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Investigation of the solldnﬁcatlon formmg and phase
separation of polyacrylonitrile precursor
ABSTRACT

Due to their excellent performances, carbon fibers are widely used in all kinds of
fields. Polyacrylonitrile (PAN)-based carbon fibers with many advantages have
become one of most important varieties in carbon fiber industries. There are large
gaps in the quality of PAN-based carbon fibers between the homemade and foreign
products. As is well known, PAN precursors have been the key factor for producing
high-performance carbon fibers, and the property of PAN precursors depends largely
on their inner microstructure. In fiber-forming process, the microstructure of PAN
precursors is constantly evolving and transforming, but their structural defects will be
likely genetic to carbon fibers. The appearance of structural defects should be avoided
in spinning process, in that case, the excellent precursors with ideal microstructure
can be fabricated. Therefore, it can’t be achieved to foresee the fibers’ performance
and provide greater researching space until phase separation mechanism in wet or
dry-jet-wet spinning process has been clearly clarified.

This paper is divided into four major parts, in the first part of the study, various
experimental methods have been adopted to investigate the thermodynamic and
hydrodynamic properties of PAN spinning solution, deeply expounded the
PAN-DMSO-H;0 system of thermodynamic stability and rheological properties and
gelation mechanism. In the second part, based on binary interaction parameters and
the extended Flory-Huggins theory, the theoretical ternary phase diagrams at different
temperatures for PAN-DMSO-H;O system have been constructed. In the third part,
the ternary cloud point phase diagrams for this system have been determined by cloud
point titration and Boom’s linear cloud point curve correlation. In the fourth part,
according to the constructed theoretical and cloud point phase diagrams, the
fiber-forming mechanism in wet or dry-jet-wet spinning process has been discussed.
Furthermore, by analyzing influence of spinning technical parameters on fiber’s
cross-section morphology, microstructure and performance, the cross-section
microstructure formation mechanism of PAN precursors was described.

In Chapter Two, by using viscosity method, variable temperature FTIR analysis,
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dynamic hght scattering and dynamlc/statlc rheologlcal measurement the
thermodynamic and hydrodynamic properties of PAN spinning solution were
investigated. Judging from the viscosity results, PAN-DMSO-H,O system with the
upper critical solution temperature (UCST) behavior, which was proved to be
thermodynamic stable one, is usually used as PAN spinning solution. The variable
temperature FTIR analysis proved that the hydrogen bonding interaction between the
PAN and DMSO in the vicinity of 35 °C is at maximum, which is in good agreement
with the numerical calculation results. Dynamic light scattering studies showed that
the sol-gel conversion is a long, dynamic and reversible process. Rheological
measurement showed that the PAN-DMSO-H,0 solution has better ability to maintain
orientation, and this system in the low-frequency region is in line with the linear
viscoelastic theory.

In Chapter Three, the experimental and calculated methods were introduced for
nonsolvent-solvent, nonsolvent-polymer and solvents-polymer interaction parameters.
Based on the extended Flory-Huggins theory and binary interaction parameters, the
ternary theoretical phase diagrams at different temperatures for PAN-DMSO-H,0
system were achieved by successive iterations calculation. Based on the constructed
ternary theoretical phase diagrams, the temperature dependence of this system was to
be further discussed. With increasing the temperature, the theoretical binodal curve
gradually approaches PAN-H,O axis. Meanwhile, the results show that both higher
values of g;; and lower values of y;; can shift the binodal curve toward the PAN -H,0
axis and also produce larger homogeneous regions in the phase diagram of this
system.

In Chapter Four, by using cloud point titration and cooling cloud point methods,
the cloud point data for PAN-DMSO-H,O system with low concentration were
determined. According to Boom’s linear cloud point curve correlation (LCP), the
whole experimental binodal curve was completed by using extrapolation method,
which is in accordance with the theoretical binodal curve. Therefore, the results
validated the rationality of the binary interaction parameters determined by various
experimental methods. Finally, based on the theoretical spinodal curve, a series of
ternary phase diagrams, with critical point, binodal curve, spinodal curve and phase
separation trajectory, were determined.

In Chapter Five, the morphology of PAN fibers was investigated by using
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scanning electron microscopy (SEM). With mcreasmg the concentratlon of PAN
spinning solution as well as the quenching depth, the morphology of PAN fibers turns
from large open channels to small bead-like structures, accompanying with a
reduction of the porosity of PAN fibers. As well as the cross-section shape of PAN
fibers changes from nephroid shape to elliptical shape or circular shape due to a
variation in the DMSO-H,0 exchange rate at the phase separation stage. The different
pore morphologies of PAN fibers can be assigned to different demixing types. More
dilute PAN solution has a higher probability to demix by SD, giving rise to
channel-like pores, while NG predominated in more concentrated PAN solution,
resulting in bead-like pores. _

This paper deeply investigated phase separation mechanism in PAN fiber
forming process and influence of spinning technical parameters on PAN fibers’
structure and performance. The phase separation mechanisms were used to further
demonstrate the nature of microstructure formation. Comprehensive and in-depth
understanding of wet or dry-jet-wet spinning technical conditions, formation

mechanism, structure, performance and the inevitable connection between them, the
theoretical foundati@ided for preparing excellent PAN precursors.

Dong Ruijiao (Polymer Chemistry and Physics)
Supervised by Zhao Jiongxin

Keywords: PAN precursor, PAN-DMSO-H,O system, formation mechanism, phase

separation, microstructure
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Fig.1-1 Crystal structure of CFs. (a) Crystal structure of graphite crystal; (b) Structure of
turbostratic carbon

1.2 BRAHE MK R
B 1860 FEHE A J. Swan!" " K IR HIBR 2, B 20 SRR Zd A%

1



ﬁfiﬂﬂ'}ﬁw%ﬂﬁi’!&%%mﬁﬁnu% ﬁ#‘zﬁéﬁﬁ’ﬁiﬁmu zmﬁaﬂﬁmmmzm
Rigkig—Et AMER. AMI%EERBEMHIREREERAE, W BK
A4, HEE, BEERE (PAN) L RZ&E, AFEE, RETR,
REHEWE, LEBARUMAT (UCC) F 1959 EFF AR BAEFRE
B4, WANTERRMRERAENRENE, BAFERTER, EHAH
TR E E SIS B —E2Z . 1961 £, AXHRAARKY THERS
FER L HIEBRA BRI T HE. EHERE, TEE R KM SRR T HEET
RERNBEEBRAENEARRE, FHEBRAREE, BRBBEARTERN
ST ETIYMER. 1974 6, EZERSBRUYA T IFET BT
HHEWEA % Thomel-PSS FIBFHI, FFEBRITH. BIHRIAIE, BB T HBRER
Fo. BEERTENRNGRERFE=KER. TERORTENTIHILE
FF PAN ZKA 4. HREERERLBIBRRAENEMBRR, £=TE,
RPN =R BB T ER R, RABRK, RESRAE TIVAENE
W, HFEBEBRAERTRN 5% L, Ry EMNASESE . ~EEK. B
ABEPBREEMH—ARHFCI,

B b PAN EBRAFEMAFE, 7E 20 D 60 R, BiT 70-80 E4LH
B, 90 FRMCERRE, 321 HEVHBEHEANTZERARRB, 5
BIREN . RIBAE £ =% A% . HEXCEL. BP AMOCO. EXLAN K ENICHEM
Fiber SR FABALNTNAE. HPAX=FKURKBIETE D T E=S0)
K CRW FER=ZFAELAR) KREELSERMGL T EBLHEBENTE
EGLHBARRILIR, KIER L= ERMRE, KBAR B IE4E PAN
BT Y, EAFRERABRIEXE, TLHELREE LWL Tt RoEH
AL, HPAWAFRMUA R ARAEFTRREOTLE (WX 1-1). KWL
B AE4E FF & 4 T300. 400, 500. 800H. 1000 F%, HA T-1000 FEHZEAN,
SREEE R, hRIREEIXE] 7.06 GPa, AR N 300 GPa; TIARE TR MIER.
BRI E M MO0V LB RE K 3.92 GPa, HIUIEEN 588 GPa, EEE! M70J [
HEDIEE 690 GPa, HALRET4RIE, FELiEW, HEET HE I PAN
BRAERLIBEAR, ERERT E3hi7, |




® s
F ) ;.i ] %
l})g ; -

iy

DOMEIR ERSVERSIIT

% N G s
R1-1 BEKRWA FPANECFHE AT
Table 1-1 Performances of PAN-based CF prepared by Toray

Item T300 T700 T800H T1000 Super-T1000
Tensile strength (Gpa) >3.53 >4.9 5.49 >7 >9.25
Tensile module (Gpa) >230 220-240 294 290 ~300
Breaking elongation
>1.5 >2.1 1.9 23 3
(%)
Voluminal density
3 >1.76 1.80 1.81 1.81 >1.83
(g/cm’)
Linear density (g/km) 66 66 - - -
Carbon content (%)  >93 >93 >93 >93 >93
Titer (my) 8 7.3 5.3 45 32
Morphology of CF
Rough Smooth Rough Smooth Smooth
surface
o ) Wet  Dry-jet-wet  Wet  Dry-jet-wet  Dry-jet-wet
Spinning technique . . .. .
spinning  spinning  spinning  spinning spinning
Average pore size of
20~30 <5 ~10 ~ ~

CF precursor (nm)
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Fig.1-2 Microstructure model of PAN fiber. (a) Irregular helical structure of PAN chains; (b)
Morphological model of PAN fiber showing ordered and disordered regions
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Fig.1-3 Microstructure evolution of CFs fabricated by PAN precursor
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Fig.1-4 Schematic three-dimensional representation of structure in PAN-based CFs. (a) Model of
high-modulus PAN-based CFs; (b) Model of high tensile strength PAN-based CFs
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Fig.1-6 SEM photographes of PAN precursors with different strengths prepared by different
spinning processes. (a) T-300 Typical wet spinning; (b) T-700 Dry-jet-wet spinning; (c) T-800
Nearly wet spinning; (d) T-1000 Dry-jet-wet spinning
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—FEREAMEEZFR . RERRTE, RAENELIRE TR 184 GPa,
HEWREEWH 1020 GPa. HATLEFEFMHRIERECTEERRME (&5
A& 67.7%), B R ERFIRE 2 5E B K, BIE R B =K1 T-1000 BUBR 4 4 (4
KR 7.02 GPa) U ABRE 3.95%. WL KAIEHE B R S MRk A 4%
KR EEK R EXE HZ.

RE PAN EBRAEREBANER LHEBERK, BEFRZEBHRES
b, BAFEAREED PAN FEBLEHOTEENE, BLMENERSETEPH
BRNBIERHHE, ARSIETESHEEREE, 0. BRELMEHNEEN
MRZMPUEEEE, BREARAERILELHEN T E ERANEMMERE
BOLHI AR . R KL RBTENHNE TRRA R, BRAENH
M.

HTEERRTEEET LM EE, FHERKENRELTRE", B
#AEFEARBREANSNERERTHL. Fik, ERELA8EREIEHTEN
MIBEST, LASCILR R LA AT BURM B, BUBRAEREELHENTE
S5RANSTERN BT, B LT RE AP B AR R IR A At
FIEEES.

DMSO 8 BBk T 4E PAN R 22 B Fofh 5 bl % B0 R 2 BTt B R Rtk
e, AFERRNENHBAREEFFHORKTE, BXUSIREN. £AUA
Wh, REEMHEDS. ILRRDEF T &R PAN R 4. wht,
MRRLGHETEE, ARELD, ERETEN. RIGE, FrERSER
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B TR 44 R o R 0 5 L G BT

Jﬁa‘%ﬁ@xﬁ Aok, FREHNYT BEEREMGTY, SIRARMS RS
BRI RS, #E%ﬁﬁ*ﬁﬁﬁmmﬂﬁ%ﬂﬁ, R T{E 848 PAN BT 4%
ETH. BRX—FNNEELMBRNEE. Tk PAN 445 A SEHE
BRI, B HUE A UMY 2 T 2R REMNRR, BRRTEEMN
PAN #4451,
1.72 ARANE

Fin ERGARPE, K% PAN-DMSO-H,0 = i RIWE. TIRAAEESE X
AHEMHREE —EN TAEEM, BXSRE EEEPERITRES RS L%
WY HEE, HAENBREREAET —EMBEE. BRES AL, HrERN
MR TEEPESTERE F T, MR RERE LR PR ZER T BRI
B NIRE, MRLAREREGREP, #OEHIERIENEWEER, Ah%
HMABMERALEE, RRMH SRR GRS OARMEESRSEW
AR B AR . Bl 2 S MR F M B R RA BOR Y A AR,
HETA B SR 2 WAL B .

AR XFTENBRAVALRAEHFTEET, BATAREET
PAN-DMSO-H,0 S £ R FMSBER, M4 BERE PRGN
PEEME, BLATHLREIRG GREBKE. SLBKRE. MR LEE
AR B 22 B RALIR B ) BRI R B AR U553 0 XY UL RRAE B B e
fER, FRBENREEES, HRELBEHETRIT R L RRIT AN
. HRNEWTF:

(1) #HRATHEMR. BRI, B UK BB ELTHT
BHR T PAN-DMSO-H,0 44 Rl M#h # et ae, Hit—&
BT T i R R 942 BBV AR PAN R 2B mEm, it
RG22 TE5&M

(2) BEERMLRFRIUE=THELEMSHE (H,0-DMSO, H,0-PAN,
DMSO-PAN), @il Flory-Huggins ¥ i 2 A [Fi{& & T PAN-DMSO-H,0
itk ZN =B RARE, BEERNTEMEYEEREPHE;

(3) KSR E R EH E PAN-DMSO-H,0 4i#4A R = S, If
it Boom &M M —PwE T LRAAE, CFEHERSLMA4LR
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(4) SGERMMERMLRASEER, BIMH BRIV LR &M,
HAEHR L RERE, W& AEERMILEHAR RN PAN &
“, UHERESLR, BREBHTAERRMLENN PAN B, #H—
BHHT T EMBILGH RN, UBRALITER PAN RLHK
B SHMERNAERNE, MBIFES BRI EER TR RS,
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% _—EF PAN-DMSO-H,0 ﬁ;ﬁ*ﬂmﬁu“ﬁ}ﬁé Eﬁﬁm

AXBTRN, PR R 2 R B R R BB A A AT IR, SRR A R R N A
HUTHIE: BEK. RERE. ESERRE. BRI, BONYERE, F
B B R MRS S BN RS A RS RAKMREERRTRL KT
KL, FERLKEREREIES, REABNAREHREEZRREWL,
BT IS R RER AT R — BB B A P, BRAERE . HLEBTE
REBREHMRBITIN, XA &R FRENDBELESHIBAANE
HIRIR .

SR A RN TR AR 2V JTKS 2 W R 22 R PR AL A2, oot B
RIBAFELEMF LW RZES KA THEMR, L9, FEEsH
RN RAEZ FHFBRIHAT PAN-DMSO-H,0 ARSI L RIS # M4 N
FUR, NTABRIEHRLBILEMEE T EibE.

2.1 Bit#s

FATARIE Rudin BERICAR AR R A E B H-RESWHEERSHE (0.
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SEMNFE. *RESVHBROBRELEKE, AREYS FEATF B ILE
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RH, p REAYHFRAMEE, HdTEMHRRARE:
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AF, 5, BERESYEBRAIBLRE.
HRHE Flory-Huggins YW 819, A4miE:
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R, oy REAYNEE (gmD), V; RAEFGE/RAR (mlmob).

2.2 TRHEH
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BEDXARREREILREE, LEHwmE 2-1 Fik:
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Fig.2-1 Sketch of PAN terpolymer structure
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HAMA: AN:MATIA=95.6:3.4:1, *ﬁi’Jﬁ\?gM” 123><105 (g/mol) (5&
M5 ARV , BB RS B8 —FETM (DMSO0): 4474l (AR),
HARANERFERAT; N, N ZHEFB (DMF): 4474 (AR), H
HEALFANERAT; B TFKENIEEH.

2.2.2 BAKEH

WM —E EEN PAN B K, MABIEA —ERE K DMSO-H,0 ¥t
WHEFNBHENERP, BHFEZREYS. BET 60°C BtAPHkK 2-3
AN, FCIEERE 3-4 R, BIK Smin £F; BETHRE 80°C, R 3 /MHAEAS,
FClRHBBERE 3-4 K, BIRS5 min £A. REBHEBHE, FHARET 80°C
B, RITTRELSEHIGS . B PAN-DMSO-H,0 ##.

223 XS5 RIE
2.2.3.1 #ERIX

AT BEKDHEIBA, FERERKIRE P LB PAN Hd8, 7
18-75°C HUEFETEH P SEIERG EEIUR, REPRASEN S KAE T (i Ra%
FRITRHREIRT 100s), SLRAEEKBEFHT, RAKEEETREEN
BIRE AR 520.01°C), BB B K E LM RS RO REEDT 0.2,
ATRIEXBERNEIRLRFERZPER 3 K.

2.2.32 TRANGH

KR 22 wt%[K) PAN-DMSO BB IRKE— R KBr i £, BH B
KBr A HE &, FARNURZHBR TS, RAMERET HT-32 MRAERS, &
BLASMUAEFHPRAZPHAT, WREESFRER 25, 35, 50, 60, 70
5 80°C, FHEEER 20°C/min, ZEH—MIRBEEEE 15min, FRSH
5 4 Nicolet NEXUS-670 ZL MR . PAN ¥ K 25°C 445 F th il ot 41 400 iR it
ITRIE.
2.2.3.3 #ERBSTIR

WRE K 25 wt%H) PAN K (%574 DMSO-H,0, & H,0 5 wt%) LIRZ AR
[l 4 A AEER I AR R A R PAN JRRCE 6 U IR, BRI ER BRI R ok
SRBEE I Tl ARALIE AL, B RRMBRLAE T % PAN BB R 2 FHED)
AR RE WM RSEUR A EBEL. AEFUEHES A BL200SM
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(American Brookhaven Co.), BOEEKA 532nm, j‘ﬁlﬁlﬁ}] 400um, J!l ﬁﬂlﬁ
®WEHR 15°C.

2.2.3.4 REMK

s {58 % 48 [ HAAKE /A 8 RS150L VR AN S MEEN S

TR R INR. BT ENB BB TR, B—HERT HO0 NITE
REHR 5 wi%, PAN LRV KRBT HEES KN 20, 23 M 25wt%, Fm
HEKKA S1, S2 183, ATHAARESBERRSHSRETH, WAREE
SBBER 50 60, 70 F 80°C; BAFEMBERIKEREN 20 wt%, &K
K0, 2, 45 6wt%, AFHARREEKEREBIIEBTA.

23 BR5iE
231 BEZMRGLRRADFHRR
2.3.1.1 $5EHERRE

PAN-DMSO #1 PAN-DMF %3 BOR: B A 45 SR 0L B 2-2. BRRM VT AR AOAS P S
BEALELSMEER R, HET ny/c-c M in nle-c FEFE. Huggins M Kraemer 2
B (kg k) TTRANANEZNFERR. BRHEBROMENRERRIEK 2-1.
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@) (b)
B 2-2 7E 25°C B} n,/c (A)s (1/2) (n5/c+in n/c) (m)F In n/c (@) 5REE ¢ ZIAIHIR TR HHER.
(a)PAN-DMSO {4 %; (b) PAN-DMF 4 %

Fig.2-2 Plot of ,/c (A)+ (1/2) (n,/ctin n,/c) (w) and In ,/c (@) versus ¢ for (2) PAN in DMSO
and (b) PAN in DMF at 25°C
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kfrk,(
{E AV HERS BE LE PAN-DMF (IAHRLE RS K . K5 iR 45 5% 5 DMSO A DMF £
4 PAN #£EWHIR¥F, H%F DMF, DMSO %} PAN 3 EBY KB RHEELT.
Bk, BATER KA DMSO AL FERIAR, EEN DMSO A%t DMF &
RHIREEE, TEFINEREEEFTREBRMREN PAN R4,
2 2-1 PAN #HEE 25°C B BOHEENRR S, B

Table 2-1 Results of viscometric measurement for PAN solution at 25°C

Polymer solution
Parameters
PAN-DMSO PAN-DMF
[7] (ml/g) 207.775 202.830
ky 0.2670 0.2334
kx -0.1970 -0.2135
kr—kx 0.4640 0.4469

PAN-DMSO I PAN-DMF ¥ 0 %4 T HIRE W ERMANFESHERR
2-2. RER, XA Qian B HEFBEMnl B EKRERX. HHEWRE Qian
FR T EHAES P X MER K)o

% 2-2 PAN YAVRTE 0 %M TR B N FER RN ESHIE
Table 2-2 The hydrodynamic and thermodynamic parameters for PAN solution under theta

condition
c Polymer solution
Parameters
(mg/ml) PAN-DMSO PAN-DMF

4.00 33.29 31.79
{n)e (mV/g) 2.67 20.80 19.83
(Qian’s method) 2.00 15.08 14.35

1.60 11.79 11.23
[7]e (mV/g) 80.70 80.20
Ko 0.2306 0.2291

=5 1/2

(k)" (am) 30.1139 30.0516

(52)" (am) 12.2939 12.2685
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X 22 BT IR AR HANKE DMSO #, Mt
PAN 7EAR R LBl TR & #5771 DMSO-H,0 FHIFFHERGBE, UTIE AT R AU B4t RS
BT [l ZER AR R AR DMSO-H,0 6 4 W16 7t B 1B K
T, B— T, DMSO-HO [ME@EEHT hifi &R MK
ik R A EEIELR.

250+

2001

1504

)]

100+
[nlg

Sedimentation point

o 2 4 6 8 10 12 14
Water fractions of DMSO/water (wt %)

B 2-3 7 25°C B PAN UG B SR S WA K I & BRI AR FR 2k
Fig.2-3 Intrinsic viscosity ([#]) of PAN in a series of water/DMSO mixtures of different
proportions at 25°C

W 2-3 FifiR, BEEREEFIPKE MM, PAN BRAVFEREER
Mo BB, KEMARS TERMREYZAKAELER. ZKMAZ PAN
WG, PAN - THM/KSFHEE, RAEWBSE. TREIERY, PAN HKLE
BABRIFKEEEED 10.5 wt%hf KA T

Wi, BRI ERAREHEIEn]e. #BYE Cleverdone I Smith IS, #
25°C ¥, PAN ¥ S#E— &%) DMSO-H,0 BEHHH (KEESFMH 2.5, 5, 10
wt%) 1 nylc-c SMEBIHIREE, BN T RIEMEERE (7)o, HAEH 40.8

mlg. EAIRM, [nhEDPFnle (80.7mlg). FEEWEFILAESHIMSTS, Huggins
BHUE Kk, BEZ 30 '
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_A- waterDMSO=25075
—&— water’lDMSO =5/95
—B- water/DMSO =10/90
o o
E £
) o
3 &=
= f=
mlr
~ Hypothetical theta solvent
1 1 Y c i 1 i
20 15 -10 5 0 5 10 15 20
¢ (g/ml) x107

&l 24 7 25°C B AR FEAC L9 PAN-DMSO-H,0 ¥t n,/c Fl In /e SIREE ¢ MMX R Lk
Fig.2-4 Extrapolation of #,,/c and In #,/c plots for computing [5]rand [#]z of PAN in mixture of
DMSO/water with different weight fractions at 25°C

1 ky TR MR AORHE, B Gundian 31 Kapur $BtH T 53— F7i,
BSME In nc-c IR . SRHY, SEMAET— A, MBI
BB e W 2-4 B7F. B O MM ELSETATR— &, BEDrl BT 1k
Bt RN (2-6) RITTLRIAHIN R EHSHE A T RAS FIAHR
8,

(1), =[7), = K,M" = ¢(%] M" (2-6)

X, KR 0 FBTHHEFEEE, ¢ BR—N1NERSY. BRUREETE
KL E R B Flory %18 T T AR MEREHP, EM ¢ 1945 K 3.62x10% mol™.

(R RERIHKIIE, MEMHHTE. HELERLE 22

R 2-2 B RYIFE PAN YRR 0 0 FINBD MR E D ¥ B B0X TR,
7 0 &FHT, BBRFNRTARERNSHOMELTE, PAN B4 TFRHRE
AR, BEK22P0R, ZRMEROGEEH (K. HFHEE (1) A
PR BEIE, W T 0 &4 TR ERNRANESEENRETREY
.
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2.3.1.2 PAN 3 FR T Bhim B fk Btk
YA FHBER S TERBATE, B4 TFERETHRRE, EMTTFRT

FERBTHTE, BANERTLOERE. B, REXXENRSHOMREL

RRREER, RN, BADEEHTHFITFRIOESZIBENREYH

HAERIIE M. PAN 4 F7E DMSO i R BB R R ZAE R E 2-5 Bir.

035

50 ]
H
Ea] — —e 0.304
o
A
30
2 F 0.254 M.\._“'_
[+]
8 2
A 0.20
%L 10

[ v v v y —— 015

0 20 30 4 s 6 T oo 20 2 4 0 0 7

Temperature (°C) Temperature (*C)
(a )

& 2-5 PAN-DMSO ¥ R AR K BITE. ()37 A S BE(w) I BER - 12(A); (b) Huggins S35 ky
Fig.2-5 Temperature dependence of (a) root mean square end-to-end distance (w) and radius of
gyration (A) and (b) Huggins coefficient ky for PAN-DMSO system

& 2-5 (a) FRIFI% B 2IA PAN #5575 DMSO H 3975 A S BE A0 BEde
LR ERBE. BB, PAN-DMSO AN BREASUH, MEREKRLL,
PAN 4+F R~F LA . PAN 7E DMSO {3377 K BE A g% £ 42 K2 & 41nm
# 17nm. ZEXFPER T, PAN # DMSO [ F A1 45 2, BBRAHEHF, PAN
STRETF, BT, EEH DMSO BHIBA PAN 4 T4 H+. Bk, PAN7E
DMSO IR EAFHE 0 FBTFHIRT. S FREHEUTERT THR,
ky ERBREFNLEES, BRBRE, AR, RIEE2-5 (b), RER,
VAL RS DBER (LS MO g A B 0, HIFF 5 UCST RMBNET A~
2.3.1.3 PAN BAM AN FHITH

RIE Flory™'Y, ¥ RBARMISEREE X hHE (2-6). WEHRE, AT
BETHITEMEN,
dn[n)/dT =3dIn(h)"* /dT +dIna’, / dT -7

2-5 (a) MIZEEEWT PAN 4 F74& DMSO FHRTHRFEE,
din(h*)"* /dT BIFEEEE, R din(h)?/dT <din(h*)"?/dT . EREIER
BN FRMER S TS, WA AR R R R G/ EE A - R,
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HT PAN.DMSO-H0 R ML B B H RN . B, PAY 2 DVSO G
PRSI AR R b (4% 10%) O,

T35 Tp=65C 30,
m'1 1 1] z 1

ICJ ”
£ 180 '
= 1704 # E $
1604 : Homogeneous
184 Two-phase | region
1504 18gi0N =y
:
140 Y g T u T v 1.5 ~——
0 220 30 40 50 6 70 80 10 20 30 40 5 60 70 60
Temperature (°C) Temperature (°C)

(a) (b)
El2-6 (w)PAN-DMSO/AZ H1( A PAN/(95/5(w/w)DMSO/H,0)% % ii(a) [7]-TFI(b) a,’-TH
Fig.2-6 Temperature dependence of (a) intrinsic viscosity and (b) a,,’ for PAN in DMSO(m) and
PAN in mixture of 95/5 (w/w) DMSO/water( A)

ARIE B 2-6, FEPERE B IR MRS a,’-T BIFEARAEN. X F PAN-DMSO
TRRARTE, T RER—NEE, X T<35°C R, MERRERM, Bk
B o, BEZHN, IR, % T>35°C i, WIBEZ®/, FIRTE 35°C RABIB X
fi. HF PAN-DMSO £ UCST &, o, -T BIZ7E UCST B ik SR K,
Bl 35°C. In o, /dT HIEZE T<UCST B HIEMH, RZ, WAS. d (ne/dT)
EIMETE 0 WA IXRIRKA, FNZE T<UCST WAMEL, RZAMEH. %
BZ, d (In e, dT) WSHEREE LAY KTIMD, Fit, PAN-DMSO AiH
Y& AN PAN 43 F & B R~F7E 35°C MHESX BB K.

FHMN3, 3T PAN-DMSO-H,0 =R s, [1)-T 2HFHMEME, FrHEks
FEAE 73 HIE 35°C F 65°C PHITIA BB K. RIEE 2-6 (a), #§ 1 F1 PAN-DMSO —
TR RREME S THFRE. 7€ 35°C B, i 1 K HBLE4T DMSO il PAN 3t
EVaTHE 1A, MA EREXEEROTE, WERTHBRAINRBE
k. BEARERRE T @ FHESE— PR, SRTHMERE 35°C i
F— B ARG . 1 2 A FREARE (65°C), RIBLA EMid, R
AT LAHEE 1E R PAN/(95 wt% DMSO+5 wt%H,0)4 % i) UCST &/ .

FEEEIAZR Y, PAN-DMSO ZJiik&H PAN-DMSO-H,0 = TR MY
BT (a,)) BHESBINTF 2.40-2.65 1 2.00-2.25 Z [8). MR, =TEET KE
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%H‘Jﬁﬁﬂ‘]ﬁd\ﬁl%mmu)\, RERSH PAN T RENAG. o 2.6
(b) TT40, ¥ PAN BHEKZE UCST i, BT PAN 4 TL&EAMBAEREE,
SIAR ) PAN 54 W FRG G, AHEHUE LA 27 BT

.Demmng .

Homogeneous PAN-rich PAN-lean Network formation
PAN solution phase phase in PAN-rich phase

& 2-7 PAN-DMSO-H;0 R A 4 i A m R
Fig.2-7 Sketch of fiber-forming process of PAN in mixture of DMSO-water

£ PAN-DMSO-H,0 ¥4 &7 T<UCST B}, - FHREIKESINSER. BT
BASTFEAMKRBERARLARMALESE, BERZEMHELRS] N2
5%, ST HAASHNER (PAN EHMREM), RWERENRSHZKNEE
SRAEHR, HTEERRE—AMRLIRENRED. R PAN EE KT
¥%h PAN WHIIRE . B S B 5ER7E PAN BEAF4E, HEBTENMERP,
TRATTRE R AR P . 7E PAN EHT RS EUIER ST T ERERAL
HSMBFT =4S — . MO BESHEETREE TS EENEM, RE\EAR
AR R B, Koo hmBEK (NG) Mg (SD) BMHLE.
232 FRAMEMRRAES HHAEER
2.3.21 BHA-BAYHEIERSHNEREKHRTE

PAN LRV SMR S R i 2-8 Fi7s . PAN MBI ERS A CN AR
WAEIRS, WefEh 2244cm™ . 7E 2950-2870, 1460-1450, 1380-1350, 1270-1220cm™
fi 4 2 RS B CH A iR s B Al ALF 1733em™ M3RER BT C=0
R IR, REIT LY MA 8F 1A MI7F7E, 7 3632-3550cm™ (IR H
F OH M4 IRED, L T 1A MIFEAE.7E 1074em™ LHERE A AER B F C-0-C
MR IRZIPTTIR, TFE 1625cm™ ALRIMR LT FEISEF AN H k4 C=C
& C=N MR iRz, BT kATiE MR 2 th TR & 24 FTE R 4
FHK, W Bajaj ZH0 Gupta SUTHGIRIE . Bk, Z4MUAIESE T PAN H&
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R AN, MA #1 1A MK =o3t 8.

1 A A A L 4 1 A 1 L
1004 N
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g gae
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@ 2 3
N ~
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704
2
60 3
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Bl 2-8 PAN 3LEMZE 25°C B FTIR ik &

Fig.2-8 FTIR spectra of PAN terpolymer at 25°C

DMSO HIZ MR LR 2-3. DMSO B hARiE, HEEY
4000-400cm . 7E 1053em™ HI3RIE R i F S=0 KRN IERT, 7E 952em™ A
928cm™ IR IR BT S=0 AT RSN 514208, 78 696cm™ fMR T M & B C-S
RENMIRSFTIE. Foh, 7 2993-2911 1 1435-1307cm™ 75 BB frIM5 g e S0
&T CH AR ¥R 308 &

% 2-3 DMSO ARERAMLSMRZ) SR
Table 2-3 Infrared frequencies of the different fragments of DMSO

Wavenumber  Transmittance  Peak width at half height

Fragment of DMSO (em™) (%) (cm™)

cS 696 54 19

928 66 19

S= 952 45 29

1053 10 76

1307 62 >3

S-CH, 1406 51 33

1435 44 25

o 2911 56 >7

2993 51 90
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Fig.2-9 Variable-Temperature FTIR spectra of PAN-DMSO solution at 25, 35, 50, 60, 70 and
80°C
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%Amﬂ]@?‘%?lﬂlﬁ%@i‘i’]}féﬁi%ﬁﬁ%iﬁﬁﬂ’mg”” !lul 2 9 (b) (e)
7R 7E 3450 1 1025cm’™ FHE MR ER SR T S=0 45 OH 46 sl
(IR A2, 43R BE M 25°C %) 35°C B, PAN 4+-F#1 DMSO 2 /8145 @4k
Bz, OH A S=0 AEIHIMSE S K T A AMARMLB RO AT B
LA 35°C %) 85°C B, SBIEMMIREMZ M, SR TLIMAEN
##, HIGEF OH 1 S=0 WANMEM MR, WIEE 2-9 (¢), BEEE IR M,
CN AaiMEABE R, FERAKTF PAN XEYHH CN ZEH DMSO
P S=0 HIF EAE M ) i3G5,

fE 1732em™ MHERIRUEZ BT PAN HEYHH C=0 WiMhREz). 7
1652em™ it i A 3R MR M s JU) 2 1l F PAN 3k 349 o iy 4 D) R ke P SR 4
BL2), BT L. BARE FTIR WK%, PAN-DMSO AR E 4RI
35°C MiREIB A, RASTROSRIEMANGRIERNELE, ERT PAN &
FHKMWRSHEENRERHYE.

2322 BH-BAYMHEEERSHENITE

BH-REVHEERSHE s RBAR (2-5) HHABZ, BHFMEK 4,
A BT Rudin HHPHEMRBE]. Rudin BES, [ B— A EENBASE,
ReiBiE i Qian B HEPYEEBE, EEWFAIEY Qian B HERES HTH
E PAN-DMSO [nle. B, FAILKH Gudian F Kapur 75 IR 5E [7]oH -
FIB, BAIMGHEFHE T Rudin A, 0T FR:

M
B E PAN-DMSO HEERSHH T ERMASHALE 2-4. EF
A& T ) PAN-DMSO M HERI S 5t B4 8 WK 2-10.

& 24 7% PAN-DMSO #EfFAZ RN EEMASH
Table 2-4 The major input parameters for calculating the PAN-DMSO interaction parameter

Parameters Mx107 (g/mol) (76 p3(g/ml) V5 (ml/mol)

Values 1.23 80.70 1.14 71.00
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Fig.2-10 Second virial coefficient A, and solvent-polymer interaction parameter y,; versus

Temperature for PAN in DMSO

T R B A, R (R R B BR AR LV B D A - 3R & Y1) A ELAE A
HMER, EE5RFEINREDEBRNTHRESER, FHEH-Remik
RAEEIRIRE. WE 2-10 FiR, AEIKTFE. REEE T # PAN-DMSO
MWEERSHMEA 0.18-024 2@, H/MF 0.5, &Y PAN-DMSO AR 2 —
HERBEBEN-BEWAE. £ 18-70°C HEETCEAHEERSHEZLER
A, EETER—ABHERESR.

PAN-DMSO M HEFI S HUETE 35°C METEEIBAME, JEBEM 35°C H#in
B, yo EHEHBEZ M, FTIR PRATLUHEREXANMER, & 35°C MGMRMEE -
YEFAE T 1A B MA 9 ] OH £f1 DMSO [alffa& S & 1E M, LA & AN 1 DMSO
fERe e, SIEM 35°C HE] 70°C B, ERERMEZWES, TRPHEME
FR R 1, 1B R SURE P AR SR R R L rVE R D B INE RE, LR
BT PAN-DMSO &) KI5 16 F BI85 -

2.3.3 BAREHEMRFEAHRBALDTE
2.3.3.1 GERBNERANERRITH

RERESBAMA 5, 10, 15, 20 1 25 wi%f] PAN B#® GEHA
DMSO-H,0, BEHHA H05wi%), HF 80°C HATEHERME, HHLEEE
B ARG, BHET 15°C TAH, WE PAN Bl HEKRILIIRE.
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Bl 2-11 AEREHT PAN/(9S wt%DMSO/S wt% H.0) %5 i A%k i I
Fig.2-11 Gel photographs of PAN/(95 wt%DMSO0/5 wt% H,0) with different concentrations

WE 2-11 B, BEERRIHER, WEBRAD (5% 10%) K PAN % b
FTHEADORERLRFRIR. BEERENEM, 15%, 20%F 25%F PAN
WAL EBKENEFTER T EMER, BT 15%K PAN ¥ BRI B
B SR (AZA). T 25%KK) PAN % T R A8 &K E SBOLEREN
Bt 1) P L AR A, T ELANIE 2-11 AT LU I 25%K9 PAN %3 e T HA0 B okt 5
SBURERB B EY — MR, ei3LATHI& K PAN JR 22 25 MR RE T R 20,
BEHRL MG, EIIRETE 20%% 4 K PAN ¥l BT B A& e ks
REBALRT ], MUESERHLER. BEHARKAGMIEBHSE, BREBK
W DA R FARVE G RE (BRI g KR BE ) $7T AR R v R i AL it ), bk
WS BNIZHITE 4% 7% H, REVMNKEEHIE 20%-22%.
2.3.3.2 AR BHRNA D RETH

BATKA S TR PAN BB HORERAT B, B RS R h R 3R 0
BUBEATATLLT v N SR M i34
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Fig.2-12 Plots of intensity versus time for PAN/(95 wt%DMSO/5 wt%H,0) with concentration of

25 wt% at constant temperature of 15°C

WE 2-12 (a) FiR, VIEAERE X 80°C i) PAN Bl E T 15°C &4 k4 &k
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BRI RN, TS BOCREERRD . Hsh, BATRIEIRB SR
BN B AW R, EERENEEERUEENINE, 2 TFREEHEIT
WSS, SPEORRBRETEERWRE, #i5IELREIMENEK.
BAVRE KB, BEE N BB RS RETE, b TR
B R, RITEHERZLARN PAN BREMRREZH (15°C) MELTHEER
ETAREHCPARA, WE 2-12 (0) M (o) PR, 43K E 2 A0 4 A# PAN
BRI 6 SRR BT (8] R AL B BRI AR 55 2-12 (a) 0L, BA TR BENE,
RHTRRILE—NMBKKER, BR-BRETHIETE, SRNZLTE
SHMEHER S, ERHE 2-12 TTMEERRAHEEAME, BTFREESE
M, 2 THRENZIGROATEK, B3R HEIREE, NkRKFEY
BN EIREE 2 55, BARGEUE T LRAEBAALAIREIA &, (B TEERAEBIRAL
TR .
234 REEMRRAREMEE
2.34.1 BRMBSREMEE
BAERZEWARPF IR EMBIVIEER KX R, B 2-13 (a) XHEH S1,
S2, $3 7 70°C Fr#tfTHIBFARA LK. ME 2-13 (a) FATLUEER|, WERKE
BIREEBY VI R MR TR, B RAEE SR EIRESE, BEETRE.
BEEBTULE RSN, WHB PR TRIES S 23R, B TRBRREE T
BERED. ERANEVIERT, YRR 084 5L ELTEIR, B



mmmﬁﬁﬁﬂ—Am@w,ﬁﬁmﬁﬁgﬂﬁﬁﬁ'Mﬂéliu{¢7ué
B, SHEEERAE] 200 (US) B, SHEMAEEITHE, 2 EEks)
200 (Us) B, SHEMMEELTRE TR, DAXREN. BHFRLTH
RSB, TEE— TN UEEERT, MEEasTHRNATA,

400 —=—S1 - (1
(a)sso —o—-S2 (b) » . :zz
] —&—- 53 250 L] A (3
%01 P
o~ 250 200 4
) ) .
Q. 200 < ~
z 2l A
i il
L A
100 && 100 »
50 \
o —oa-4 504

T T T T T T T T T T v T T M T 1
400 0 100 200 300 400 500 600 700 800 900 o s0 100 150 200 250 300
shear rate(1/s) time(s)

Bl 2-13 ()R -BY VI FR K TR 2R LA K (DY BE - ) % 3R 4
Fig.2-13 Plots of viscosity versus (a) shear rate and (b) time
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2.3.4.2 BARMSREM B

AREGVIKRERS) T EEL —EWNER, B FERSYSSRBRTRE
RAEMBGE. MW S1 7 70°C #ATHHARMBIR, JMRAR LLBEHHER
B, HRRRPHEUTERROERD, FIBERNE 2-14 Prr, RWHZHOT
R R BRI A B BEE N & AR MR, G G #Ham, %«
fRAXIR, BATATEARLE th ORI, W 2-14 Fim, RUBRIERHER,
R BBV SRR R CHBATIHER G 5% o FAENMTXE:
LogG'=2logo +A (2-9)
LogG"=logo+B (2-10)
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Fig.2-14 Plots of log G’ and log G” versus log ®
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Fig.2-15 Influence of temperature on viscoelasticity of solution S1
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Fig.3-1 Concentration-dependent interaction parameter of water-DMSO system. (a) Ref*¥: (b)

Ref?%; (c) RefP%); (d) Ref. P9

#3-1 H;0-DMSOAH EL1F FIZ $(g,2) AW B ik it
Table 3-1 Concentration-dependent nonsolvent/solvent interaction parameter (g;2) of

water-DMSO system

System gn

0.1899 — 192560, + 4.6527¢,> — 5.1585¢," + 2.0797¢;"*
~0.2285 — 0.4335/(1 — 6.5804¢,) °
~1.302 + 1.08/(1 + 0.86¢;) ©

Water-DMSO 24

—0.218 — 0.816¢; + 0.383¢;
0.1389 — 0.83420, + 0.5544¢,>°
—0.2296 — 0.78600, + 0.3002¢,>"

a R ef. 134}

b Ref. [34]

c R e£ 35}

dRef P

® This study (based on data of Ref.**})
[This study (based on data of Ref.**)

tHE 3-1 BATATLAE B, Wei 481 Hong 3R i& i) H,O0-DMSO M EER S
HEBKER, RITAAIXHERFIERAUTHENEREER: —&IHEGERN
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Fig.3-2 Structural formula of H,0-DMSO compound
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Fig. 3-3 Temperature-dependent interaction parameter of water-PAN system.

3.3.3 DMSO-PAN HE{ERASH 125

DMSO-PAN R FIRF YRS B AR 45 B LA SMEE T E , T HugginsH
Kraemer# 5 (ky, k) WITT s B PN EEMF B, WERENFRRETH
HhEE R4 R WK 3-20

# 3-2 DMSO-PAN #iRZEN FIEFE T IR BERIAL R
Table 3-2 Results of viscometric measurement for DMSO-PAN solution at different temperatures

Polymer [7le Temperature [7]
. ky kx ky-kx
solution (ml/g) (&(®) (ml/g)
25 207.7750 0.2670 -0.1970 0.4640
30 209.8600 0.2501 -0.2063 0.4564
35 210.5850 0.2450 -0.2098 0.4548
PAN in
80.7000 40 208.1600 0.2437 -0.2101 0.4542
DMSO
50 203.4450 0.2407 -0.2130 0.4537
60 197.3200 0.2363 -0.2167 0.4530
70 189.5230 0.2320 -0.2201 0.4521
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A5 Rudin RPN AR Rudin ARG, (5], R—AIEEMBASH,
AL B Qian M A YEHB B, ERFFFIEY Qian S HERES HTH
5E PAN-DMSO f1[nle. E i, FAIFM Gudian F Kapur #9755k 2 [n]o 14 .
R, BATZGHEH R T Rudin R, TR,

4,= 32545 7 -1k) (3-26)
M

BT, HIRBGHE A Rudin A5 o W78 60K P85 RE 00 7 B2 1 46 B 09
DMSO-PAN HIEERISHME (s » RAXHHFEN, EEMBASEEHH
W (7D o 0SB TIERER () UEREAVNSTE. MRS
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34,

054
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Fig. 3-4 Temperature-dependent interaction parameter of DMSO-PAN system
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MEAEFSBUETE 35°C MEARIBR/ME, JEEM 35°C B, x, EZHbE
2z, BAEE AR FTIR #RXBERES, 7 35°C MEERRMEEEHRET
IA 5% MA F'ff OH 4151 DMSO (A 32U, LA AN 1 DMSO H# s fE
i, SEEEM 35°C #inF 70°C B, SRIEMBEZ RIS, TFFB/ERNKE
wahn, 18RS R KSR IR B B e A D AR, B RET
PAN-DMSO [a] f¥1 48 FL/E FA %455 . DMSO-PAN KM E{EF S HEMERE R
WEELHTERMERENEUAEIE, SREH FTR MRFES, #ALEB
—E,
3.3.4 PAN-DMSO-H,0 & Z = T it HHE

& 3-5 & H,0-DMSO-PAN 3tE#ARTE 30°C, 50°C 1 70°C H HER &Y
RBEN LR, B mPTIE N AR S 8{EARYE Flory-Huggins ikt H
BE, BTy H po3 BAIRARRSENENEREHXNSHE, TXT g2
4115 BRI T i Wei 7 Hong ZRIKEHXMEMARER. Bk, RIEL
B g1, BB KR SR H,0-DMSO HEERASE BN W LK E M. W 3-5
Bk, BATMEESE g, BHELMHAR=TAHEFRTEOLEERK
HIZW. 42K, BF g, SHMEREM, BRXHLES A HO-PAN 3.

KA Hong %M g1, ZHERMNERFBEM RIS NTER S LR M ML T
W&, MRBITRE Wei 6 g, SHEFRBAMBERRTEELERM L LR
wi&. B, FRHBRIEI Wei SIRIEN H,0-DMSO HHEERSH (g12)
¥t L Hong #1 Barton Z3RE MBS HEE MERBFEH. B BRI, ik
F7E 30°C, 50°C F1 70°C W B RAMLR IR SARFE—ENEMN, BERE
RA H0 WS ELAMNBENPLRIERSAINED, EHEREIREBT
T KR A o T G e A AR 2 DA R B R P IR IR ZE I AR - B B
EHBREMM, HO0-PAN HTIIERASH () BEZE/N, HETTARE P BRI
£ 8 F H,0-PAN #i%Ei. Hitt, BKH g 25{H (H,0 F1 DMSO HANE
£) ULRE/MO i3 (H,0 1 PAN SR AR ) 8 UER IS4k
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(31) 0.00, 4 00
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I3-5 H,0-DMSO-PAN{A R £(al, a2) 30°C, (bl, b2) 50°CHl(cl, c2) 70°CH HIFEE MLk (—)
HBEVL(-- -)o (al—c1) g12=~ 0.2296 — 0.7860p, + 0.3002¢,"F1(a2—c2) g/, = 0.1389 — 0.8342¢,
+0.5544¢,

Fig.3-5 The theoretical binodal (—) and spinodal (- - -) curves for water-DMSO-PAN system at
(al, a2) 30°C, (b1, b2) 50°C and (c1, c2) 70°C. (al-c1) with g;,= — 0.2296 ~ 0.7860¢p, +
0.3002¢;" and (a2-c2) with g;,= 0.1389 — 0.8342p,+ 0.5544¢,>

HERZERTM, X F H,0-DMSO-PAN =0 %R, TibREBIER LR
KRR R A PAN A BIIRAD (<5 wi%), BEREASMKETTETHLE
BEKE GEE R 20 %A h). Bk, HERAGERT, SiLBERESMERS
B ETT#APAK, BEEAERERENEMESURBEKTR (NG) #

Tor#, SBRERURESYRASEMNE. BEVERDELHBEHE.
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Solvent D Nonsolvent
B 4-1 REW-HH-EFERIZTOHE. 1 FREARIK; 2 BR-E TSR 3 BE Y58
FEAAX; 4 REY-BR-BRTE MK, S REY-H BT HSHK
Fig.4-1 Temary phase diagram for Polymer-Solvent-Nonsolvent
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HAUCHE M R 2% EX & MART 28, & b8 RANEREITE
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Craubner! "HRiE # 1 ¥ B it B LR EVHRER (REYEE<I wi%) Kl S

FikR:

w, =blnw, +a (4-1)
Kb, w; flws BHAHBRRPEERIREVOREDIE, o0 AEL
X—X* AR AERTHEBRER, N TREMSGLERTS, REUREER

HIRE, HEXE 15-50 wt%, EHBRAKAER.

RB—kEARH L'MARGK. hEIHRERDPESYEES BT

10 W%l VR ik A b, A AR A WIREE T 10 wi%hf, #ERFIEHFK

WEHR—ER, HEXREN (4-2):

w, =bw, (4-2)
MTEREVKRERRX—XFZABER, ELEEEF AN GE3 9

wit%), SRR KKREZFEZR. Boom LRI R Y Hand! %4 & = o4k

RIFRGER, BET—R&itm g (LCP) XA, HFE M Hand RBH“Z

OB A E AR FR ARG

A = pin 244 (4-3)

w; W,
K1, w, wy FMws FAAEEPESH. BRARRSYKRENY, a,b
HEE, ATRALRNE.
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Table 4-1 Physical properties of substances
Density (303K) Molar weight Molar volume(303K)

Substances

(g-em™) (gmol™) (cm*mol™)
water 0.9971 18.02 18.07
DMSO 1.0984 78.13 71.13
PAN 1.14 123000 107894.7

422 MAEREE

B 4-2 WsEm A ERRE. | OO 2 BT 3 REEUM; 4 S S EHE 6 1R
Bt 7 B ER 8 i, 9 Hubil
Fig.4-2 Sketch of experimental apparatus for cloud point titration

24 DMSO-PAN B BT 10 wtoobt, ik s 5038 Bl b A it LR R 1518

3. Eit, RIEE T —RFIIAFKER DMSO-PAN &, WELHA 2.0,
25, 3.5, 40, 45, 5.5 6.0 wi%, HIHLEFEHEBME S, HEEHHNE
BT 80°C AP H BN, HEBEEW. W—. BN PAN-DMSO #H#
RE. WENIRH M Cpan) o WEFERKER 30 %) H,0-DMSO
REWHH, #IRCRFNEREEREEHEERERE (30°C, 50°C f1 70°C),
ST 52 245 1 A AN < (5.2 4B 1 DMSO-H,0 %, EENVEMRNILFAZ#ME
HEEAEBEARNELS (XREFETERWE 4-2) . REWEHEEN G
(R BRI IR EFIRR ms BRI SF PAN, DMSO A1 H,0 B
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BB ERM AL XE.
% DMSO-PAN BHUKE B T 10 wi%it, BFERNEHE, BErgar
£ RERTE AR S, T TEV2 K P 5 WA b A58 S 1K T S L A5 4 A AR Boom
HRHXTIREN-BH-REV=TUERNEIE A HE, BREEBMEAA

AT i e T AR A B

43 R 511ie
4.3.1 MR EEWFERE

5 28 M T B T A A4 B, T E W (PAN-DMSO) A1 < 77 (DMSO-H,0)
WRBEXT I E IHERHE L IR K. K 4-2 BRI EEE N 30°C 8, AR Comso B
W5 HIFEE 25ml BT PAN FRESECH 3.50 wilm e R %R, EH 5
KR, HR43TE, HENBRLARR, HFEHN DMSO BHEEBR (Vowso)
AR, BMEBEEARR, % PAN BRKEEE B HEAR.

& 42 TR LR
Table 4-2 Appropriate concentration of DMSO-H,0 mixed solvents with cloud point method

Cpmso (Wit%) Vpumso (ml) CV % (n=5) PAN: DMSO: H,0
0 3.15 1.25 3.15:86.75:10.11
15 3.70 1.18 3.09:87.10:9.81
30 4.84 0.04 2.97:86.76:10.27
55 8.18 1.24 2.67:86.68:10.65
70 14.42 3.15 2.31:88.13:9.56
>85 No turbidity appearance

MR 4-2 75, WEFKERR, 3 PAN BRHEEE HBRR. BEH
WK, BEERENBAD, FENHENBE, FHIH 8RR S K E R
HHBAR, BREBAR. Z55ERKEH<30 wi%it (0 wi%fl 15 wi%) ,
TR LR, e BB S REBEEE, 1850 LB M 5 70 % 2 4L S IR
Rz, BREERKELIHR 55 wi%M 70 wi%ht, diTFREEE AR, & SERI
FAUE, RERKEEIKR, MSBLEEE, MEWB K. 452 FIKE
>85 wi%ff, HARTHEM L. FLUEERNKE MEEE WK, AN PR
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# 43 WEBIRERIEE
Table 4-3 Appropriate concentration of PAN-DMSO solution with cloud point method

Cran (Wt%) HERZ

<1.0 Tl

2.0 HHEMm, RKEHEPD

6.0 fHohs, REKBEE, BRHEEEERREE
>10 WEBA S K, TERE

bR b, BB E R AR ERAN W, BERENE, WE
I AHIE PAN SRR RN, SIS, Wk A SN, WRERH.
S F B BAE T E R PAN K TCE MR K.
4.3.2 XS
F43HARBE FTLEMAARMEEXRE. ABEPITH: M
PAN-NaSCN-H,0%5 £ Z i s 40 R B 22 Y P9 — B¢, PAN-DMSO-H,0=JTf%
RIS AREERIFHEERR (R>0.999), %8t XRRMBoom ¥ Hitid
fXZERMA (A (4). RER, PAN-DMSO-H,0=J tikF R FLER-BAH
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BRRMEERS, H-EHEIEETIRB-BHIBTIEAR (4) MEiERE.
Bk, RIFEBoomBFVMHRL R, AN DR MR A RS W& 3.

3.0
2.5" | [
vy b
2.04 a
gv— 1.5 %
1.0 1
! =~
0.5
0.0 — 77
2.7 30 33 36 39 42 45
In(w21w3)

4-3PAN-DMSO-H,04 Z ILCPM: S X R
Fig.4-3 LCP curve correlation for water-DMSO-PAN system at (a) 30°C, (b) 50°C and (c) 70°C

£ PAN-DMSO-H0 =t &5, H,0 & PAN fI3RHTIEHIFA2F0 DMSO 7
£1%, H PAN fI DMSO H/RFMMAY, HRRFAR-BHIE, Bty
REVIKEB R LCP KRR ML TP, RIFE 4-3 P sigMXR,
AT LAHES Y PAN-DMSO-H,0 = i#A R H PAN WKER & H ok S AR, B
SERM A ML, BIXUITER, SRR % TR TR BT X & H A 3
HAMLBR I EMBILRE, X6 F=TARP RBENTENL2E+HEENL. B
¥ Boom #E R MR TIEN-BH-REV=THRHLHME TR, BKEEK
ORIt BT RV TR ey - KX
In(w, /w,)=bIn(w,/w,)+a (4-4)

AF, wBRAZ i MAESE, a Mo REH, TR 1,283 4R RER
F, WHAEEY. RREETH e bR R ENLE 44,
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% 4-4 H,0-DMSO-PAN =L RER H{.ﬁlﬁmﬁ LCP éﬁﬁﬁ&%ﬂl%ﬂhﬂ’]iﬂﬂz
Table 4-4 LCP fitting equation and composition of critical point for H;0-DMSO-AN system at

different temperatures
Composition of critical
Temperature ) .
€0 LCP fitting equation R point
PAN : DMSO : H,O
3.6121: 87.2452:
30 In(w,/w,)=12261In(w,/ w;)~2.943  0.9998
9.1426
3.1976:
50 In(w,/w,)=1.1931n(w,/ w,)-2.667 0.9993
85.3755:11.4268
2.8127:
70 In(w,/w,) =1.191In(w, / w;) ~2.503  0.9994

84.1834:13.0039

B 4-4 TTLAE WY, BEE A REEOFE, W6 T sAL B A bR A,
BEBE, WRABRESNMER, JKSERIEMN BIBRZEAD. |
ZEET, KR AMESY PAN KEIHET 5 wi%. B HyO-DMSO-PAN 3LEY)
HRERFRE TH LCP MM EMAMTa (R 4-4) , AN LCP &t
FEW b EYWAK, HERENAE, a hHE, HEHEZHHAD, RET
H,0 WIS B Z D . Bk, BRI A WA RS SRR E b K
A, TIREESERE o XD FBERHK HRATER N,

HRH—E M EE T EPHE o MEE b M RNARNZERHERT
HREX (AKX (4-5), (4-6)): '

b____vl_v3 (4-5)

V, =V,

a_—"';"{(glz_g;z)[%z)ﬁ ~#1-(8;- 313)[—3ﬁ(b l)+¢,]+(g23+g2,)[ 3¢2(b D+41} (4-6)

2

K, vy,v, Fv; BHHIEEH BROREDOERER@ mol"): ¢, .
@, K, 53 5 A AEBF) BRMBEESWMARRDIE, gijhifl4 7 #IFlory-Huggins
HMEERASH, SKERX: gihHEERSENREEEN—H I

NFIEH (4-6) RE, WRIFEH-BR-REVEROMLERSEAEH
(B ER LK BE AR T 22088, WUBIE o A E B, ERE) LCP X ARASL IR MKIL
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&) B34S : :
WM Wit AT S BT A EA = A LOP X RatEE
WL, MREBRNERKRE.

BE o AR B R ZSHEERSENE LR, S B THERIME
& 8. BT PAN-DMSO-H;0 5%, afi—MhfifE. HEHESIEHEFMIIEEE
R =5 b MR, o MANERK, WIREHXREYIREIBE. 2
b MERBEREBREX, SHTHRRBENER. BERET, BEWITERK,
FMELBD, BEET 1, BRAUBREAN-ERNH L, kK2, REVITF
B/, #BEBR, hF S USEEERNHTLHFE.

FBHIR, NaBIRERX (4-6) ITRI, REZ% PAN-DMSO-H,0 AR
Fidh AR EAE ISR, MR ERER LCP X AR, HIE (4-6) Rt
WRABA—F IS, X AWE PAN-DMSO-H,0 =Lk R T
HERSHIRE T X—ForEi>2,

433 BEMREENER

xR 45 HEFRBRET, L 30%0H DMSO-H,0 #EHMHE 25ml

PAN-DMSO % 2 ith £ 52 30 5045 o

& 4-5 PAN-DMSO-H,0 1k 7 1 i 385 S 1) S0 8
Table 4-5 Cloud point experimental data at different temperatures for PAN-DMSO-H,0 system

30°C 70°C

PAN(g) Vomso(ml) PAN:DMSO:H,0 PAN(g) Vpwso(ml) PAN:DMSO:H,0

0.8498 4.95 2.54:86.70:10.77  0.8493 6.10 2.45:85.04:12.51
0.9967 4.61 2.99:86.86:10.14  0.9958 6.00 2.87:84.84:12.29
1.1447 4.19 3.47:87.23:9.30  1.1445 5.80 3.30:84.80:11.90
1.2940 4.16 3.92:86.88:9.20  1.2938 5.63 3.73:84.70:11.56
1.4458 4.01 4.37:86.74:8.89  1.4463 5.50 4.17:84.54:11.29

ME 4-5 ATLLEY, BEERBENAR, BWRPH PAN BURTEREHNE
HERBHEES . XK, MERBENA R, BRAVWELEMEE, FTRHIN
REEEK. RN, MEREHAR, mASASSEURR, REWRENN
TEMD, FHEAOSEE M. X—FROCRITRERE. TG 405
ESREF AT RASTURE B, R EASEHIRME. B S
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w2315
TR ?@%%%ﬁ@Lkmmﬁ%MEEﬂﬁﬁ
434 BEXNMSEBMER

S X v P R BB WIR 4-6.% 4-6 B RFRERE T, B30 wi%
7 2 I R RV B PAN-DMSO i A4 B BB RN,
BRSNS BN, RAMABANS RIS, FEANE BRI, FN, %%
B, RAVIEKERS, MANESWE BRSE, TEFNNS
R

#E PAN-DMSO-H,0 R KB, TREHLIREP, LURREREE
(A BERRRD M, RS (ERKE) REEROERIER, W
SR FRNESARBRR, BEOTEFRFENARERR. REGER
B, AP IES BRI, AR ARG S RS, WREEEERE
R, M54 EHich PAN YRR B BIR0 B4 4 4 04 R B R, PAN
KRR, WA A B '

& 4-6 X S A BRI
Table 4-6 Influence of temperature on composition of cloud point
Cpan Composition ratio (PAN:DMSO:H;0)
(Wt%) 30 50 70

1.80 1.51:87.05:11.44  1.47:85.67:12.86  1.42:83.83:14.75
2.50 2.12:87.21:10.67 2.06:85.58:12.36  1.99:83.66:14.35
3.20 2.74:87.06:10.20 2.67:85.59:11.74  2.59:84.08:13.33

AW, Wik, FiRg 2 m g E R A A A A Rk s A
BN, REZERSBEIEMR, ke ERRnE. Teky
B RS BEETITH.

4.3.5 REEENER

B Fe4-45 (i 5 48 4tk 75 FE T S0 R [RIHELE TFPANR BE B e B ikl i
. WIERELERRERMANREAR, BT E44PHXTEL. WHLR
KRN HREENR SN R, EHPAN-DMSO-H,0= ik R AHHE
S RIS -AR IR, EOREARROSHEK, GUKESAKREE
THEEZHX.



(b)

(c) AN

1.00, ; : ‘, )-0.00
DMSO 0.00 0.25 0.50 075 1.00 Water
Kl4-4 H,0-DMSO-PAN4E Z 7E(a) 30°C, (b) 50°CH1(c)70°CHY fISE I8 i AUF BILCPEE M 7 R
SHE M A AR

Fig.4-4 Cloud point curve with experimental cloud point data (o) and theoretical cloud point curve
according to LCP correlation for water-DMSO-PAN system at (a) 30°C, (b) 50°C and (c) 70°C

W 4-4 fi7R, H,0-DMSO-PAN A RAER AR AABER R, HIE
MFARRBER IR REAR, BRRH LR M 5 50% 5 DMSO-PAN #, RHR
BiE PAN LLBIR)E M, XMEEMEARENE, BABBTHRAEEREKR
HHSHEX XD . % F H,0-DMSO-PAN 4%, R/ 1% H,0 $ta LUE 5K
FH) PAN JTiE, RERLERD H0 K& EER 10 wt%ht, TRERIKES
LK, PAN BIR B M PIULIE K.

El4-4% 8] T H,O-DMSO-PANE R ZE A R FE B ik s AL A% 0, BEEIRSE
K7, MLFPAN-H,OMB ), WHREK, XATH=TARESHENE
FEHREEY, =T REBUCSTEE KM HEHITH. XFBoom¥*F
LCPL MR RABIE (o) MMIL—B: BEEHBETHERD, WHLZEH R
PAN-H,Ofh 383, WX E#M AP, B—H, mE4-4FiR, 7E30°C, 50°CH



R AR EE. AR I3 7 10 DMSOPANE—1 44
hER AR, RS i —5.

4.4 &it

AEPEMF T AR EE, FFLULRET PAN-DMSO-H,0 = ik Rk
A REE SR . B RAR R AT, R T B SR R RE T
RICKE TS HUE. FIR, BRI Boom ZHEH#E (LCP) BAMEEREIT
BkE TR AR, WA EEEK PAN-DMSO-H,0 A RI=TkKHE,
BRI

(1) hEREENEARMAREERS. SRER, FETT. TARERRE
B R A AR R R TR R R LW EFIERIREL A
30 wi%fX) DMSO-H,0 %, e MK B HITE 2.0%-6.0%7t H M i,
MAERELRERERERA.

(2) PAN-DMSO-H,0 & ZA Kyt s i & T3 LCP X R, MRAALNR
1 (R%0.999) , iX {8 PAN-DMSO-H,0 1A Z Hia 2 B 5 Aok i-HBUAR 23
B, FEER-EHESE.

(3) ETHN¥BERESRT LCP XRZRMAE b MEIE « MEREN, o
THEEN. Wh b IBRERGERARX, SHTHERBENEE: ol
S THRRMPEER. ©T PAN-DMSO-H,0 %R, a E—HAHRME,
#XTEB D SIEB MR TIE R NAIRR: BT b RIATH 5 SR
.

(4) BE LCP (AR THHEEAYIREREN S A, ALHIHRT
BRI HTLR . 45 R R B PAN-DMSO-H,0 A R #5L % 54k 5 PAN-DMSO
HRERRE, WHKRA.

(5) BIEHIRR =L B AR B MR Rt BT LUR L, BEE R AR N, B
AR E R R 2 B 7 H,O-PAN 3558, FIEHB&MRMAR=AE
RIS
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E18 PAN FARFEHRTARARNENTR

FERGGE R RS, U4 FBARMNEHX B E K, KEMRT B
BEARRNER, W14 %GR & 450 AU R T 95 22 i R SR 4 R
[N & S A b Y P LAk Lkl st e 24: N I 4 A N il = ed 7
B A ELEHARM. N TREY-BH-EEN=THETS, ArERE
HR T A B A DV A R ZE R v o B 1) 55 2 ) KBS R D), B T
MABE®RZ, RTUREARANEHR, WA CARR 4G AR,

PAN BLHIZEHMMURET Be Ak amtae, wARSHHERSEES
AR, WHFEHHREEEERWY. EREHLBRERPEBRNTESHRZ
ERRIEE RN BME RS S BNERANSER, HEEHhAR 8
MAEENREWRAEEMES), FLER TR PR b B 7 B
EE, BIBRRH UMLK ERD. PAN FAEAENILRRTHHEEER
ERAENELETEXRE T RLKYEELE. 2308E SEM IR T PAN £
HBTEES, HidT PAN VIAEAEL M RIE.

51 XBRHH
5.1.1 B#
BRBRERSANARN: ANMAIA = 95.6:3.4:1, 355 T BEM, : 1.23x10°
(g/mol) CRAGKMEHNE) , LIEAULBLE L, —HETR (DMSO):
AHT4E (AR), BZAERALERFERAF; B FKEDIFHEM.
512 HLFEHMH &

WHHRI—EEEN PAN REWMAR, IMAZIRH—ERER DMSO-H,0
BRI HE ETRRAENESRT, HEZREAYS. BET 60°C KHHET
Wk 2-3 /e, EEBEEE 3-4 X, BIR S min A4 BETHRE 80°C, i 3
AR, KBB4k, 8K Smin £H. RENHHEE, THARE
F 80°C (AP, BIATEKAB LS KIS . EHH PAN-DMSO-H0 #HH#.
5.1.3 PAN A4t i 51 &

PAN B4 RF aHgi2%EY% (B 51 i), RRRERSBLIERK
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b 1, 2%, 25%,
BRI R A 95/5 1) DMSO-H,0 MR ABHIRE .. XM 6 FLmi sk, HAL
£ 0.25mm, K& (/D) % 2.0. BEBAMN (62.26 wt%) DMSO/ (37.74
wt%) H,0, BB HIIEHIZE 10, 25, 40, 55°C. MEREIATWERIRELZ, &
REZBTRREHEMEERERL RERHH DMSO, BT HEHERLK
BTERTRETE 2 R, FEZETREBRLHTRCEE TRE, BiEH
SEM MR BLMTE S . HLTESEMALEFRE 5-1.

s i I
B HIE 85+0.1°C, SiLFEHNBEIESHA 8%

Power supply
and speed contro}
Ram '
\ Qope cohm with Take-up roller
© piston and spinneret

Coagulation bath

g (DMSOfwater)

C 4 Detailed view of coagulation bath

Bl 51 i EREN
Fig. 5-1 Sketch of laboratory spinning apparatus

R 5-1 BB LMTESERNGL %M

Table 5-1 Process parameters and spinning conditions for wet spinning

Process parameters and spinning conditions Values
Extrusion velocities (cn/s) 23.71
Temperature of PAN terpolymer dope (°C) 85
Temperature of coagulation bath (°C) 10 and 40
Concentration of coagulation bath (v%) 60

5.14 Ak 5FRE ,
5.14.1 EALEHEAKBFENL

Rl & A H) PAN JREHE G B FRE PR, REHEREEZE TETM®
BP TR, RLMmERSERIIE SR S-3000N KaHmE N PHTR
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PAN A 4HE A PAN ¥ K358 F# 5 4 NETZSCH-TG-209-F1 #) TG {X 4%
ik, HEIRM PAN SFEsRBEAR PAN BMARM FRIEH RS, HERHIE
8-10mg 2 i, MREHHESAE, BETEHEZER-900C, FEERN
10°C/min.
5.1.4.3 HlATERER iR
PAN BB R XQ-1 R AW RN E, RXEZRH 10mm/min,
BERKE K 20mm. FFERZEDRR 10 MES . A4 25°C TRIZEHEE
BREE I E

PO
I

52 R5itE

e AP NBRER BT, RAEBARIEENOTY . EERSYER
A A BIOAREHM, BEWARGROARREEN, SEIEAHE RN
WA RET, BREE NS TESEITH, 058 8RBT A DU
MEZEK B R, KT MRES DB BNKERRT 8RR, BEFE
BRI 2 - AR AR, BIRER AR (SD) ISR H (NG) . H4I%
hAEEHIE BIABI—RRES, THAMRE BGE BEE, BRExLRE, R
FRAE R, BN AL 4%,

—f& 5 F, PAN-DMSO-H,0 =AM A S FRBBIMME WK
REAL, 2444 R 4RSI G 57 45 b 7 B B N TR 26 R 5 82 2 181 TE AR AR X
Bt (872 1) , RRBREURE SV KOBR-B5 8 (I 5-2 () Fiz) ,
M A RS BR SV ARNB RSV BERS BT ERAME
SEAETD, X MRS R RS T AKX, HERENERSWEL
F25% G BRI L S AR BT R A B A1 TEREBIAIEA R
BB M . SRR BB T 5 A T A R AR Z TR
R TRMRE (823) , BREERSWHRKINE-BMHE (nE 52
Fir) » M E B S YAER/NEE B T bl AR D> BR S WA
RS YIESAR S, XU B 5 S AR Y /NI 46 ZE 1 B 10 B 4 30 F A b 1
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Fig. 5-2 Sketch of phase demixing mechanism for Polymer-Solvent-Nonsolvent

T HE IR 5 A8, P R A AR AL TF 47 MG 7 A 4 R N BT 4R I R
RAMK (&7 2), HTREVBBARZEESNHIETELRNIERSEX,
14 ZR B T R R 78R A VAR X R B B A AR T X 4 TEL R T B T Y 44
BR, BB EH A ESLLEH (bi-continuous structure)  CHE 5-2 (b) Bf
™) o XA IESRAPTEROTHRECRBIL. TXIL. TREEHEHIE
HRL M AEMHEEM.

5.2.1 SR AERT PAN BLMALHNE N

B H,O0-DMSO-PAN =R EE MBS K TR FIEH PAN F4H
SEM B LI 5-3 F1 5-4. W 5-3 0 5-4 AFIFTR, WA ROREE HkA R
7E 10°C Fil 40°C B # BT 614 i) PAN A4 (0 M TR AR BAE 45 42 UK IS4k
A4, 7E 10°C F1 40°C BEER T IR (8 wt%) il & i PAN L4 M
RBEEE, BL, MERBBEEM 10°0C LA 40°C TBH, itz
I (8 wi%) BTl & ff] PAN £F 4 Wi 1 FE-4R U ey B TR B AT H R
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% AT T
GO BT TR
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R

B 53 g REFRE D SN L FRHE K PAN R KW HH. (REVRE Y 10°C)
Fig.5-3 SEM photographs of the cross sections of PAN fibers prepared of the water-DMSO-PAN
system with temperature of coagulation bath of 10°C. Compositions of spinning solution were
(a1-a2) 8 wt%, (b1-b2) 16 wt%, (c1-c2) 22 wt% and (d1-d2) 25 wt% PAN in mixture of 5/95 (W/w)
water-DMSO
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B 54 AARRE S $Y £ BB H1E K PAN R, (REBRE R 40°C)
Fig.5-4 SEM photographs of the cross sections of PAN fibers prepared of the water-DMSO-PAN
system with temperature of coagulation bath of 40°C. Compositions of spinning solution were
(al-a2) 8 wt%, (b1-b2) 16 wt% and (c1-c2) 22 wt% PAN in mixture of 5/95 (w/w) water-DMSO

Bl 5-3 #1 5-4 2t A R 8 43 B R IE 45 B TR 9578 210 PAN B 4 (X Wi T
FE4R, KA DMSO-H,0 B-AWEFIMENERE R, BEREESNREH 10°C
40°C. i 5-3 f1 5-4 iz, BEESI 4 RBKEZR#N, PAN B KRR
PARBALEHIHRET BENZN. —HHhEE BRIk s, BLmmER
EIAFRFE, 2 RBKBERIK(8%) B, R4 2 FBEE (B 5-3 # 5-4(al)),
BEERBERIBE N, BLBZERER (B 53 b, (1)) URKEAR (B S5-3

(dD) 54 (b (c1)); H—HHMEERBIKEN M, RLWmmLag
SHBEHRTBERERR (B 5-3 7 5-4 (22)) TR T RH8/MRRR (B
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5-3 (b2) 1 5-4 (b2). (c2)), BREEWALHHKMLHEEHRLLEH (A

5-3 (c2) (d2)), RNBELKHILREBEZ R . LRBRERIKHNE (8
wt%), B2WEFERERTEAMHERL, LRNEELFHIMEKUL
KB ESAEOK: BEERBIKERM (16 wi%), RLEE EHIRFRAD
HRRER L, FLEIRSTAHLEANK, BREBKERER (22 wt%H 25 wi%),
FEINNELNEAEHRRILEH, KNRZEFHIAHNBFENNREH, B
BIRFOBRAERRLEH.

PEEBNT, EAERERELRD, SHESENBNESEEEHS
BEMEM, M H0-DMSO-PAN =L RM=METUE H, KEH 8 wi%, 16
wi%H 22 W% L BN TAR=HERR ALY . AR, RIETLER
B, RAMIER A EINHEMETEROZER) ) PAN ERIRERME (=3
wt%). Eik, STTFHMBEBEGLE (8 wi%), FEAELERTRED, R

TLABE H,0-DMSO IS BRI A S A i 5t SR AR T ARG

X, WTH#ATUES R (SD) #ATAP. AT, M FAHMNEKNGIZIE (16

wi%Hl 22 wi%) BENRERE, TUAGRM=METEY, FERUEHSGL

REELTBENTRSHE, BFERES KN E LT ERSHEXATEEEA
ERAHK, BZRERGEKSFR (NG) WAENE. EWmRIFm, YD
# (SD) SRLEZLK (NG) STRERBE. i, H,0-DMSO 2—FRE
BIFMAABEEER (g M) MRRIERR-EAER, SBT ERERK
£t 729 H,0-DMSO Z AT RE M A . Bk, SKERSGLE (16 wt%
A 22 wi%) ERERE A H,0-DMSO 2 8 5 3% #: i) 0B m K TR Rk & B
H,0-DMSO WA #HE, B&mTREREEETAEOBENGLSE, BT
Bk G5 42 W ) & A 4 2B TR TE .«

B 53 M 54 MAESSHNRERBBEES 10°C M 40°C T
H,0-DMSO-PAN = oA R Tl & i PAN FERMTHAR. 2R, BEEHLRK
BRI, PAN ZF4EFLIRRESR o U ¥ B2k K AL b 39 A IR IR IR /D AL
i H, PAN FHMTLREE MK, Fib, HEmKRERSLBITH %R PAN
S A BUETI M. BT BRI, KERE NS LB RERER
FEASRBHSIBEN PAN 4.
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Fig.5-5 Schematic three-dimensional phase diagram of water-DMSO-PAN temary system

PAN 4L ENEREERBARMTERBBBHERN, EFER
RS, HOBLEERE PAN AERARSTHEEEEEENER. X
T BRI B AR, BATUE—RIIARERE T M= THEHNEE T itk
RO HAE . Wl 5-5 Fin, BEEREREM PAN 52 BHAEZ
Wm. MRARBEBLT BEIETEE, FAMALREMSE. % PAN 5
LK EBREER, PAN Si4BAARME S EFANBHK, 45 5EhEap
KA. Gt BRI A 5-5 hiELSE (8D SS), R 5-5 W4, MaEE
BESTHMARKSHANE, oThaRMELmaEnTnsii. #xt, &
FERRSETANFERHARRNMENE, Ei, PAN $2REE8HHT
BYTHAKRBRIEFERE S, BREVHHFZTNRK. H,O-DMSO-PAN =T %
HIAEEME (TIPS) WE 5-6 iR, ekl EKER PAN S4B INA RS
L A BB 1EXT PAN AR B AR SHEM.
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Path-1  Path-2 Path-3

Stable region

binodal curve

Unstable region .\ i~ spinodal curve

' Metastable region .
9 9 ¥y 92
PAN concentration, ¢

K&l 5-6 H,O-DMSO-PAN 14 Z #3040 43 B (TIPS) K
Fig.5-6 Thermally induced phase separation (TIPS) diagram for water-DMSO-PAN system

PAN BAKARMILEHMNEREEHARMSLBRTHRE, EFER
B, MO BIREN ELRLNHEMREZEXEZENIEM. B 5-6 2 PAN
BEAZRBUENER, BE SRR NBRRENREERS, aRiHE
BABHX, HBHZKE, BRGRELNGLEBRAR, ARTRITE
AR HEAR, KRANKMALEH. WE s-6 fix, HRRETHRE1, &
A REPESAR AR, SHUEA PAN BH, RBARTEREBRETERER
2. STTFIRBEBRIEH PAN 52 (8 wi%) HEMHEA MR AHHE-2
BEFBERSXHAERARX, WHERDE 5-3 (al). (a2) FHRBERM
FLEEH, W ER AR EEEAERMEK, RERTHSE (D), BT
SD 4M A FE R AR LR 2 A, BTy BUF 5 L ¥ 7I- IRV IO ST S B AR
w5/, ETMER Y HEIREE R DMSO HERRD, FiLlRLAS4H
FREBFNR BT IROKENS, NTERERHETER. RitHET SD
RS AR R BB RO, B2 R AEARRILMRREH, FA
HAEABRAERIRL.

BE% B A (O — B 1R, AR th B 423 AU R AE BRI X

(TRARK), RAEURAHAEKBREEKIE (NG P, BB PAN EAH
APELEAR, PAN #ARK A BUHRIGH, BEZ BT B/MRRRILEH (I
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B 53 (2> A, BT NG ATERRE, HINr MiEDass, AE
DMSO ME#+H #Bukt, BER4ZBTRERET2NEH. HEKRENS
— SRR EVEEE AR — SRR BRI, et BREEm
R, HERRERRBRMSBZAERE TR, HMHELETSHEE,
BECTER T 5B F MR 2 4509 (i 5-3 (c2). (d2) i), (B2 ME 5-3 (d2)
AT LLE R 2 W M S MR BORE, @R R, AR TR Lt aeriRg,
PRI 22 w% ) JR VT 49 B IR 22 LA BRARMOTMFL 4 49 . BT LM H,0-DMSO-PAN
FEN=ZTHEEY, BRIKRSSEE H,0-DMSO #1, Fill, HERLKE
YRS D) BEEAT DARERS 24
5.2.2 RERBEX PAN RLNAEHNHERE

PAN AUREAFRIBELH THTFEAHHESEIN, ERETENIHES
YEWTEI 4, RIS R EE (SEM) W52, PAN A 4H%7E SEM B A W& 5-7.
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B 5-7 ZERFIERIBRELM FHI% M PAN R MITELS. (RBREHN 22 wi%)
¢ Fig.5-7 The cross-section shape and microstructure of PAN precursors with different formation
' conditions. Temperatures of coagulation bath were 10°C for (al) and (a2), 25°C for (b1) and (b2),
5 40°C for (c1) and (c2), 55°C for (d1) and (d2). Left column and right column show cross-section

shape and microstructure of PAN precursors, respectively

RIEE 57, BATWEEIE 10°C RREEFMTH&MA%EAAHSBEN
HaHF A EENN. EEREREENFHE, PAN FEABBILHKENR
sSeEZ e, Bk, FEEEREEN. RN, EREERERPHENAER
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@ : ﬁaﬁm’% )
FHXMER LBV IERE, HRE 10°C &%El&%ﬁ?%ﬂ%mfﬁﬁﬂﬁ El&ﬂ’]
EE, A& 5-2.

& 5-2 REBREEM THIE K PAN AN

Table 5-2 Mechanical properties of PAN precursors collected at different fiber-forming conditions

Temperature of Titer Density  Tensile strength Breaking
coagulation bath (°C) (dtex) (g/em?) (cN/dtex) elongation (%)
10 103.33 1.14 5.73 8.6
25 115.00 1.09 4.64 10.3
40 117.50 1.06 4.07 10.8
55 122.50 1.04 3.77 11.9

PAN S4EFELGH ERHBIERE LI ERMABMT, PAN GFEPILIRLHN
R ERRANTHRAZMDEERE, WA 5-8 Fi. ¥ %R T, PAN-DMSO-H,0
GBI RERE (20 wt%-25 wi%) TE K FAR = ARG R ANKE (<5
wt%). AGLBRNEBE BT, hRMABYIHR 2B HE IR A
BEATRSHAX . FHOBESERSYEMPER, HlRERMEK TR
KM B (NG, T NG S HE—NEBMERE, MZERAEBRBRILNES
T,

Stable region

solidification line

TI --- . 7 ﬁ:‘ » binodal curve
f il Unstable region W

T2 :
\ / \—-sptnoda!cufve

Metastable regmn.

Temperature

Polymer concemratson, é
i 5-8 PAN IR L A ERA L BRI SRR
Fig.5-8 Schematic phase diagram for PAN terpolymer solutions in fiber-forming process. The
black dot (#) represents the initial composition (¢o) and initial temperature (To) of spinning dope,
Cy is the critical point
PAN FEBRLMREMER RE FHEKGEE, W 5-8 Fion, 4954 0#
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M&Pﬂ:@}‘ HkEZ g m, %%/&Bﬁ%%éﬁﬁiﬁAﬁuﬁlﬁl%(ﬂuéﬂﬁm%%)
KRR . BB R XEE RN, 4848 ROYEABNRSUEM
(] B E B HT K, LR EIREEER M MNEKRE T RS RIRER &R
AWMERURKEBRNBESVRAME (WE 58, 6201, <dr, Ti< T1)o RN,
RAYEARRT & EIBEERKFERNTE K. Eit, RONSE/E, BXE
A, MK PAN 44 4 HEUE

R R LK EE R E MR (10°C), 7F PAN 12 BH LB E K &
B, e EXEHOR TR IR G RS R, RA S RA KR HEN
BRI, 4R, FERETEYHEEREMSE. ik, 3—1 PAN
i WA R T TR, B2 TIRMAN PAN 44 B FH5BENE M
R KU BE .

N 5-7 B, BEERFEREEM 10°C A& E) 55°C, PAN A4 E R

HERHEREARARREAR, NBERBENT. RTRAIESH BIHhESH -

EARRAEEPBEETSEENAER. BT H0 R DMSO R,
H,0-DMSO £—/ A& R B A EIER KM RFEEH-FENAS. R
i, H,0-DMSO [BZEfEE M KR EER L BRE X, REFMFEF-FRANLASR
HEAHRAOHEY $AY, Fit4 83 H0-DMSO B R AEREM R #. B
PL, FEMRIEEEERR (10°C) H,O-DMSO [BIFFA B LU mifat (40°C, 55°C)
ERRE, GRATAEORBIREERAENGTREER.
5.2.3 REBKREX PAN RELNFALEHHEW

59 RARTHEBKENGES LA EEWNEH. JBREBERER
35°C, B E KA, BEEERERKERM, 4% dmmieRE R bR
EEMRCREN, GERETHE, REEEREAD. RPERIR, LEREHK
Bk 0 wi%lt (BPUUK hERER), &FEE FTHAETERBAERES RTBEAN
LR, WIERRILR. LgEERE N, KILFASERD B FELRE
RS, %4 DMSO 4 8>70 wto%H, BE T FLIA. X —% 18 Takahashi &%
__ﬁ[o
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B 5-9 {RVEY; 2 BEFB IR FE X A 4 G I ROSE M. (al-d1 ) 27 4 60 N BB 45 1, (a2-d2) b 4
BB EGH; FEEE S 85°C; MR (A /KE)N 21(0) wi%; BEEBRIKE (a-d)7 3% 0,
30, 63 1 75 wt%; BRFEREE K 35°C; Bi#4FLE %R 0.09mm (30 7L)

Fig.5-9 Influence of coagulation bath concentration on fiber structure in wet spinning

¥ v 7 - >0.00
DMSO 0.00 0.25 0.50 0.75 1.00 Water

Bl 5-10 PAN-DMSO-H,0 A R 7E 30°C HAI=TCESHIE. (1, 2, 30N B%B; BREBK
FE(1-3)5 51K 30, 57 F1 70 wi%
Fig.5-10 Theoretical ternary phase diagram of PAN-DMSO-H,0 system

R LIRS, BERREXAENT LT R BT LW, AR
BREFI R MM BB WEK, W 5-10. BEBKES &, B9 2%
LB, FENEGEEM FESHERE. B4, REBKEAS, BEGHD
RIRIIR I /1 » FERR B £ 2 B e e B R SR g, 6 R T AR IS MRS i
BT AENBRERKREZSR, RREESEORSBEIRERER, EEEE
Fth . Bk, RS2 ERARmRENRES, HRTFRIABERELLH
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ISRE, KBEERDK PAN F4.
5.2.4 PAN RZ£ gy 14 6E

K TR BEREE RP b T AR R, AT PAN RER
S BERNFEERSABSTTRRENR, WRABEEEEIZER
-900°C, FHEEZ KX 10°C/min,

100 -

! ——— PAN powder
- = ~-22%-10°C-Precursor
L I 22%-10°C-5 times stretching
S\ N VR S 22%-40°C-Precursor
§ 80 ---=e-- 22%-40°C-5 times stretching
a !
O 70
£
; Vo T e
g N
0 200 400 600 800 1000

Temperature /°C

M 5-11 AN PAN 474K PAN MR (A KE 2%
Fig.5-11 TGA curve of various PAN fibers and PAN powder

B 5-11 fiR, PAN MK EAFH PAN 46 TGA BIZERABM, £E
#-280°C XA AR EHKRIEHZ18 (2.0-5.0%). BE/EM 280-330°C F B FRER
SEBRAMR, Wit EER PAN ERYA THSWIAE, HERKEEH
Hz, HCN, NH;, H,0 Z/h TAGKBEER, HATHER hIERRN T 5N
ARWRE R, BEE, 7E 380-450°C MR EER, NHMT — M REHRK
MR EPHKE, XNRERAEIERHTHREZHE PAN RV TRBOTR
PLAMOEAL T E SRR SR . BERERKIFHER 4518, REE
900°C BHIEERE T K2 40-50%MH1 R, Rii%% PAN R LB RBRALETE B
w® BERSEYI

ME 5-11 ATULE Y, REZMI%R PAN AR EHUMARELS, |
EHEERNEMET, BEBERI, PAN RZRA L idK PAN A 4EE
B RBERANRANREE, FERHNMTERRT RLABUILEH
FT3, PAN B4 Zidii)a HAMILFFGE M S-S HE, WLk
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R uaca st B R B R o R R T T 54 BRI
i, HEWRFIEEHY PAN B KR, MM ERF%EN TGA HEs

PAN B KAHE. BT RATHEERBMAER, BLABNEASHA
200-250°C Bf K45 F WEIAALLL R A FIRIBIZTEE, T LB BB FHE H E t (2
BT REABHT, RABBAENMER PAN F4 N RRET B URK KB
W, F5h, FRBREHREBEN PAN RLK TGA BMANERKER, &
40°C FifR IR BAE 10°C MR LA A BB AL RRE AN BEANRHE,
FEREFAERBREA IS PAN B2 BHEHZRAMIVR, R
AN THREMR .

5348

JEIT SEM XF PAN JR 2 T4 FL 45 R 90 R IR [ 69 45 22 B BY 4 A 0T LATE B M
BBRNRLTEE, KPoiLEmiREMEIE, LRGBS G KRER S
FEMNEMEE, FELRUT:

(1) HfRIREER PAN G238 (8 wi%) Bl R PAN 44 B8 AR IER
RILRARE . MR, BIEIRER PAN S48 (16 wt%M 22wi%) B
% 89 PAN A4 B H KRR RILMBUIE L. PAN F4HRRTL
U R AR A AR DL R , 8 8 EL vk VB0 58 I T AT e 5 204

(SD), MR RRILE M, B RIKERNEE R KR (NG)
BT B, ARG,

(2) Boh, BEEBKHFEERIEM, PAN FEMILEEMEZ M, R PAN &
HRIBTEERU BB IHRALRER, EELRhEMS SRR
H,0-DMSO Z Rl BUE R MR RA . EEBEEBEF (10°C) By
H &K PAN LM R E B EMSEH, MR, EREEEBEE T (25°C,
40°C F1 55°C) #I#&H) PAN £ M 2R SH KM EHIFE. PAN
FRARUGEHOTERIAS FEAER BT BIHIBHOEE . ERKE
EHIREEAT, PAN 94 BEEAERESEMNBMESGE, MM
BEEBRRBRREZRERT ERRMSE, SR T Y985
gt Rk, ERREEERT, dTFHSIBEORE, 88T PAN G4t
FLIRFISR B4
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DOBENA TRIVERSIIT

(3) Ilttiatﬂ]_TuﬁJ:h}%iwﬁéﬁfﬁﬁlﬁiiéﬁf%ﬁ%ﬂﬁ%E’J#&S‘L 1’] %mﬁ

HHIBEBRKE (2022 wi%) FERBRMRERBRERMFT (10°C KL
) ALLEIB LR ENRFEN PAN ERAERL; HINED TGA
A T ARIEM T H & M ER RS, B — PR T RIEEEE A T 5%
g4 B E BRI AEBILA, TEFES S EEmT 5 TIRAERE
S, BWEALARZ AN, MiTd—SRE T aEmtEae.
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61 TELSR

AR X HRHRT PAN S4B RMRN FE RGN ERE, BAEY
T PAN-DMSO-H,0 R K# 1 258 e MR R 2 R R AL s SR
4RI Flory-Huggins # ¥BRAIET T PAN-DMSO-H,0 K RE—RFIRE
BT =R HE, HEid M A% E M Boom £ HEESE LT EME T 1L
HRERFNRE T =70 SR B RIE R i = o8 A8 B M = ok R
B, HidTHE. TEEFERENE, FE—SHHTARSLTZSHENS
WWTHEIS . HILERAMPEEERE W, BHiTT PAN RLWHMILE S
B, MWTTAHE PAN RAKFI&RETERKE. EREGRWT:

(1

2)

3

4)

(5)

£ MR IESE T PAN-DMSO-H,0 h R E— MU NERER R, LK
R U MO R R A S W R4 M MILE M, AN RAT R H sk
®EM, MxF DMF MiE DMSO £ PAN ERRBMEH, Hi
PAN-DMSO-H,0 4 Zi&E & 1E A il PAN BBk A4 B £ M5 L o
ARLASMESE T PAN-DMSO Z RISRIER ML, R8T R
PAN-DMSO 2 A EAE R W, B A4 R K5 PAN-DMSO Z A EL{E
FA7E 35°C BHEISBIBK, MTIA AHIES TR RIS R .

EhA B A LS B % 9 PAN-DMSO-H,0 B & — MBI
B, BR-BRETR—AHNZNTENERE, FRPRNFESER-5
e A AR - B3, AN Bh AU AT ARAE B AL 2R 1, (B
HEERIERBRAIERE L

ENE AR AR L B %9 PAN-DMSO-H,0 &2 ZIBI VI B B 2 M
RS B A RF RSN, AREMAKERFSKIEHHE
#: FEEEENAR, BROBEEENHEEERSRK, BEBE,
R B X AT (R R AL R U

KRR EERKENE T —RIRE LT H0-PAN HEAERZSH (),
E TR R IR 45 BARYE Rudin BRI EB S T AFREKE T DMSO-PAN
MWHERSHE (3.
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(6)

¢))

(8

(9

W3R Flory Hogeins BRRABNAR e AR5 H, BTEEER
WHBZ|T PAN-DMSO-H,0 &7 30°C, 50°C 1 70°C M=
HE: BRRKAEERENEN, BRHE NI LESE H,0-PAN
IR, EEEMEBERD, #—PELTREEE RIFONEEN:
EHBKH g2 AB LR BN x5 I ] LA S AT 2% () H,O-PAN B2,

I th KA R = A ERHX .,

KA S E LIRS T PAN-DMSO-H,0 4 R AEMKIKE T H S 508, ¥*
HRIE Boom £ tEM S 52 (LCP) @it SMEEB 2 T Bk BB i S 40 R,
MR e B A LR AT s 5 P R T b A 2 B 1R XU 35 48 L A%y
& E—PELTERWEN - THEERSHNSEY, kbhTF
PAN-DMSO-H,O #RKMmAMKEL TH LCP k&R, HANKHF
(R%20.999) , iX B PAN-DMSO-H,0 4 Z (44> B 7 R ii-M 4 5,
AHER-EASE. .
ST EMILE BRI R RS PAN FENARLEERBFRRL
TSR, YR IR R I RT RS ATHE T 4R (SD), K
BT RER RN R R G, HRKEBENEEUREE KR
(NG) #HITHE, TRl MMBRRILBELSEH,
WA RWIBEE B KEE MM, PAN FAEMILERMEZ WA, R PAN
SERBTIRRU G S R AMEERER, TE 2 hERSBERRRY
Bt H,0-DMSO 2 B} % 2 iR 40 BT 1 R s FEARIR B ER o, B F PAN
DU ER IR R PERGE, RREH)BERRBRREZ
HITERR T B ARBIRE 4%, BB LT 6 & ) PAN 4145 LA IS FINEH,
TFEB R Bk EVA R T 5% 50 PAN 4145 £ B3/ f4A 5K 1 45 14
s

(10) TGA RIKIESE TIREBREEA T HIZMARRBROHABILA, HAS

BLWPMPEENT 5 TIEERERE, BABILAEZ D, N
—PRE T AR,
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6.2 HRBE )
AR SRR FEIENGZE RIS BB T REALNTA, 5
TREEG2AMERNENERES, IR PAN HRA % FR 2 Ml &Rt

TERKEMLR FE. B, RINNHRERER—PEMREN, BATHH
REELEGERNFRERBABSBIEL, EREH—PREDHFERT H
SRR, BN EMFHEEERR, ETRAFHIYEREBLUNE,
Besh, BRATREVISTR T G ERMBRAI TR, 452 R RIRERAL AR A
BEER, BEEREH -SRI,

AR CRENHEE. THREY LR E BRI T REANNRRIF B IR
8T FEIZ I PAN A4, %R T HEMR. ERRENEFHEHNAEETT
SALRIBRALIE I FE SR LA BB A R M AIPERE, DIE R PAN REGLT
LHHBERAELWFEREE. MRE—PES PAN FEHSHREK
SRR MAETENITE PR ORE T, MR LSRR
BERRENERNE, S THRAENETTE, RAKTEOHRES
RAEE, FERERERERSER R .
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ML EE, AERBIEIRIRRELERT . BELMNEINRG LER
T TRIGRIENE, 18 T ROSWAIKT, 85T RO HEHEE, T
R H AT R R E AL, BAERIFR T B MR ESE. RFEFIKRER
BPRBIT AL RIFRANED, FIOEHERRE NI NERR, EXER
SR TR R BRI

B, EURBRNHEBHRNSHRAOERE, RUUAFHSE. &
BEE. IMRONERETRAWD . BROHRBICNEELE. LRt
BB . AR AEZEXERE R CMESEERS T BMKC g S
B BLEFR—M RN R, MERRESE. MEMMIA. QF0 B4
MEMHARARET TRANDR, HHERZHES. 1, BEMEEE
ERMEAEEXOR. BB, Eik, REREKRH0HEG!

HW, EH B FEEANEREE. BRI BRNKSERBRNTES,
A ATIRT SR 2 ST FOBLBF TAE4A T T IR KM Bh A ST RF, ZEFRAALBT AR 30k
Bih, AFAREBETEROZDNEN, FLRREROER. 15 59
BN RZITARAFONER, ERZBTHARINEG T REFMLREIHRFL
RKBHZIARE, A ERETOHNFRIBIIRE.

IR, 46 5 RIS AT AR PO RO TK BN R ZE 22 ZIMZE 4 AR P 45 T B0
SHIEBY. +5r i Ml L ARERT TEMB GRS P RH B, [
pHERSIRAME L, RESANRET. BEE. BRI MABL, MHBEREE,
WE%E Marcus, EXFPHE. RE, URFR. AEREA, E—BEEFH
2IEFEE, RI1AT RO AT BREERETH .
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