second stage of the experiment, the
change in fiber parameters was analyzed at different
processing temperatures in a working environment
with an oxygen concentration of 11%. The results
of the selection of conditions in OF1 are shown in
Table 2.

It is worth noting that, at a concentration
of 11% and increasing temperature, the change in
AH_ passes through the minimum point (Sample 2),
after which it begins to increase. As confirmed by
the developed heterophase structure of the samples
shown in Fig. 2, this may be explained in terms
of the extremely rapid formation of the core—shell
structure at high temperatures and an increased
oxygen content in the process atmosphere as
compared to the previous series of experiments.

From the presented comparative data, it can
be concluded that the use of an 11% oxygen regime
in OF1 is less promising since it does not prevent
the formation of a heterophase structure. A
further selection of modes was made at an oxygen
concentration of 5.5%. The volume density of
stabilized PAN closest to the target was obtained
at a temperature of 260°C. This temperature in OF1
was used for future process development.

The process conditions in OF2 and OF3 were
selected sequentially. The results of the calculation
of OF2 working conditions are presented in Table 3.

The closest properties to the required bulk
density were found at a temperature of 260°C.
The ensuing fiber was highly manufacturable,
without damaged filaments or damaged harness

part of the elementary fiber [12]. areas. To test the heat treatment conditions
Table 1. Results of the heat treatment mode selection in OF1 at an oxygen concentration of ~5.5%
Number of sample Temperature T, , °C Density p, g/cm? AH_,J/g
1 240 1.2445 1282
2 245 1.2456 1266
3 250 1.2581 1110
4 260 1.2676 1096
5 270 1.2786 1069
6* 240 1.2580 1016

*This sample is a sample for comparison. Its properties are typical of the fiber after the first oxidation zone according to the
accelerated oxidation mode presented in [2]—standard accelerated oxidation.
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Fig. 1. Photomicrographs of fiber samples stabilized at different temperatures in an oxygen concentration of 5.5%
in OF1: 1 —240°C, 2 — 245°C, 3 — 250°C, 4 — 260°C, 5 — 270°C, and 6" — comparison sample.

Table 2. Results of the heat treatment mode selection in OF1 at an oxygen concentration of ~11%

Number of sample Temperature T, °C Density p, g/cm? AH_,J/g
1 240 1.249 1081
2 245 1.260 929
3 250 1.267 950
4 255 1.273 1060
5 260 1.283 1141
6 270 1.301 1297
7* 240 1.258 1016

*This sample is a sample for comparison.
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Fig. 2. Photomicrographs of samples of fibers stabilized at different temperatures in an oxygen concentration
of 11% in OF1: 1 — 240°C, 2 — 245°C, 3 — 250°C, 4 — 255°C, 5 — 260°C, and 6 — 270°C.

in the OF3 zone, the OF2 temperature was fixed at
260°C. The results of the selection of conditions for
OF3 are shown in Table 4.

A bulk density above the required value of
1.36 g/em® was achieved at a process temperature of
270°C in the final thermal stabilization zone. The high

Table 3. Results of the heat treatment mode selection in OF2

manufacturability of the harness at the exit of the
oxidation zones was also noted. Moreover, the smaller
size of the shell in the heterophase structure, having
comparable values of linear density and thermal
effect of the oxidation reaction according to DSC,
may indicate higher core stability (Fig. 3).

Number of sample Temperature 7, °C Density p, g/cm?
1 210 1.2855
2 220 1.2848
3 230 1.2910
4 240 1.3002
5 250 1.3192
6 260 1.3309
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Table 4. Results of the heat treatment mode selection in OF3

Number of sample Temperature T, °C Density p, g/cm? AH ,J/g
1 250 1.3380 874
2 255 1.3405 856
3 260 1.3498 848
4 265 1.3547 861
5 270 1.3616 754
6* 280 1.3672 715

*This sample is a sample for comparison.

Fig. 3. Comparison of stabilized fiber pulps using standard
accelerated thermal stabilization technology (A) [2]
and the results of the Gradient experiment (B).

While the main disadvantage of the proposed
solution is its increased nitrogen consumption, this
problem can be partially solved on an industrial line by
recovering part of the nitrogen from the pre-stabilization
zone and returning it to the OF1 zone.

CONCLUSIONS
The experiments demonstrated that an atmosphere

with a depleted oxygen content in OF1 can be used
to reduce the formation of a heterophase structure

and obtain a more stable fiber core while maintaining
a pre-stabilization zone in nitrogen. The temperature
profile of the thermal stabilization process
proposed in the described Gradient experiment has
advantages over the classical accelerated stabilization
process considered by the authors in previous
works. The 10°C lower final temperature of the
heat treatment and reduced temperature difference
(<10°C) between two adjacent stages of thermal
stabilization helps to prevent damage and fiber
breakage on the processing line by significantly
reducing the risk of local overheating. This is
particularly important when factory CF production
lines are operated in canvas mode in order to
increase productivity; here, the individual bundles
are packed as closely together as possible, effectively
forming a wide ribbon of processed material. By
reducing the final processing temperature by as
little as 10°C, the risk of uncontrolled exothermic
overheating and spontaneous ignition of the material
can be significantly reduced.

At the same time, the Gradient mode retains
the main advantage of classical accelerated
stabilization in terms of the short process time
of 30 min. A threefold reduction in thermal
stabilization time as compared to the generally
accepted oxidation PAN technology provides
significant savings in capital costs required to build
larger workshops by reducing the number of required
furnaces and overall energy consumption. In addition
to the greater economic potential as compared to
the generally accepted technology of oxidative
stabilization, its increased safetymakes the Gradient
mode promising for introduction into industrial
production.
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