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Kol I 57 7N 77 A (h AR B J2 3G JE AL 58 B
(1), I AR NS 1) B-ECCs!. SR 1T, 1X—
el 1 P N TR 2 AN 1] dkk G tth 51 2 PVDF A4k}
PR B AR, AT BIR ) G S B RS A TR
i I 7E PVDF 43 14 o 5] N =5 O M5 (TrFE) 3
T3R5 P(VDF-TFE) 3L ), B-ECCs 1] #F
AEOT AR PRI FEE R s 70 2% A R T i), 3% 2 2 I [
T TFE R ANFR 7 =AH5, W47 TrFE 6 mol%
i, B-ECCs HIAE Bl FE T 180 °C. H Tk
FEAR, X — IR RO G T AR E BB AR
TrFE 3t 5 B 70 (R A7 A6 AN AE & 1 19 58 B-ECCs
MR, o= A 1 25 A4 BH AR TR o5 s 2% T
W REfEBE TTTT #e) G A= B0 551 A2 4 & TrFE
20 mol%~50 mol %, R 7E H MR A4 B 5 T 45
m kAR, AR E S A R B-FCCsI'T,

7E PVDF 70 T4 5] N E L5 s oo 2 i 4%
Hom R 45 AT NIA RO . SR, BUA B AL
FEEF T P(VDF-TrFE) LR Y, ZMRHE T4
FHOIRER AW, SRR, AR . M
Z N, BEAMIR L - 7S T A M (P(VDF-HEFP)) 3 5%
YKL R G2 —, HRATE
B, A K T P(VDF-TrFE) %% I fig 74 3L 2%
Y SRS REINE. BEE KN TR,
P(VDF-HFP) 4 )32 B T~ Bt TR B A4
B4 . 5 P(VDF-TrFE)AN[E], &4 F
P(VDF-HFP)[#) & &A1 LLAE R 1% o AH A . itk
O 2 FRER T2 R AP AR N T/
PeOrik, ERtnfES R, A KB ok gns2n R
i, HAi%T P(VDF-HFP)ZE & £ 47 T 45 54T
NI =, JCHZEW K ECCs & S#H
&R 7 1 . I & P(VDF-HFP){E /& & &1 R (45
mAT ABEFL, AU BT 583 PVDF B 3L R &
R4 mrEwAR R, WHENT RSV R
TEHERTRHR (T 1 R S eI T & .

A TAEVAAS A HFP 75 f 1) P(VDF-HFP) 3L 5
YRR RN R, RIE T HAEA R 5 7154
IR RL AT N . GG ER R ERIEDSCO).
AT BB (SEM). 8 B AR e 47 Al 12
(FTIR) A ff X S Z AT 572 (WAXD) 55 2 FhAs il
HAR, Xm s e mavERe . dRIEA. Al
PR S AT AR RIE R TS LS T T Rk
TEF M . VELHIEIA T HFP JL IR T XF ECCs St
BAETE BRI S AR AR, MR T 3 2 [A] ) OR BK

P, I LTS S RN LEIEAT T ARG .
1 SEIGEH

1.1 SLIEHR

S5 BT F 1) PVDF 33 2849 1 P(VDF-HFP) 3
SRy o vk E B RS (Arkema) 2\ A 77, B0y
T8 N 1.0x105~5.0x10% g/mol. 1, PVDF %
Y5 4 Kynar 9000HD, A4 HFP 3L 3 ¥ J6
P(VDF-HFP) L W)L & 4 B f-5, 43 )N Kynar
3120, 2850. 2801 &% 2751, X8 & HFP 4R IX N
3 mol%-. 5 mol%-. 10 mol%#l 15 mol%. N{F T
FR, WHE VDF 5 HFP 4L e, B i 43 )
TN 100/0. 97/3. 95/5. 90/10 K 85/15. K 1
W& R (T~ 5 A TP (T) AN 45 5 JE (X)L 7R
ZRWEALAOE, SRR 1FR, HPXH
THE S T AN [F) 5 L 2 AL Js m ks 11 22 S22,
HFP ST 5 NBR T 70 TREFUENE, kLSS &
R JI NFE. K, BEAE HFP S 88N, T,. LM
XY 2UUT s ST % 5, AT
AL B AL TS IRERER S, S0 R
TG AH].

Table 1 Properties and sources of the samples investigated.

Grade HFP content 7T, T, X,

Sample
(Kynar)  (mol%)  (°C) (°C) (%)
100/0  9000HD 0 170 136 50
97/3 3120 3 164 135 29
95/5 2850 5 161 129 30
90/10 2801 10 144 108 22
85/15 2751 15 134 88 20

1.2 SE&HEIW

KGR AR R R R B T R TR A
A8 vl AR AL & B AR 24 mm. R JE
1 mm R A FEA . BE A AE 715 MPa. 185
220 °CHINERE] 10 min, [l 5 HRAHE =G

fo 45 S S B6 AR B ) PR R A v e 2
17, WE () FTR . BB AR SRR IR &
¥ HE T L N2 (8], B E BT
T AE L ZE Bt 0 77 . FE SR IR RS
() RN ], Sd I A FE A S S A i 1)
SEBRUR A, R R B ] oC. sSEIg I FE
SXof e 0 A ot B UL FEE R T 733 AT R T I R 4
(B 1(b)). B2 T &%, 7£0.01 GPa' |,
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FEAE A L 10 °C/min 8 5 i1 #5442 220 °CJgs fik - £
IS min, JHERATIE BEfE, K IERUS IR
A 10 °C/min 8 Z& il BRI % f0sR 2 7, (170~
270 °C), 2 Ja rEILL0.2 GPa/s R i ik 4 H
Fs 71 P (0.1~0.8 GPa): ZJ5, fETHZE T,HP%
PR, FEHRRFF10 ming S5, ERFFPFRMT,
LR B AR HI 2 = E(RT), 2 5 EUE R .

(a) Pressure (b) T,, 10 min
e 3 -
E ] 170~
5| 220°C/l270°c
[=N
g
S RT
0 P
5 0.1-
172
8 0.8 GPa
#10.01 GPa
Time

Fig. 1 (a) Schematic representation and photograph of the
temperature-controlled high-pressure device; (b) Thermal and
pressure protocols.

1.3 M5 R
1.3.1 REHFEEHEDSC)

KHIDSC (Q250, 3% TA £ #% A =)l i
A A BE . PRI 3~5 mg £ B Fa g, |
N i SAE RS I I A AR () s AT
S, 4 FE S LA 10 °C/min 3 ZE M 40 °C hn v &
220 °C; A HTIEIRSSE RIS HE, FE 5L E 220 °CYH
B S, PL 10 °C/min 8 2 A 1 5 40 °C. 7
P FEH, RSB AR R 28
1.3.2  HAfH T B8 (SEM)

FIFH SEM (MIRA LMS, #7028 H A F)M
SRS IO TSR . TESL 2 A, S A o 3 T gk
1T Z) 0, SR F Vaughan 257 () %) b 7 k0231,
AR R R : K510 g AL BN 20 mL ik
BREEH, V30 ming BEJE, TESRESME T
120 mg =44 8%, RBH R B
BT PR, 7690 °C N FF 44 £ %1 24 h;
BJa, BUHFE S, AR 2B T KA RS PR T
W . G 2| AR PR TR TR 5.5 nm JE 14544
KE, BEJGTE15 kV TAEHEIE F 47 SEMMLEL .
1.3.3 & HE AL 4 E(FTIR)

% Fl FTIR (Nicolet 6700, £ [ Z£ 2k & /R
BEB A7) 43 M RE b ) A S5, A
AT (ATR) AR 2. 3 SR 4 1 9% B0 [l A 400~

4000 cm™', AHFF A2 em™t, Rt 32 .
FETEA By 1 4 I A2 7 BT B B B R
1E . AR BLAE FTIR S R E R T 2Y: oAl
N F 763 976 52 1208 em™!; SAHRTR T 840 5
1276 cm™'; p AHXT N F- 832 11233 ecm™!. [X] 840 5
832 em A BT, HEAT E BEOGIE RN, K=
HAAEE AR . FT Beer-Lambert 5213, FEiH as
SRy HIAH X & B (F, Fp R F)i@ I LR 250
-H-"ﬁ[zs,%]:

Are3
- % 100% 1
A763+0.794 340332 ’ O
A1276
Fy=(100%—F,)x — 1216 (9
p o
(A1276 + A1233)
F,=100%—F,—Fy 3)

/ﬂx:qu A3 A840/832‘ A6 $DA1233 ﬁj\%'”t%% 763+
840/832. 1276 F11233 e Kb AT A Fry e [ A
1.3.4 ] X LATHE(WAXD)

JEiT WAXD (D8 Discovery, [E A4 75 /A )
R A IR AR AR G A AT 0 i . NG XS R K
0.154 nm, FF 5 2R &5 #6250 85 mm, FRANFE
it B 5% B[] 9 100 s. % A VANTEC-500 #£ ] 2%
(2048 15 3% x 2048 1% ) K5 — 4 WAXD &, Jir
A EITE T RTSI bR 2 A R
2 EREIR
2.1 HE#EREHREK

e E A% T PVDE AR R AR 45 5, gtk
R B BE AR (ECCs),  HBA Lo AT S8
(FCCs) 5 =1 HI 4% 81, 4R 5T HFP & 250 ECCs B
BRI, E245H T 0.4 GPa R, AN T, il 4
FE & B9 DSC ¥4 fib i 26 . % T 46 PVDF (/& 2(a)),
2 T, 79 170~190 °CItf, UM 5 31 5 & 1)K IR
FCCs Jafhlg, 454 FTIREME, HIAB T aflp
#H, Bl a/B-FCCs. 24 T,THE 2 210 °CHY, 1EHE &
TR DX TR B 2 NS S5 e, SRABTERL T
e M ECE JE ) R, BPECCs. T O
SCHRFRAEN2T), 186 CCALIE Rl IEXT M. a-ECCs, 1M
196 °CAb 475 Filt i U 5t 82 ply-ECCs. B T, 33—
FHE %230 °C, a/f-FCCs &M B8 59, a-ECCsl
T34 5%, T Bly-ECCs I 5. 3% 18 58 . £ 250 £l
270 °CHI & T, 5641, JLT-AXEERL 5L 2 B/y-ECCs
VA mhlgE, RO ILE py-ECCs ESE M B ES .
TE RS, ek B, “ECCs” R4
Bly-ECCs, “FCCs” #§1a/B-FCCs.
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X FARHFP & &1 97/3 B,  HARE 1L
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. /B-FCC
170 °C @/f-FCCs

1
1
190 °C *I) [X-EFCS
T/
1
210 °C

|

|

| |

| '

| !

J 230 °C v I
| '

y i

|

250 °C !

Heat flow
Endo

-

Bly-ECCs !

80 120 160 200
Temperature (°C)

(c) 95/5,0.4 GPa

170°C alB-FCCs

1

1

'
190 °C ;
1
U
1
1
1
1
1
1

Heat flow
Endo
-—

o

250 °C

1

' ,

1 1

270 °C ' |
: 1

1

1

\ Ply-ECCs

80 120 160 200
Temperature (°C)

(¢) 85/15,0.4 GPa

170 °C al-FCCs

190 °C

Heat flow
Endo
-—
[\o]
<

80 120 160 200
Temperature (°C)

HFP #8310 mol%Hf (B 2(d) A1 2(e)), ECCs I&5¢
SV, RS FCCs S ES . kA sn,
1£ PVDF £ 5% 7 5] N\ HFP B e 2 | & [k 4h7 F
ECCs TR,  HAMH 2R BE HFP 2 5 39 0 i 1

(b) 97/3,0.4 GPa

170 °C a/ﬂ-lI:CCs

1
1
190 °C N
w
210 °C ;
230 °C ' !
250 °C i
N
270 °C d

ply-ECCs

Heat flow
Endo
-—

80 120 160 200
Temperature (°C)

(d) 90710, 0.4 GPa

170 °C alp-FCCs

1

1

1

190 °C |

1

or 1

210 °C ;

1
ﬁ/ﬁ

Heat flow
Endo
-

250 °C E
)
T, .
|
)
i
80 120 160 200

Temperature (°C)

® o = 100/0 < 90/10

O @973 % 85/15
200 | A A 95/5 ECCs
-/._'_’./.

T (°C)
i
aQ
&

150 1 @—;@:’ﬁj

125

170 190 210 230 250 270
T, (°C)



7341 FERBAE RSN T RN -7 I L R R A AT 1623

100/0, 170 °C, 0.4 GPa

100/0, 270 °C, 0.4 GPa

Fig. 2 (a—e) DSC heating curves for high-pressure crystallized samples (0.4 GPa) prepared at different 7}s: (a) 100/0, (b) 97/3,
(c) 95/5, (d) 90/10, and (e) 85/15; (f) Melting temperatures for ECCs and FCCs; (g) SEM images of 100/0 samples prepared at

T, of 170 °C (g,) and 270 °C (g,) (0.4 GPa).

5. SbAh, B2(0GTT T A FIRE S AR I A (T,)
WAk, B T, 745, To.MeA B, XIAFEF&
RS AR T IR RCE B da AR, Tt T vt
SEPE. BRI, B HFP & &40, JCik /& ECCs
2 FCCs, MmUY 5 NP, U8 HFP
RTINS BRI T AR A R R e T

2(g))Fl 2(g) LLH T 0.4 GPa N ANF] T, il 4%
(¥7 4fi PVDF Ff i 48 3 46 25 20 v 2 J5 IR RE Sl TR 30
170 °CHAF T il £ IR bR T RO T, Zhz
JE TCHRFESE FIFR B 5 10 270 °CHi A5 FURE i T 2 31
R RZIREGN, FIEREZ)30.6 nm. 454 DSC
MK R, XL PR M R H)E T ECCs, X5
AT A 52 5 W 4 — B2 AT FCCs A
i, ECCs HAHEmMgmiet:, Hikaemy
AL SR T A5 DA B . 5T P(VDF-HEP)FE
AR T HFP P&AK T ik g5 i da e i, &%
ToltJ5 SEM MG A 35 A W 452 381 W I (1) R AE T30

HR 4 Bly-ECCs [ Bl 5 FF f S 8 mls 2
o, THE T 4 AR AR ECCs IR X &
($ecc). BIBXTEL T 4FAFE I T deec bl T, B4
1k . 7E % 77 0.8 GPa (& 3(a)), 1K HFP & &
[11100/0+ 97/3 F195/5 i 1 e 3B T, i i 1
I, 7E 7,29 270 °CH 5 B i K (Haix 8 I 80%).
{HbEE HFP & =30, AH[F TpT decc i/, H
ECCs JE R T T, i) =yl 7 n % 3)) . 24 HFP & &
#8310 mol% (90/10 F185/15)iF, ECCs HITE R
SEAHIH], Peec N 0. K JIFE 2 0.4 GPa (B13(b)),
100/0 F197/3 F it AT WL 2 1 B 2. 1) e B T, 34
B G, 1H95/5 FF i ECCs JE il 52 31 2 2 1)
i, ANAE 270 °CF H B /D> 7 ECCs (¢pcc=3%).
MR Sk — B BE 2 0.2 GPa (K3(c)), F4li PVDF

W /b & BCCs T M ($pce<5%), P(VDF-HFP)
LRV L ECCs P4 . fE I /7 0.1 GPa
(E3(d)), FFAFEMIECCs &Y N0, HKAUT
RS R, AT AR A5 1, ECCs B ik
#F R RSN g, HFP LR R0 5] AR
ECCsJE A A HIHI1EA .
22 SEZBENREEN

K FTIR AT T AN [F) i F 2% A 1 o) 2% 5 b
s S5, T HFP 3L F T Xt PVDF £ 4 7Y
PIVEEEAER . LL0.4 GPa ], K 4(a)~4(c)iillsh
H T 100/0. 95/5 F1185/15 3 FhAf i i) FTIR i /4] .
X T4l PVDF (Kl 4(a)), TERUKT, %M, FEi
FHAET63. 976 F111208 cm 4b 5 11 3 W YA e
EWHatlEES . 455 DSCER, ZaLLFCCs
TERAFAE . B T, TF i, o bH RS 00 7 ik 55
AR 270 °CiH 2, HILFE, 84011276 cm™
A 1) 5 FE R U 06 B 832 A 1233 emt Ak ) p AR Wi
U 51 I T I B (RT3 TN S35, UEIARYE gy HHZ
W T B 5 DSCI, T T,1e#t 7 ECCs
(T %, H b e, ECCs & 5 i ik gry M 5t
k. XS T 95/5 AT 85/15 K b, WARERF 1 AL
em R SR A, A 4(b) R 4(c) T .

FTFFTIR G, FIHAR(D)~(3), 27l
T o~ BRIy HIAHX & (F,s FyMF,). NIRARE
IEWR SCUGE FRTUEE BB, SR S B X SR AT T v M
ZUEA, PAX A FERUSCIE R DTk, Wil 4(d)
FioR . ST m R A% 2 B0 TR S22, A
W E i A BN, AR ey
. El4(e)~4) R T A K TR FRRE T,
(f1381L . 7£.0.8 GPa (Kl 4(e)), BEHE T, 170 °C
FEE|270 °C, FraRES I Fp itk 2 BT, If
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1E 270 °Cik Bk, et 80%. MH 5 =K 17% KIEHE & 2 85/15 H1 111 74%, K BH 5| N\ HFP
T, BB T, F, SMHFP S EMRMR AT EESS ALK, 75 0.4 GPa (K 4(D),
() Fp 585 . B, 75170 °CHF,  Fy A 100/0 (¥ FIRE LS 3 T Fy B8 T, 4k B3 ey, EAR

(a) 0.8 GPa (b) 0.4 GPa
100 | 100 -
—{3+— 100/0 —{1+— 100/0
—A—97/3 —A—97/3
80 95/5 80 r 95/5
90/10 90/10

60 —— 85/15 60 | —— 85/15

Q |®)
Q Q
53] mn
S 40t < 40}
20+ 20 b
ot & o 0 e
170 190 210 230 250 270 170 190 210 230 250 270
T, (°C) T, (°C)
0.2 GP d) 0.1GP
100 | © a 100} @ ?
—— 100/0 —o— 100/0
—A— 97/3 —4— 97/3
80 t 95/5 80 | 95/5
90/10 90/10
60 L —H— 85/15 60| —H*— 8515
@] @]
2 g
< 40} < 40}
20 20
of —— & 0F & & & & &
170 190 210 230 250 270 170 190 210 230 250 270
T, (°C) T, (°C)

Fig. 3 Relative content of ECCs in high-pressure crystallized samples prepared under various pressures: (a) 0.8 GPa, (b) 0.4 GPa,
(¢) 0.2 GPa, and (d) 0.1 GPa.
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. . o . -832
e 712 T,(C) 11233 y
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(c) 85/15,0.4 GPa @ F,=35%, Fy=45%
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! °
p-1276 J\\a-976 i 5
4 SV
o 170 —1 -
g 4 Ll
g 190 —7 /\\/\ |
2 - Mﬁ\
2| 210 — ;
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e \’L}IK 20 I m7.63
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20t 20 + D/D\D_/ﬂf”ﬂ/u
0 i}t
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Fig. 4 (a—c) FTIR spectra for (a) 100/0, (b) 95/5, and (c) 85/15 samples prepared at different 7, (0.4 GPa); (d) Example of
FTIR spectral decomposition through multi-peak fitting using Gaussian peak functions; (e—h) Calculated S-phase fractions for
high-pressure crystallized samples prepared under various pressures of (¢) 0.8 GPa, (f) 0.4 GPa, (g) 0.2 GPa, and (h) 0.1 GPa.

[FIRE 0] Fp 22 S 5500 B KR IR 20%~40% 1

TN ZE B 2411 70%~90%.
FEBYRAIE /702 F10.1 GPa R (K 4(2)f1 4(h)),

FITATFE il F 06 28 ERFAE 40% UL T BBARKT,
HBE T, (AR . AR5 T4 HFP SE R o
Xt AR AR — e e dE R, ERCR AR
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§9. LL0.1 GPa Nffil, 5|\ HFP 21 Fy \4E PVDF
) 10%~20% $2 5 ) 30%~40%. X Ff HFP Xf B
AEAE BCA PR 1 38 5 A P A AR BILAE 5 T 4 2 A
W 4(h) A B BT i S e LR AR/ AT e
SEEGEE R, W LME AR, mIEAMAREE A S P
(VDF-HFP) 3L W A= Bl oK & Al 1t g AR . IR B
HFP AR AT A R IR, Rl 2 1E
Bk RIR A R0 0.8 GPa. 170~230 °C), 1
HERCRION R, X5 HFP JL 5 ¥ 0 B 2 401 )
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Research Article

Crystallization Behavior of Poly(vinylidene fluoride-hexafluoropropylene)
Copolymer under High-pressure External Fields

Zi-qi Wang!, Zheng-song Hu', Chong-yang Wang', Yan-ping Liu**, Chun-guang Shao!, Zhen Wang'*
(!National Engineering Research Center for Advanced Polymer Processing Technology, Key Laboratory of
Materials Processing and Mold (Zhengzhou University), Ministry of Education, Zhengzhou University,
Zhengzhou 450002)

(?School of Mechanics and Safety Engineering, Zhengzhou University, Zhengzhou 450001)

Abstract The composition of copolymer units plays a crucial role in determining the structure and performance
of poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) copolymers. This study employed samples with
varying HFP contents to systematically investigate the crystallization behavior of P(VDF-HFP) melts under high-
pressure external fields, as well as the evolution of their phase structures and morphologies under different
temperature and pressure conditions. The results demonstrated that an increase in the HFP copolymer unit content
progressively suppresses the formation of extended chain crystals (ECCs) under high pressure. This suppression
can be primarily attributed to the large side group volume of HFP, which thermodynamically and kinetically
hinders the growth of the high-pressure hexagonal (h) phase. Consequently, both the ECC content and melting
point decreased. Conversely, the introduction of HFP significantly enhanced the generation of the polar S-phase
induced by high pressure. As the HFP content increased, the f-phase emerged successively in the form of ECCs
and folded chain crystals (FCCs). Under high-pressure external fields, the promoting effect of HFP on f-phase
formation is likely due to its steric hindrance, which facilitates the generation of the all-trans (TTTT) conformation
and stabilizes the 7777 conformation, induced by high pressure. This stabilization prevents the h-phase, which
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cannot thicken, from relaxing into a-FCCs during crystallization. During this process, the f-phase exhibits
significant lattice expansion, with the (110) interplanar distances approaching those of the a-phase. This suggests
that a small number of HFP units were incorporated into the lattice as defects, which reduced the crystalline order.
Furthermore, unlike pure PVDF, the incorporation of HFP effectively mitigates the thermal degradation of the
material while significantly promoting the formation of the f-phase under high pressure. This characteristic

provides substantial advantages for practical applications of the material.
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