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XapakTEePUCTUKU YITIEPOIHBIX BOJIOKOH
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The mean interlayer spacing of PAN based and MPP based carbon fibers in comparison with a well
graphitizing coke. Source: Reprinted with permission from Fitzer E, PAN-based carbon fibers-
present state and trend of the technology from the viewpoint of possibilities and limits to influence
and control the fiber properties by the process parameters, Carbon, 27(5), 621-645, 1989.
Copyright 1989, Elsevier.
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carbon fiber. Source: Reprinted from Bennett SC, Strength structure relationships in carbon fibres, bl i gl f‘é‘,ﬁuﬂ"{"'\ Radial
i continuum

PhD Thesis, University of Leeds, 1976. , web structure
Diametrical
bulge Mrozowski
crack

i E@%xw |

Large cavity

Interlinked structure and resulting void in an idealized structure of carbon fiber. Source: Reprinted
from Johnson DJ, Structure property relationships in carbon fibres, J Phys D Appl Phys, 20(3),
285-291, 1987.



CoIpbe I monyueHus Y B

* OpraHunyeckue BOJIOKHA,;

*  Tspxesnble MPOAYKTHI MEPETOHKU HEPTH

(IeKn);

e Taz000pa3HbIe yIIIEBOAOPOIHI ;

e  JIurauu

Oprasnyeckre BOJOKHA

TUJIpaTieioao3a (BUcko3a) *

IMOJIMAKPUIIOHUTPHUII *
[Tonuadupsl .
[Homuamu bl *
[TONMBUHWIOBBIN CIIUPT °

OJU-I-(PEHUJICH
(EHOJIBHBIC CMOJIBI
MOJUATUIICH
[Tomuumu bl
[TonnOeH3THa301b1
N T.1.



Kpurtepun 0T00pa OpraHnyecKuX BOJOKOH U3 IOJNMEPOB
IPEKYPCOPOB JUIA NOJYyYeHUd ¥ B:

JIOJKHBI COXPAHATHCS KaK €IMHOE [EJI0€ HA BCEX CTAUAX MOTyUYeHUs Y B;

HE JIOJKHBI 00pa30BBIBaTh paciljiaBa HU Ha OJHOM U3 CTaJaui;

BBICOKOE COJIEPXKAHUE YIIIEPOJIA;

HE JIOJPKHO ITPOMCXOAUTH PE3KOTO BBIJACICHUS O0JIBIIIOIO KOJIMYECTBA JICTYUUX;

IPOMEKYTOYHBIE TTPOAYKTHI MUPOJIN3a TOIKHBI UMETh TCHACHITUIO K
00pa30BaHMIO IPA(PUTOBBIX MIOCKOCTEH;

IT10 BO3MOKHOCTHU HHU3Kas IICHA.

Pe3ynbrarhl: 110 TEXHOJIOTHYECKUM U 3KOHOMHUYECKHUM KPUTEPUIM
Hanbonee mogxonsat: ITAH, Bucko3a, 1mek.



(OCHOBHBIE TEXHOJOTMYECKHUE CTAIUN U3TOTOBJICHUS
VB Ha ocHoBe ITAH BosokHAa

Cunres ITAH (moaumepu3zanus, BeIACICHUE)

[Ipsinenne BooKHaA (IPUTOTOBJICHHUE PAacCTBOPA, MPsICHHUE,
CYIIIKA)

OpueHTanoHHas BeITsKKA 25°C

Cradomwnuzanus 200-270° C

Kapoonmuzanus 600-1500° C

['padpuruzanus 2000-3000 °C



Cramug cuarTesa [ TAH: dakTopsl, Bausgronmme Ha MM,

MUKPOCTPYKTYPY IIENHU

* Temmeparypa;

* KoabduuueHT nepenaun 1enu Ha pacCTBOPUTEIIb;

* KoHeuHas creneHb KOHBEpCUU (Mepeaaya ey Ha MOJIUMED);

e Tum coMOHOMEpa, KOHCTAHThI COMOJIMMEPU3ALINH, XapaKTEP
BBEJICHUSI COMOHOMEDA;

 (Cnoco0 npoBeACHMS MOJUMEPU3AIINMN:

* B pacTBOpE,

* B BOJIHO-MOHOMEPHOM AUCIIEPCUHU;

* B Macce.

* TexHosoruyeckoe odopmieHue opolecca:

*  NEePUOAUYECKUU

*  HEOpPEpPBIBHBIU




TpeboBanud k conommmepy AH kak npekypcopy YB

1) Conepxanue 3BeHbeB AH B cononumepe 90-95%;

2 ) Mw ~ 90 000-140 000; Mw/Mn ~ 1.5-3.0;

3) KonuenTpanys npsaauiabHoro pactsopa ~15%;

4) PacTBOpuTEIIh —Ty4IllE OPraHUYECKUH, TaK KaK HOHBI Na u Zn
BJIUAIOT HA TEPMUYECKUE CBOKCTBA,

5) ®parMeHThl MOJUPUIIUPYIOIINX COMOHOMEPOB JOJIYKHBI
noaOMpaThCsl TAKUM 00pa3oM, YTOOBI YIYUIITUTh pACTBOPUMOCTh U
TEXHOJIOTUYHOCTh NPSACHUS ( NTAKOHOBASI KMCJIOTA,
METHUJIaKpUIIaT, MeTUiIMeTakpuiar). [lnactuduumupyromiee
JIEUCTBUE, CHITUE CUIIBHOTO YK30TEPMHUYECKOTO 3P(DEKTa;

6) HomxHa oOecriednBaTbcs BOBMOXKHOCTD MOJIy4aTh BOJIOKHA C
nraMeTpoM meHee 10 MkM;

7) HyxHa TiiareyibHas O4MCTKAa OT HOHOB.



Xumundeckue aedektnl B nienu [TAH, oOpa3yronmecs
Ha CTaJINH MOJNMEPHU3ALINU

KOHIIEBBIE TPYTIIILI

OparMeHTHI TOJIOBA-TOJI0BA

[IpuBuTHIE LIETTH

CmuTeie (parMeHTHI (MI/IKpOFCJ'II/I)



Mexann3m 00pa3oBaHUs JECTHUYHOM CTPYKTYPHI Ha CTaJuM
ctadomm3aimu [TAH-BookHa
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Cragnu cradbmnn3anuu [TAH BojloKHA: BIUSHHUE BBEACHUS
3BEHHEB COMOHOMEPA HA TEINIOBBIICIICHUE
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Differential Scanning Calorimeter plots of homopalymer and copolymer PAN.



YBEIMYCHHUE COJIEPKAHUA aTOMOB kucsiopona B [TAH-
BOJOKHE IPY CTaOWIW3AIUN

Oxygen absorbed wt%

| | | |
1 2 3 4

Hours 230°

Oxygen uptake vs time of 1.5 denier Courtelle in air at 230°C. Source: Adapted from Watt W,
Johnson W, Nature, 257, 210, 1975.






DSC scan of PAN precursor showing second small exotherm at about 350°C. Source: Reprinted
from Mathur RB, Bahl OP, Mittal J, Nagpal KC, Carbon, 29(7), 1059, 1991.
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Density of carbon fibers as a function of the density of stabilized fibers obtained from an ANMA
acrylic precursor fiber. Source: Reprinted with permission from Takaku A, Hashimoto T, Miyoshi T,
J App! Polym Sai, 30, 1565, 1985. Copyright 1985, John Wiley & Sons Ltd.
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The nitrogen content of carbonized PAN fibers up to 2500°C. Source: Collated from information
supplied by RK Carbon Fibres and Courtaulds.
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defects originate from a side reaction during the free radical polymenzation of PAN.
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PacTtBopurenu nnsa cuaresa [1AH

PactBoputenn dopmyna k (1 0*) n/monb*c KOHUEHTpALUS
50°C
y-OyTUPOJIAKTOH 0.7 L
BN
0] O
N,N-JIMAA CH,— CO— N(CHa)r 5.0 22-27
N,N-IM®DA H—CO—N(CH3), 2.75 28-32
JIAMCO (CH;3),S=0 0.4 20-25
OTUIIEHKapOOHAT Hz(|3— 0 0.43 15-18
co
H,C—0"
Bonaueblii pacTBOp pojianuaa NaSCN low 10-15
HaTpus (45-55%) )
Bonnsiii pactBop xiiopuaa _ 0.006 8-12
KA (50%) ?
HNO, (65-75%) HNO; 8-12




Cranus ITponecc [Ipeumymiectsa Henocrarku
Meton Bonno- (1) Ilpumecu B MaTOYHOM (1) Heobxonrmo moBTOpHOE
NOJIUMEPHU- | JUCTIep- pacTBope pacTBOpeHUE
3a1un CuOHHBIM  (2) Bricokas koHBepcus (2) Beicokoe conepkanue remis
(3) Bsicokas monekynsipHas macca (3) Bricokoe coneprkanue ra3a
PactBop- (1) He tpebyetcs cyiika (1) Ilpumecwu, ocraromuecs B
HBII WJIY TIOBTOPHOE PAaCTBOPEHHE pacTBOpHUTEIIE
nommepa (2) Heob0xomuMoCTh KOHTPOJIS
(2) OrcyrcTBHE rens YPOBHS 3arpsI3HEHHOCTH
(3) Manoe coaeprkanue rasza pacTBOPUTEIIS
Tun [lepuogu- (1) Boccranosnenue npoaykra (1) [upoxoe MMP
MpoLecca | YeCKum (2) KouTpons 3arpy3ku
MOHOMEPOB
Hemnpe- (1) Tlomxomut st GOMBIINX (1) 3arpynHeHHBINH KOHTPOJIb
PBIBHBIN apTun IIPU MAJIBIX 3arpy3Kax
(2) TloctosnHOE O0Opa3zoBaHuE
relis
(3) PaznuuHoe KauecTBO

MPOJyKTa




Acrylic precursor manufacturing processes

Manufacturer Trade name | Polymerization system Solvent Typical
%
polymer
Accordis Courtelle Continuous solution NaCNS 10-15
(Courtaulds)
Asahi Cashmilon | Continuous aqueous H,O/HNO, 8-12
dispersion
Hexcel Extan Continuous aqueous | H,O/NaCNS 10-15
(Hercules/Sumitomo dispersion
Mitsubishi Finel Continuous aqueous H O/DMAc 22-27
dispersion
Toho Beslon Continuous solution ZnCl, 8-12
Torae (and Amoco) Toraylon Batch solution DMSO 20-25




['a3000pa3HbIe TPOAYKTHI IIPU U3rOTOBJIICHUU Y B 13
ITAH-BOJIOKHA

['a3 Bec, T OObem 1pu H.Y.,
1
HCN 2.16 1.79
HO 19.6 24.37
CO, 7.5 3.81
CO 1.0 0.81
NH, 0.19 0.25




['a3000pa3Hbie IPOAYKTHI IPU KapOOHU3ALNHN CTAOMIN3UPOBAHHOTO

ITAH-BoIOKHA

Temneparypa, HaGnronenue HNnTepnperamnus
0C
220 HCN Beiaensiercsi, XMMHUYECKHU CBSI3aHHBIN KUCIOPOJ] JlecTHMYHAs CTPYKTypa MOJIMMeEpa U
OKHUCJIEHUE TIoJUMeEpa

260 N3meHeHus He3HaunTENbHbIE. MOyb HE YBETMUUBAETCS He npoucxoaut paspyliieHue nenu

300 Beiznenenne 6ombiuoro konuyecrtsa CO, u H)O, CO, HCN u CO, u3 —COOH rpymr B OKHCIICH-
HUTPUIIOB. MOJlyJIb HE YBEIIUUMUBAETCS HOM nonumepe. Het ciiuBanus

400 Beinenenne CO,, H 0, CO, HCN n NH,, HEOOIBIITNX MexienHas ClIMBKa MPU BBIACICHUN
xosmuecTB C3 yIrmeBoaopo1oB U HUTPWIOB. Monyiib BOJIBI
YBEIUYHUBAETCS.

500 YBennuenwue BoiiesneHust H ), sekoroporo kommdectBa HCN n | CoimBKa npu AeTHAPUPOBAHUH.
NH,. Mozynb yBennuuBaeTcs.

600 Ymenbiuenue BoieneHus H,, HCN u cnenst N, CumBKa npu JerugpupOBAHUN.

700 Boinenenne N,, HCN u H,. Monysp yBenn4anBaercst. CumBKa npu JeruApUPOBAHUH U C

BbIICTICHHEM N,

800 CuibHOE YBEJIMYEHUE BBIICICHUSA N,, H, u Beiienerne HCN. | CmmuBKa ¢ BeIgECICHUEM N,.
Monyns pacrer.

900 MakcuMaJIbHOE BBIIEJIEHUE N2, HEKOTOPOr0 KOJIMYECTBA H2 n | CmmBKa C BBIIEJIEHUEM N2.
cnenoB HCN. Monyins pacrer.

1000 Brinenenue N2 CHIDKAETCSI 10 YPOBHS TIpHU 800°C. CHIMBKa C BBIIEIIEHUEM N2.

Brigensirores ciensl Hz. Monyib BO3pacTaer.




Maxpomonexynspuvle HAHO0ObEKMbL U NOTUMEPHbBIEe Hanokomnozumul. Kocmposo, okmsops 2010

PactBopurenu g ITAH

Table 4.5 Typical solvents used for dissolving PAN

Solvent chain Typical %
Transfer polymer concentration at
Solvent Formula coefficient C4(10%) 50-C
v-butyrolactone CLD 0.70 -
0
N, N-dimethylacetamide (DMAC) CHz—CO-N(CHa3)» 5.00 22-27
N,N-dimethylformamide (DMF) H—CO—N(CHa3)» 2.75 28-32
dimethylsulfoxide (CH3LS =0 0.40 20-25
(DMSQ)
ethylene carbonate (EC) “:T—O\ o 0.43 15-18
HC—or”

aq. sodium thiocyanate (45-55%) NaSCN low 10-15
aq. zinc chioride (50%) ZnCl, 0.006 8-12
nitric acid (65-75%) HNO, - 8-12

Source: Reprinted with pemission from Frushhour BG, Knomr RS, Acrylic fibers, Lewin M and Pearce EM eds.,
Handbook of Fiber Chemistry, Marcel Dekker, New York, 869-1070, 1998. Copynght 1998, CRC Press, Boca
Raton, Flonda.



PacTBopUTENU, UCIIOJIB3YEMBIC B

[IPOMBIIIIEHHBIX MPOLIECCAX MOTYUYECHUS
IHAH

Table 4.2 Acrylic precursor manufacturing processes

Trade Polymerization Typical %
Manufacturer name system Solvent polymer
Accordis (Courtaulds) Courtelle Continuous solution NaCNS 10~15
Asahi Cashmilon  Continuous aqueous dispersion  HO/HNO, 8-12
Hexcel (Hercules/Sumitomo)  Exlan Continuous aqueous dispersion  H20/NaCNS 10-15
Mitsubishi Finel Continuous aqueous dispersion  H,O/DMAc 22-27
Toho Beslon Continuous solution ZnCl, 8-12

Toray (and Amoco) Toraylon Batch solution DMSO 20-25




CpaBHEHHE CIIOCOOOB ITOJUMEPHU3ALIUU

aKpUIJIIOHUTpUIIA
Table 4.4 Factors influencing the production of a PAN precursor for the manufacture of carbon fibers
Stage Process Advantages Disadvantages
Method Aqueous (i) Impurities left in mother liquor (i) Re-dissalving
of dispersion process necessary
polymenzation () High percentage conversion (i) High gel content
(i) High molecular weight (i) High gas content
Solution (i) No drying polymer or (i) Impurities retained
re-dissolving required in the solvent
(i) Reduced gel problems (i) Must control the
solvent impurity level
(W) Low gas content
Polymer Batch (i) Reproducible (i) Wide molecular
process product weight spread
() Accurate
batch preparation
Continuous (i) Satisfactory for (i) Difficult to
large scale control on a
production small scale
(i) Continuous

(i)

formation of gels
Varnable
product quality



['a3000pa3HbIC MPOIYKThI IPU U30TOBJICHUHN
VB u3 IIAH- BookHa

Table 5.7 Products formed from 100 g Courtelle

Weight Weight Volume at STP Vol at 230°C
Product g gmol liters liters
HCN 2.16 0.080 1.79 3.30
H-0 19.6 1.088 24.37 44.89
CO, 7.5 0.170 3.81 7.02
CO 1.0 0.036 0.81 1.49
NH3 0.19 0.011 0.25 0.46

Source: Reprinted with permission from Compiled from Bromley J, Gas evolution processes during the formation
of carbon fibers, Int Conf on Carbon Fibers, their Composites and Applications, The Plastics Institute: London,
1971, Bromley J, Jackson EE, Robinson PS, The carbonization stage of carbon fiber manufacture Part 1: Gas
evolution, United Kingdom Atomic Energy Authority Report, AERE R6297 Harwell, 1970. Copyright 1970, AEA
Technology plc.



1 a3000pa3HbI€ NPOAYKTHI KAPOOHU3AINH

cradunu3upoBanHoro ITAH-BonokHa

Table 5.8 Carbonization products of oxidized PAN fiber

Temperature °C Observation Interpretation

220 HCN evolved and O, chemically bonded Ladder polymer formation and
oxidation of polymer

260 Little change. No modulus increase No chain scission

300 Large CO, and H,O evolution, also CO, CO, from —COOH groups in oxidized

HCN and some nitriles. No modulus increase

400 CO,, H,0, CO, HCN and NH3; evolved. Small
evolution of C3 hydrocarbons and nitriles.
Modulus increase

500 Increased H, evolution. Some NH3 and HCN
evolved. Modulus increase

600 Reduced H, evolution. HCN and trace N

700 N,, HCN and H, evolution. Modulus increase

800 Large increase in N,. H, and HCN still evolved.
Modulus increase

900 Maximum evolution of N, some H, traces HCN.
Modulus increase.

1000 N, evolution decreases to about the
same as at 800°C. Trace H, evolved. Modulus
increase.

polymer.

No cross-linking
Cross-linking by intramolecular

H>O elimination

Cross-linking by dehydrogenation
Cross-linking by dehydrogenation
Cross-linking by dehydrogenation
and evolution of Ny
Cross-linking by evolution of N,

Cross-linking by N2 elimination

Cross-linking by N2 elimination

Notes: Fiber yield 53.6%, 5.0% nitrogen content.



BiaugHue nuamerpa Y B Ha IPOYHOCTh

8000
[
o
= 6000
s
= O Hercules AS4
2 o Torayca T300
> 40001 o v Torayca M40
%
C
()
= 2000}

0 | | ! | ! | ! | ! | !
0 2 4 6 8 10 12

Fiber diameter um

Tensile strength of carbon fiber monofilaments as function of fiber diameter. Source: Reprinted with
permission from Fitzer E, PAN-based carbon fibers-present state and trend of the technology from
the viewpoint of possibilities and limits to influence and control the fiber properties by the process
parameters, Carbon, 27(5), 621645, 1989. Copyright 1999, Elsevier.



Kuneruka pacxonoBanus CN —TpyIil B X0A€
crabunuzaimu [TAH-BoIOKHA
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Decay of —CN IR absorbancies during stabilization of PAN. 1. 205°C; 2. 215°C; 3. 225°C; 4. 235°C;
5. 245°C; 6. 270°C. Source: Reprinted from Kubasova NA, Kusakov MM, Shishkina MV,
Vysokomelek yarnyi Soldininiya, 3, 193, 1969.



MN3menenue miaorsoctu I1AH Bo0OKHA B
IIPOIIECCE CTAOUIN3AIUU
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Density as a function of stabilization time for acrylic precursor fiber containing AN/MA at
stabilization temperatures of (O, 240°C; A, 255°C; [, 270°C. Source: Reprinted from Bajaj P,
Roopanwal AK, Polym Sci, 1, 368, 1994.



Hanpsbkenune ycaaky B POIECCe CTaONAN3AIUN
ITAH -BOJIOKOH
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Isothermal stress development in air at 230°C of Courtelle, a terpolymer PAN fiber. Source:
Reprinted with permission from Warner SB, Peebles LH, Jr., Uhimann DR, J Mater Sci, 14, 565,
1979. Copyright 1979, Springer.



TemneparypHsbii Tpo(HIb IpoLEecca CTa0MIM3aIUN
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Table 1. CMRP of AN initiated by V-70 at 30°C in DMFE."

Entry t Conv M, sgc M, 19 MM,
[h] [%] [gmol™) [gmol™!]

1 2 2 2960 200 120

2 4 11 4020 1100 1.64

3 7 35 7200 3500 1.72

B 17 64 9800 6500 1.80

5 22 87 10100 8800 1.89

|a] Conditions: DMF/AN: 50/50 (v/v), AN (5.0 mL, 76 mmol), [Co-
(acac),] (0.40 mmol), V-70 (0.40 mmol), 30°C. |b] Monomer conversion
determined by gravimetry. [c| The number-average molar mass deter-
mined by size exclusion chromatography (M sgc) in DMF with a poly-
(methyl methacrylate) calibration corrected by the Mark-Houwink equa-
tion (see experimental section). |d] Theoretical molar mass calculated
based on the [AN])/|Co] ratio and conversion.

Chem. Eur. J. 2008, 14, 7623 -7637



3aKJIHYEHUE

1) mporiecc moauMeprU3aIdy JIyqiie IPOBOJUTH B OPraHUYECKOM
PACTBOPUTEIIE B TOMOTEHHOM PEXKUME;

2) KOHBEpCHUs MOHOMEpPA J0JKHA OBITH HE Oos1ee 60%;

3) TemiiepaTypa noJauMepHu3aluul JOIKHA ObITh IO BO3MOXKHOCTH
0oJiee HU3KOM (OKHUCIUTEIbHO-BOCCAHOBUTEIbHAS CUCTEMA.

4) ynaneHue MOHOMEpA SIBJISIETCS MPOOJIEMOM.
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