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RESEARCH ON THE IMPROVEMENT OF THERMAL STABILITY
OF FLUORORESIN-BASED PTC COMPOSITE HEAT TRACING
MATERIALS.

ABSTRACT

With the development of new energy, polymer-based positive temperature
coefficient (PTC) composites have attracted more and more attention, and PTC
composite heat tracing materials are widely used in oil exploration, industrial
pipelines, home heating and other fields. Fluororesin-based PTC composites are a
new type of high-temperature resistant materials with great application potential in
high-temperature heat tracing. However, the electrical and thermal properties of PTC
composites are unstable when used, which seriously restricts their practical
application, and there are few studies on fluororesin-based PTC composite heat trace
materials, so it is of great significance to improve the thermal stability of fluororesin-
based PTC composites.

In this paper, a series of PTC composite samples with different grafting degrees
were obtained by grafting polyvinylide fluoride (PVDF) with fluorine resin and
maleic anhydride (MA) small molecules, and then by melting mixed carbon black
CB, which overcame the problems of complex operation and grafting difficulties in
the preparation of existing PTC composites. The prepared PTC composites were

characterized by a series of methods such as FT-IR, SEM, DSC, MFR, TG, etc., and
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the results showed that the maleic anhydride MA was successfully grafted on the
PVDF molecular chain and the dispersion of CB in the PVDF matrix was improved.
Among the prepared PTC composite samples, the thermal stability of the M-2
sample was the best under the thermal aging test of 312h and 150°C, the resistivity
attenuation rate decreased from 19.25% of the blank sample to 12.77% of the M-2
sample, the power change rate decreased from 24.00% of the blank sample to 13.16%
of the M-2 sample, and the PTC intensity change rate decreased from 19.90% of the
blank sample to 0.6% of the M-2 sample.

In this paper, KH550 silane coupling agent and TMC931 titanate coupling
agent were used to treat carbon black with different degrees of surface treatment,
and then a series of PTC composites were obtained by melting and blending with
PVDF. The results show that the coupling agent is successfully modified on the
surface of carbon black, and the molecular chains of CB and PVDF form a more
stable structure under the action of coupling agent, and the dispersibility of CB is
improved. Among the samples treated with KH550, the thermal stability of the K-3
sample was the best under the thermal aging test of 560h and 155°C, the resistivity
attenuation rate was reduced from 21.50% of the blank sample to 20.70% of the K-
3 sample, the power change rate was reduced from 31.36% of the blank sample to
28.57% of the K-3 sample, and the PTC intensity change rate was reduced from
38.12% of the blank sample to 10.76% of the K-3 sample. Among the samples
treated with TMC931, the thermal stability of the T-2 sample was the best under the

thermal aging test of 560h and 155°C, the resistivity attenuation rate decreased from
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21.50% of the blank sample to 12.70% of the T-2 sample, the power change rate
decreased from 31.36% of the blank sample to 16.67% of the T-2 sample, and the
PTC intensity change rate decreased from 38.12% of the blank sample to 14.12% of
the T-2 sample.

Finally, PTC composites were prepared by mixing fumed silica with carbon
black and melting and mixing with PVDF in the form of filler hybridization. The
results show that the introduction of a small amount of fumed silica is conducive to
improving the dispersion of CB, but under the thermal aging test of 460h and 155°C,
it is found that the introduction of fumed silica does not greatly improve the stability
of the PTC effect of the material.

In conclusion, in this paper, fluororesin-based PTC composites were prepared
by melt blending method with fluororesin PVDF as the polymer matrix and carbon
black CB as the conductive filler, and the thermal stability of the fluororesin matrix
PTC composites was improved by three methods: PVDF grafting modification, CB
surface treatment, and hybridization of conductive fillers, which achieved ideal

results and had certain reference value.

KEY WORDS: PTC composite heat tracing material, fluororesin, thermal stability,

graft modification, surface treatment.
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Fig. 1-1 Materials for polymer electrothermal devices!!!!
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Fig. 1-2 Relationship between the electrical conductivity of composite materials and the volume fraction of
conductive fillers!2)

Gong Taol?N5E Nig I —FiHT 7778, HIEM PP, JOK MG PS 5B G, il ia
MBRRIE N5 PS, RIGHAG—FRF IR AR 450, @B B E 0.37v0l%, TIT(KT
PP/CB & &M KLY 2.75v01%F1 PP/PS/CB A4 £HK 3.23vol%. Dong Yeon Ha (M55 A\ #
BT B S RIS IR Ni@Ag/RER IR ARk, {54 e 5
HUBURLHES | JE R 48 AT ER I, =AM —48 (1D) ESEE S MEIEBRE

3



TRTRER AR

BEAR T 20%LA L, FRAE 20% 083 hr i T ORaF R BE . Wilailak Chanklint?148 AWFFL T
A WER 57 A5 R 58 &R F I 5 2 A R A E SRS AT AN, H
PrHOER S EA A ONT M e #BHBRINAEE ARMREME SR, IIRNHZ
BTN Li Qi S NPEHI & IEWT 70 PPPUHMWPE/CB B & ELRBLE &7k R 2K
WYB B, I H CB A — RE T EER GV B 5, FIR e/ CB MInE T,
TSR REAS TR Re R AT (1 5 HL Y 2%

1.3.2 PTC IR

A IEIRE R E (PTC) MPEHVERENLEEAT 7T a6 22 WU N % Okl B Bt
22 60 FARIFHREEMESH BN PTC LR LK, AARFARGEIR I 1 15 M2 A K
B, TR AN SRS 2 RIS R R B AESE,  BEAAS GRS R
BH %< B iR L R T I BEAS i 24201, LERIF 72 AR SR T AP RHA R I om B2k, Rk
B (i BUHL &2 SR M R R A Bt e, B il e see 5 2 MBI T B &, &&
FALREES . BT SN S B HEZE

. b e 08 o8 8
" Iprc= log(ﬂmax) or Ipr :|o,(Rmax) ( )-'$ 3..,".
~PRT pTC™ 108

RRT

Resistance(log scale)

. 18
-h& -’ y :.¥ LX \.

.
Temperature 3,00 oot TS Lo T,/
. Crystallization region Amorphous region of the
of the polymer polymer
Particle of polymer '.' Conductive fillers
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Fig. 1-3 (a) Schematic diagram of the PTC effect model of a typical R-T curve for PTC composites: (b and c)
conductive chain and thermal expansion models based on one-component polymers and one-component
conductive fillers, (d and e) microcrystalline thin film models based on single-component crystalline polymers
and single-component conductive fillers, and (f and g) two-component thermal expansion and crystalline phase
structure change models based on crystalline polymers and another polymer containing one-component
thermally conductive fillers
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Strategies for PTC Reproducibility
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Fig. 1-4 Several ways to improve the stability of PTC effect on PTC composites

TEN— R BAT BT DRI AT L, REMEIERE RE (PTC) EEMEHN M

SE XS FLSEBR A P PR RE B AT PUE PRI A RHCIIAL T iR TAE AT, e A RGO &5

¥ 5y 5 1R IR R A AN el 1A, PR MM RE RS 754k . BARRIUN PP
6



TRTRER AR

AR (1) FERPERNET, MRS M2 T hRe tEORE (AR & B
PARESE) HREVEARE TS & T0E WSS, SRR T A SR IR 7 2R 0 BT D
NIRRT, FECFREENR . X — R R IERE b, R AR
BH 2R Bl ARSI [A] 23650 BT, He 4R dar th Dh3 s 2 I S LR e R R 34T
BEo  (2) MBI S BT RIAR S, Al Refil R TR B R (NTC) Rbi. IXJR T
BB T KA 0 T EEBOSZ IR, MRS SR R R 5k 552 AR, (849 BRAS R A
BHLUN T L BURHEAT W 3 9KEh T EB R i 4 . XA &S A R S B b
B BH TR, SR AR Eh A e .

Bk, $27F PTC BaMBHIAGE VE R 2N 2 REEW RREANT: 0T RE, Wil
LR R e (ke e A ) L SRR T A B (S IBGRIAL ) L I T
DR LZERNE )  SIANSCHRE R (T AR AL ) &7 sURIER R G PTC H&
PR FARR SE LD,

141 &7 TREVMERINEEMAE

AR, e BRI AAMRNIRIEZK 228, EAREE A4 R
RAZ, DT T0 0 BB T w401 PTC AR EE T2 25 i B B i) PTC 5B 2K, 721
— SRR HET, LR dE 0 TR &0 PTC Mk, H PTC S®EE Tk 6 3|
7 ANBUR LR, T E BIE T K PTC APRHE PTC 38 WA 1 & 3 MIEHP), Kk PTC
S EMRH TR R M, T DU PG 45 5« =8 s a0 & SRR A R 2K 1 SR A W Wang
2 NPOE I R E % T SR 2 (SCB) /PVDF HIE &KL, ZA R R B R
T RE . A AR E MEANUR I R, WK T 300%, 7E SCB/PVDF & & 41K}
i, PVDF EZRILH AL 772 M BE

BEAh, ANTE A 5 4 R G R I SR B O A R AR e, R A
FORHI LR RE, AR RESE A W E P8, Zhang 55 APVl [l HDPE/PVDF JLiR {4
AYENIEFE CONF (1L 5 i % T HDPE/PVDF/BRGIKEF4E (CNF) E&MEL, Fgit 7 —Ff
RERR I “BUM” SR .. BRI IROTRRNTHE, ONF FZ#E HDPE M. 78
HDPE/PVDF/CNF & &4k, CNF K% 5 70 #ifE HDPE Bikirh, MR iZE S
“B7 iR, SRS EBURINIES: PVDF A (M HDPE Bfii) 7824 “M” 450, SR
JERRIE L T B A B A MR = 4 T BN o DR AN P 243 3R A L TR T A 8 A Ry
KL S50, B GHEHSE] 7/ WAW 2 PTC RN BL A REFH) PTC M.



TRTRER AR

Expansion of HDPE Expansion of PVDF

(e) )
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1-5 mAGEFEEFER-_TREUHSHEAM R hFEMNEZELREE: HDPE 1 PVDF &)
AFALE SRR (a-c) 1:4 F1 (d-f) 1:1 P
Fig. 1-5 Schematic images of the evolution of electrical conductive networks in composites with different
morphologies of the binary polymer during the heating process: HDPE and PVDF volume ratios are (a—c) 1 : 4
and (d—) 1: 1391
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g-MAH) {E AT, [FIRDR SEBS MR, il & A w5 i HUH 20
KA EHE
1.42 FHIERIIEELALIE

T HUEREXT PTC B &M RHARE M RER A B ZE M/ 01, KDy 3 L ORI A2 A
Fl, HIR. Kb, SR, WREREYEEGEEE ERER, EREYET oA
TR T L 2R A U FLR, X R 3R T AT DR A P A B, mT DAEE
Xt SERF IR ORI A R, AR S ORI AN NS 5 R P R R B B A 2 AR
LR S IR 20 AT, AT AT RERAT AR BB RO o i LA 3 FEURL 5~ 288 B 14749,
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TRTRER AR

ANTR] ) 5 UKL VR B 2 A1 20 ST DL K oo 5 R KL 3 T e ek Ak B2 145 25 77 9 98 e 96 0
PTC #RHARE EREAT I Y

" Soonm |

16 BABEAIR Eh HEE
Fig. 1-6 Electron microscope image of carbon black with high structure

Ren %5 NP IE m LR & 1 % B2 &) (HDPE) 5 AFEFFEHIR B (CB) 1
SEMEL WEIREH CB ME GRS T I ILIRE RE (PTC) 51, XK ik
KRR Zpfee, JF ARSI RE PR 8508, PrelE A mdii i R I E A EHY PTC 24
MRS E. Behh, RAEA SRS R A sie)s S ek v1E T ik, thagf 2ot
PSR =R B E, i $EF PTC 58BE. Prativa Kar5 ANPME B ARG FEN 20-50m (14
IRBHERGI AR H R IGEIR T B (PMMA) 1, SEEL T AT A PTC KifE. Zhang Al
PanPUE I EREREE AL Sn-Pb & iR & % LR LM, TS PTC &M R R A E
SVEFAR I (1) PTC 24087 Sunl 145 A\ GF CNT 2R 1 P J5 il 46 1 2G4k £E 18°C B
HL R AR 10° 7%, TSR ETE 3 1%, A6 T i SRR LU EE IR A T R AR
IR ETE. Wu 2 APSIX CB AT EdE, #il4% 7 CB/H /e B etk T =RAGEIET,
G A MRHEE IR S R I S AR E A Ak . Nakano 58 APWJEFE 1 LL CNT A
CB N'FHIHEL PVDF AEREVEMARKE GBI PTC TEfE, JFEXIZH 1T BIRHE
PTC B &MU SRR IR T B IR RAE, FRON PTC RN RME . fEAS R N 13
HLFORL S B ] DURYE PVDF 1) PVT 23R4T 1 SERRARRZIOR THERL, RS =R T 7 i 3R
B &85 PTC BN AR T 3 IR S B2 A IR &R, 1 LAPFE AR S IR S 2
HEMEHERIR T PTC BN MR AR EE

[54]

1.43 MIITZEE

PTC BE&MEHIH S HIRZFMITIE, WAL, BARREE. WRIESEMEA R &%



TRTRER AR

(60631, Wy RIR A VARG RSk RL S T kb Rl = U R G35 5, e
rer i e s e R ) T2, AHRZ T AR B EoR R A, RS S E, — Rt
NARERAEZT L JBALRAIERED TP RIRA S HRER RS, (B2 HEIEH
FEtsr, HrrmWmRD . BE RS T B e, B ARSI L S R Ak 2
#% PTC HAMEIEZMHI4 T2, IR, AP IER REm, S
HRL T 5 R AN T2 RSP ERR N, 2. BETZRESY PTC MR
FI RO IR, BN B T R AR AR TR A BUEES K S, a5
M AR f1 5 e P AT A L L1 R

Di %5 NOSWE S5 b s il 1 i 5726 %% 7 LDPE/CF A MKL A CF B e A%
RAM) LDPE w1, SRJ5TEB & T 3R & W s (10U BE TN 7E XUHR 5 1 v 33E — 0 R & A i J)
LDPE/CF &M K] PTC 58FE4)24 4, CF B EBMEN 9%. Zhang 55 A\ Bl G mlE &
22K CNF I 78 %] HDPE M1 PVDF JLiRFEfAHr, #i4 7 HDPE/PDF/CNF & &1 R R I H
FEFR I 25 PTC RS AR AR 57 (19 PTC B3l . Feng 55 A SR IERLIE G206 5 G 1) 5k
RILIH] %5 T PPAUHMWPE/CB A MK, M EHBRILH XE PTC %M. W0 10 wt%
11 CB J5, E&MEIWE PTC 2N 1) PTC 52EZ1N 5.

\ Barrel containing

screw(s)

head (die)

Gear box L ) . ' %
| & %, - d . .‘ - '.- -- -. . I
4 o L
Motor \ | J R
=7 [ - - | | - Extrusion

1-7 (ABRIER T 2 rh R RO UZAT 7 8 1 1

Fig. 1-7 Typical screw extruder in melt blending process[44]

1.4.4 325132 EK

BRSSO SR TH AW PTC MR AR PR R B EOR 2 —, FL B i 7o)
BRSNS R REMR I T RSN, K E k7)1 SR Fe A 09 BAT =422 8] 2%
CER ISR B o BRI 0 T R A WAL B AR AR [T BT B 25 2R P SR B

10



TRTRER AR

) = 2 2% BE 5 A7 R - A SFORME AL RHBI R P ) 0 AR U4 FER R v B3R i R o,
SR [ IR 1) RO, T 2 ] P R R AR AT SR ERAT O, AT ZERF 3 HL I 2% (1 S5 A A
SENE I REAR S SR, W HE— D AR IR A A (1 F BH -G R W N, e
SCIL PTC BB AZE PER) 25 52 0T

Xie 858 NPTR 48 M AR R P 3R 20k SR R A MR FBH AT I 1 Coy 5 £k b it 2 )22
o ARSI EIA R 400 kGy I, NTC RN AT ROH R, H5 BB ATE B X I8 Az ik 22
AR, WAL PTC 8 EE HEMEM . Seo S AUiEIL 30-150 kGy 7
MU AAR S AL, PR 1R BB/ R O 01 PTC MRHAREEYE. Hu, Zhao F5 A
UOR P s b LRI 48 1 AN A R 2 2 A1 520/ 2 (CB) /B 23R L)% (HDPE) 3H
HAMEL AR5 S A SN S SR BAK A MRLREAT S I AN B A X Ak
WAERS, KRS T ZEEMEH PTC RN A E 1 -

TPI xTPI

[T I

I"

swell

dry ~~SH
uv

(I crystal ~ ~~_- TPl chain <~ thiol o crosslink e graft point
CH;

H

CH,
Z n
CHs CH,

1-8 BRI BN TR AL
Fig. 1-8 Alteration of polymer structure by radiation cross-linking

S
UV, RT W -+
S 4
€

Hy

[72]

1.5 L

1.5.1 IEHE =

FEIEHLIX, HAERRERBEAE Ny — A2 N T b RO R b AU 1 PR N e s
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TRTRER AR

Hiz L IhRe e Tl tpe e H B, NSRS s P ZE IR G B R
REAIUO TR 781, B R G R R VR T N B R SRR LR R 5L (PTC) KA EL
XA REORLS TR R E ST REA R, RS A S I8 I AR H RN A v
FeF gy R 5 R BE A AR L W N RV G AP, TSR B S MR B . R A
PTC #RLZ —F LLRR 2 3 DR AN S IR & TR = S A0RE HAERERIIE 250 B3
B AR B R IR 2 A I G o T T 00 R AT s (IR PR RE A2 AR e
M fige P4 LA ATE S R A B B I P A LRI, s A SR BORAT B K IR A

1-9 BRI AL N F - (a) Bt (b) /’S/EF* () I_lL (d) FEZR BN AR
Fig. 1-9 Basic applications of electric heating cables: (a) oil transmission (b) offshore oil extraction (c)
industrial pipelines (d) home heating

i

ﬁﬁ EE LAt
110 FRAER A T IR

Fig. 1-10 Working principle of electric cable tracing

B 1-10 25 HEAERR G ) TAE P, HEERAGEMEE B R EYE PTC E&5# K
WL T F PR S22, JEER R SYIFEAA R, WEFE, B TESHER PTC &M,
BET R — g R, FERHRRE, PR TR, WK, BRI, Zid R
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TRTRER AR

NP L VE T A S B EEAT, AT RERS 2 B 7 R AR E IER,  JF HLAXRD B 4 IR K 7 A
LR AR, ESERRN A, JCHGR AR S IR T, AR R AR
2 T B ™V P o R R ) PR 2 e AN I IR R N R AL AR, BT RES R — &
S B 2R . 100, SR < 22 7T e DR VK V4 446 0 S SOV 445 44 1R 38 T BT 2R
REMESFRIN AT RER IR i ARk, B GZ ke TR, Horb i I H i
HEM L LR EYEARS SRR, WARSHRIZ B N B AR e 7B A, TX e
W IREE R FIAS AL, BIME BN, 20 Fi Rl AR 4 11 F SOV BRI AR 03 2 i 25 S
HAARRIOY AR EANE « oyt D i 3eiid /b IR A 2] BEREIR I 258
ERM WNENE, WMRMEINER SRS —E R, Ers A ZelRE, hE
By KREF. PRI, X ER I N8 A R RS, P L 25T A i F R B R
RO e L e 55 RS R AR SE 1k

1.52 HARAR

RUAEBELARF I EEFB, KGR RE GBI NI, &S &6k
R T M. T A LR = AN B R AT

1. B 3 o 5 Xt U i 2 PTC R A PR bR e R T

N T AR ERE VL (R S T i PTC A AERMIRL, e 0 3 g B b AT He B ek
Yo BJeXt PYDF BroR A THRACEE, SR 58 B A A A il SR e i B SRR I MAH,
93] PVDF-g-MA #EL, Ff5 R Fd i # R i A AUR B RS ) PTC EE6MEH, &5l
SPRRIBUEAL, BRSBTS, B S& R . RA T DRER T MAH 2
B PVDF 5t & &M BS54, R FT-IR. DSC. SEM. MFR. TG %R AEF Bt
ATUERR, s K, bRl #ge e VAR (e B .

2. T HUIFRLER T U IR 5L PTC & &k #ubkl F A e 4 T

N TRTEIR EHM R PTC E AR B RF e 2 7, e i 3 Hp
BEATRIEAC . Al KH-550 AL I, TMC-931 BUERTR IR ABIEHI 43 i % CB i3
ITRMANEE ., BEK IS CB 55 PVDF i F R A8 {3 4% B8 — & 1 Eu il v b L TR 15 2
PTC SEMEL, ffailid PACGR N, FERE s w N R G A, e i e 2% iR
PRIT T ARSI A ] A 3 Ab PR R SR S AR S5 K224k, JFRIA XPS. DSC. MFR.
TG. SEM ZRAEFBUATIE ], FRmid KAk, WS AT e AR .

3. HRIZRGTEM HE I PTC B A& bR #iRa e M2 Tt

BE— D ERFTI R A M e 2 PTC S AR B AR B TEI M . B Jeds =0
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TRTRER AR

TARAGTE SR FROAS [F B AT i R, SRR R AR A S U IR PVDF MR IR
193] PTC H-aAkl, Sfailid FARBUENL, KR mpiom BN R E S, ok A
e BRFEAR LA A — S8 B 5 0 SR ISR AU PTC BA AR S5 284k, FIH
DSC. MFR. TG. SEM %EAETBAATIEN], JHEd K, MEppida e

PEAR A A o

14



TRTRER AR

2 E FMAEE PVDF BUEXT PTC 8 &AM B AT E MR

o3
R

2.1 5318

NTIREE AR AT ENE, PO HMIEEE PYDF #7001, s i indtig .
PR AL L R R ASIC SR T B AT LA AU 5 3R B W 1 — S P R Sk XS AN 7] A 2 FH 75 3K
& B AR T Re R G BT But 2 R A WD Re (b s, Hokr s iR, A
HI s, BRAERIER, RROE RO & Fh Ui 2K . AR T HAB R EARHTT & %R E 3=
ZhEEE (C-F) MpL, HARGEM S T4, A5 I0m e i SRR m &
THIRE, FER AL TR 2 —E A

Al =7 O E AT EE, il i A R R IR b s B o S
BB B S IhRE AR (RIS B, 2K DL RTEE S B3 [ B AT
R EEED 80, T AR AFE RO F 4R, H— M ERE 5 KR A (grafting
from) , T EABEAREAL B E8E (grafting onto) B8, K I E W 55 51N 2 Fh Gt AR [F]
st Re RS, T8 CE I E A 3R R S 45 1Y,

ATRP
) M

I r§ o— ,0\[ I

S < X %
F 9 v
¥ An
I == e
Y [ A~
& f /\I PVDF L

P(VDF-co-CTFE) SO3Na

P(VDF-co-CTFE-co-TrFE)
é ; P(VDF-co-HFP) 7
o= PCTFE
vg %* / <:

©

. 7
s PR 2 c
= : }Q)}\u/\ e = =y

Photo-induced RDRP

B 2-1 PVDF MR 75 3% )
Fig. 2-1 Different grafting methods for PVDF®]

AR L) (PVDF) MRS RS2 TR A R MGG a TR, SR, Ik
B OB RESFJ7 T BA T R IR . I8 SR iR Th REAL AR B S N S R &
VR o> T REMGEE, REVS(EGE. RO SRAT A BORS A AN S5 44 7T P2 SRR SRS, XAV AE
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TRTRER AR

3 PVDF S5 M EHRERS AL JR AU RERIIRTT,  IEK5 Hodh e Bt REHEL Y SR RL, 70 B
FARE S5 A DT SR M A

BT B RVE R SR e, R R . TR A B M hAE
WA TEEBGGIAN SRR ST, BONHRER S, JEH™ER, W Tl EWHMITE.
10 Peng 5 A\ SOHE I 44 LR [ ] PVDF-g-MA 5 #OAM RE B (TPU) il & 57 BLEER ¥
E ) AR TR . Hsu % A7V PVDF #2467 PAN JLER )24k PEO il %MK, K153 T Mk
R o€ PR B AL A R (R R B T F T R IR . b 2 B o e RS 4 (g e 4 LA S R Y
IR, PR, ER MR, AIBo B m ZIVE A 2 N E I 5 a4
o, AR, BEESUERY VDF 5EERM IR B B, BRI RS
Yy TR AR TR B IR R SR U S A T S E R IR R A
FHE, HoWEEE ST Ay, B Rk, 5. K. mJUE, EIEE
H RS BOR K A, BLAE W 0n - R A va 1 B B2 S (RAFT) B8, JR 74448
H3E S (ATRP) B, Bl PRSI A B3RS (SET-LRP) PO 2R HLEDG% S i
JREH AR S (photo-induced RDRP) PUEE TV F14 Ry PVDF A EHEHE T TG i e -

EARZEH, ¥oext PVDF M ARBATSRIEACHE, 2 5 R, 651 RFIEH
TR SRR BT SR AR R B B IR PVDF 7> 185, FRIGEAER PVDF-g-MA £y PTC &
MBI SYIL, 8id FT-IR. DSC. SEM. MFR. TG ZFEBRIL, #5705 KIREM%
Rt PTC -G MPBHK #ER i LI o

2.2 SEIGERSY
221 EEER5R%

1. 5kl AR M (PVDF) $y K2 i R 0 DU ARG IR 7] 7= s LR R (CB)
NEEAET RS T AR AR =& BUR G0 B2 o A R I A IR A ] 7=
i DRI (MA, >99.0%) ; 2, 3-_H#E-2, 3-"ZIE Tk (DMDPB, 95%) ; &%
8 (NaOH, >97.0%) : N, N-_HIE:HEZ (DMF, =99.8%) : B R EifEnil:
KT (99.6%) 5 ZEMK A,

2. Wk EASUETINAE S RSO TR R 5T4E A 7] 1) DF-101S) ,
R R (R R 2008 (Bifg) AIRAR, EBmHEER TS ARAR) , %HE
AL (W RIS B SEARA R ITE AR ADNRBEENL @GR SCENUMBR S IR A
"), CPRBHL (BRI A RA )
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222 #HmElE

1. 5%t PVDF #y Rt AT B b 1

B TIRAF ) PVDF KRB FE A 15%0K NaOH ¥ 70°C /K IRALEE 2h, SR 3T
B fhE. BALEESS ) PVDF HiR 5i&E S G 51K 7] (DMDPB) ,5RERET (MA) 7E%%
FERAACP R (RAREEBI IR 3& 2-1) , WE IR E 10min, JRIRE 200C, #
# 40r/min. X H¥ PVDF AF MA & &R AEHT 2K PVDF-g-MA #EL, UL MA &
BEHOBIZH AN g1, g2 & g5, FABERUA g-0.

= 2-1 AL ST EL R
Table. 2-1 Proportion of graft samples

FF it PVDF/g MAH/g DMDPB/g
g-0 200 0 0
g-1 200 2 2
g-2 200 4 2
g-3 200 6 2
g-4 200 8 2
-5 200 10 2

2. PTC &R %%

BEE 6.25% CB &, S5ARERMFEER PVDF @l % B REG . Kk &R
H 25rpm, VEMRIREE 210°C, YRR IA] 10min. T i A RE W LA IE B okE o 38 3 AR B ML
W BE i BR R PR AR N B A, RSB R, RS B A Ak H IR R
80mm*20mm*2mm K5 FofR. TRER BTN PTC H-EMEH a4 th 5 Z 0N M-1.
M-2 2 M-5, AREERACHAFEH A B R A M-0,

a

22 HBIYE: () THEIRS H—nuﬂ& (b) MAENERIRERBIKL (o) EEBRERFER (d)
EIESA = pf gz S e = 2L

Fig. 2-2 Physical sample diagram: (a) mixed sample block of internal mixer (b) sample particles after crusher
(c) sample after copper film lamination (d) final test sample after cutting
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2.2.3 FRIAE

1. ZL4M6EE (FT-IR) 4047

B R AL HE ) PVDF-g-MA 7£ £% [ Bruker ALPHA T £L 4% B A% _F 3847 ATR #5231,
MR K VG 2 4000~400 cm!

2. T SE HRCRI E

FRPRREL— 58 B A3 1) PVDF ML, 4 H VIR oIk, AR5 A 80°C ML AR T 14
12 /MBS, 22Bk MA SRS F 520 SR H TS ¥ T DMF h, IR E Bl i
ANT, AR AP S AN - CEAOIAT I, BUG TR R R E A

98.06x (V,- V) *C
" 21000xm 1 00% (A-1)

AN A-1 T C: EEMN- AR EE R (mol/L) ;V0: i E RIFEKALFE PVDF
[¥) DMF V3T 75 S8 MEN- SRR UMARA (mL) 5 VI W@ B4 402 PVDF 1) DMF %
W 7 A RN - RS RIOARRL (mL) 5 m: A0 1) PVDF (iR () -

3. WimBER (MFR) i

K PTC EEMEREE s BURBHAGE (F 8) A RA R K14 B 30 2R s £t
ACEIR . A RLR 1 E 230°C, fHE K HEE Skg, VIEHAIKE 20 7

4. IS (SEM) 7

Kt £ (1) PTC R-EAPRIE b FE M RN, X0 Jfa W T AT 8 <A 3, X r
N SkV, JORAEECH 5000-10000 f%, K FH Hitachi S4800 F## LA /04T (SEM) W& E & 44
BHEE i IR S5 AN BORE RS

5. ZaREMERDSC)H T

J# T Netzasch [¥] DSC 214 Polyma 227~ 41 $fi B RO B2 G A RRE i 1R Al HA AT
AT 3BT . LRSI SRR, THRFEF %L 20°C/min FFHERI#EER H 25°CT
FZ 230°C, 1HIE lmin, ZERHISE; FLL 20°C/min FIFEHEIER H 230°CHHEE 25°C,
fHIR 1min; &5 LA 20°C/min FFHEE 2 B 25°CH =12 230°C; 4 PVDF A4S & 15
A (A-2) B

AH

f
= — x1009°
N TR (A-2)

AR A2, X AREREE G, AHAREMBEHERS, AHoAE 100%45 m PVDF [

SRS, BUEY 105.5)/g, © Jy PVDF [R5
18
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6. #E (TG) 7T

HX 10mgPTC B &M BHES:, KA HITACHI ) STA200 0 Hr A3 T TG Mk, LA
BANWAT RIS, TR THRAE 7 B0E N 30~800 °C,  THIE M 20 °C/min.
2.2.4 MIEEMEMR

8 PR VP IR RN — AN FR S e o R AT Bt I HLRE IR TR
140°C A AT, Frh#aiiif B2 150°C, SRS @ i Lk T B b . DhZ. PTC 3BEMNK. DA
AT FAES: TTHE R A E [ FLUKE 115C) ; i€ (UNI-TUT201) ;
AR (MBS AR AT K STG3-2000W); mRIRIRIGAE (F ARG w44
BRAT]) ; #XAIEES (ESPEC CORP-PHH-202) ; H2511A BB AR E FHIRA (F M
A BT R ARAR) .

1. fEIR H

B R IAE B T 10°CHEIRAE T, 45 10min F2g )5, 8t TH2511A Y E AR e FE
WAGEAT I B B P . FERB AR IURE S CE 150°CHER N, 3RS 3 RRE— R A, ML

2. ERE H I

s AR5 RE S CE T 10°CHEIRAE T, £5 10min Fa5E 5, B A0 B 60V H
JE, SHRESLEEATIE L, B R F IR R AT DU R R . AR SRR 150° CHERE
TR 3 RRE— MR S, WA E .

3. fHiE PTC 52 Mt

RYE GB/T 19835-2015 MlARtE, e ArlAe il & T 10°CHF ) R10, SRS RAE i
NGRFTEI AT ERFE R £2°C) Wt FHEEE Y 1°C/min, At FF-1EHE 10min
J& s WIZ0E T P I FBELAEL, B 145 °C AR WS FELIH. Ruax (FF b B2 T A RlAH A2 U
FERT I HLRH, FE S A RAE 140°C) , FFIHE PTC 58 FRIIAEGIE 150 CHEFE N,
B 2 RREE — M i, TR EME .

PTC 3N 4% A (A-3) 115

N=3 (A-3)

AR A3 ¢ N: PTC 98/ ; Ruax: FEAL 170°C FHIEEPFH; Rio: FEMZE 10°C FHYH
RH
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2.3 ER5TE
2.3.1 FTIEETHR

1. ZLANFT-IR)ZHT
2-3 AR A B ZL A i it 2, AT DU T A3 2040 3 B rh iR AR IR A U R
P15 JIWT R SR R . ARBE AR OSSR P 002 %%, 7R354 3019 em 12976 em! B LAY
fiE& )y PVDF 17185 b 1) CHo IRBNBISIELY, FEREL 1784 em AL HIHRFAEIE N MA Hr )
C=0 MHRah e, HERTE, BREH PVDF 7 T8+ CH IRBIRIE, S4b, 5 M-
0 of L HABAE F 7B EL 1784 om™ Ab I —MRHIENE, JEBEE MA RO INTIBE =, $EE3 Tk
FRIFAE il A 5| K15 5 T He 3 PVDF £ 5§ .

PVDF
g-1
g-2
P e A =
4 |83
g [e4
= }
E (eSS £ P
2 -1 2976 cm’ |
“ 3019 em ’ 1784 em™! i |

T v T T T y T T
2500 2000 1500 1000 500

Wavenumber / cm™
2-3 FEHERACIEA PVDF-g-MA Y FT-IR i [E]
Fig. 2-3 FT-IR spectra of PVDF-g-MA with different grafting treatments

2. EHERE 5 b

I LLANIAR ) 8 YW, MA B3R T PVDF 7 T4k B, TR — P RANS
SEVERI G A [F AL AL FERE S R R0, IR A (A-2) THRAE, AF MA &5
PVDF-g-MA [F4ZF 340 58 2-2:

3R 2-2 NEHERALIEE) PVDF-g-MA B3R
Table 2-2 Grafting rates of PVDF-g-MA under different grafting treatments

x T -
3500 3000

P i TS
g-1 0.663%
g-2 0.989%
g-3 0.995%
g-4 1.039%
g-5 1.173%
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22 EAFRER AT AR, B 2-2 WTHIBEE MA SR, BRRuE
¥, BT g2 KR e, HIERCSCRIIEKITEZHTALSE . U g2 FEMZ G MA & &
FEFE M, FORERN MA AR SAEERE G B, B2 TR MA, X5 546
MR R E VAR 1) 6
3. MARBIEAE (MFR) 4047

[
=
1

—
w
1

14.976

-
=8
1

YRR B %R (g/10min)
5

o
[ ¥]
1

l 0 T 1 T I 1 I
M-0 M-1 M-2 M-3 M-4 M-5

B 2-4 M RIFEH RIEERENRR ST E
Fig. 2-4 Melt flow rate statistics of different samples of M series

B 2-4 JE A FIRE S B AR B A Gt 1], EH AT HUR R IR B AR AR S R
R AR T, [RIFE R B MA 2 B30, o mds By K, ek T 1%,
1 BOZ IR JE A J2 X%F PVDF #E47 1 RGP Ab 2, (615587 PVDF 70 18 KBEWT 28 il —
Be N FEE, FTRAXTEL SRR, AR TE RS AR IR B R I A TG K BEE MA B
RSN, RIS ARR SR Ak SN, ROLEIM R AR E G R (1) BT
BB S, M IREM VN FAEMEZ, FRGIN MA RN T, Ny Faifiisz,
ZERE Sy AT REAR AL, BT DAEAS R IR B AOB M K. (2) HER b S, R AE 85 B 2>
PR o PR BT SR8, 15 R AWK EE 5 A3 AN U AR B A T (AR B A4 R
Qi AR T o FRERIZ AR, T AE miR SR I 00 R, 3K T R A WA R sl ok,
B A AL B3 20 BT I K

4. IS (SEM) 7

Kl 2-5 d1a, b2 AR EEE, BRI IR RIR BAAHaA%5, HHH
WH AR ERE, XRFARBASGERTAE, ULRGYIERSS BEELZ [
KA TRILFEEH T 3801, XERENRIERE MR EAENERZ — &

i M fE (7 PVDF 551 5 2 A AR /2 72 PVDF 4 FHRL 7 —28 MA 401, Rl &0
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KL PVDF 774 7 — € /Ny 78, BARXT PVDF W5 — € IR, (BfE5R R
M A S NA5), Xl e, d ATRURIL, R E MA BI{ER T, R BAERLSh B diifs 2
B 7RRE], ATTA RN TR BIERE: i e, TIEHD T, HiEFBTREE, MA
B ARSI, W R RE LT ) MA /N7 SRS T AR 18], AR L HOEAS 2 T e v
EREM R AR E I IR TT .

......

x5 S e
480050k 7 $mm x20:0RSE (M), : :
2-5M RIIFEHBHFEEIEE: () F1 (b) M-0; (c) F () M-2; (e) A (HM-5
Fig. 2-5 SEM images of different samples of M series: (a) and (b) M-0; (c) and (d) M-2; (e) and (f) M-5
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Fig. 2-6 DSC patterns of different samples of M series: (a) Melting curves of the heating process (b)
Crystallization curves of the cooling process
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Fig. 2-7 Enthalpy of fusion of different samples of M series

*®2-3M RIIFEmERE
Table 2-3 Crystallinity of M series samples

FF i AHf (J/g) “hmfE
M-0 32.22 0.326
M-1 31.26 0.316
M-2 31.22 0.316
M-3 31.38 0.317
M-4 31.69 0.321
M-5 31.62 0.320
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6. IE (TG) 4r#T
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Fig. 2-8 Thermogravimetric patterns of different samples of M series: (a) TG curves for different samples (b)
DTG curves for different samples
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Fig. 2-9 Resistivity change chart of different samples of M series: (a) time-resistivity change curves (b)
resistivity change rate statistical chart
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Fig. 2-10 Power change chart of different samples of M series: (a) time-power change curves (b) power change
rate statistical chart
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Fig. 2-11 PTC effect changes of different samples of M series
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Fig. 2-12 Statistical chart of PTC effect change rate of different samples of M series
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Fig. 3-1 (a) Resistivity-pressure curve (b) Resistivity change plot of CB powder with different KH550 addition
treatments
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Fig. 3-4 DSC pattern of K series samples: (a) melting pattern during heating process and (b) crystallization
pattern during cooling process
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Fig. 3-5 Statistical diagram of the hot enthalpy of melting and crystallization of K-series samples

*®3-1 K RIEmsEmE
Table 3-1 Crystallinity of K series samples

FE i AHe (J/g) AH. (J/g) gh
K-0 61.03 49.34 0.628
K-1 59.42 47.18 0.612
K-2 62.27 50.15 0.641
K-3 63.09 50.02 0.650
K-4 60.18 48.88 0.620
K-5 60.4 48.95 0.622
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Fig. 3-6 Melt flow rate statistics of different samples of K series
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Fig. 3-7 SEM images of different samples of K series: (a) and (b) K-0; (c¢) and (d) K-2; (e) and (f) K-5
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Fig. 3-9 Resistivity change chart of different samples of K series: (a) time-resistivity change chart (b)
resistivity change rate statistical chart

2. DRI

b 52.78%

34.04%
28.30% 28.89% 28.57%

31.36%
Oo_

FETYE A

0 100 200 300 400 K-0 K-1 K-2 K-3 K-4 K-5
1] / h

3-10 K RIIFRHRAINELZLE: (2) BHE-IIETLE (b) IFRTBUERGITE
Fig. 3-10 Power change chart of different samples of K series: (a) time-power change chart (b) power change
rate statistical chart

K 3-10 N K RIVAFRES FIThRAE . i — 15047 Al A oh 248 (b U 755
AR E A, R TS R BN R R R, APl 3-10 o] LU, ThRALK)
FE It A A A BT ) (R S AT G ORI, B e T ReE . o DR AR A 3 X e 5 B
FAMCER KA, AR AR EE R E, IR K-1, K-2, K-3 K4
WA BN T2 AR, Horb K-1 K2 AR, e, A URAGFE S i)

3. PTC 5&JZAAb s #

Kl 3-11 fs it KH-550 AN [EFRAE AR SR 1 PTC & & M BHE A [F] b B 8] f5
(] PTC 58 FEMNASE Tl A K-0 25 FIFERT LUK IR PTC 385 23 b 25 AR A 1T [] f 38 Jn v A2
Ry X RF AR BAETEA W 2 h AT T /NG A B R, BT FHEMZE, Riof

36



TRTRER AR

HL A LA AR B 22 T BT R B, SR ITTAE Runax [ BB BEA R AR RELAE . IO Runax A2 H
Fs T URGE I, I ELIE mOR AR A A AR A T /N AR I 1 F P AR AR Y

128 1
128{Q | b8
g £
2 64 Z.
—~ 6449 © = 3
£ £ g £
< 2
g S
~ 0
% . L 1768 W4k g 32 O on 176h  446h  560h
—=—0h —=—0h
—o— 176h —e—176h
—— 446h ——446h
164 ——560h 164 ——560h
K'o K_l
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Temperature (°C) Temperature (°C)
1284 C 128- d
26
i,
~644 © = 64
E E. 8
=]
<} 0 =
a Oh 176h 446h 560h on
1) =
£'321 32-
—=—(Oh —=—(h
——176h ——176h
—+—446h —a—446h
g —»— 560h i i
k2 ) - i
T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Temperature (°C) T (°C)
e ) g
1284 " 2
28 £10
E 6 128 £
z P 1 B
—_ g £ = 4
£ 641 £ b}
@ 2 g 2
g 0 a 644 0
86
Q Oh 176h 446h 560h S
7] —
=2 32 —=—0h
K-4 —=—0h 32 ——176h
—e— 176h —a—446h
—+—446h —+—560h
16 —v—560h 8
T T T T T T T T 16 LS 5- T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)

& 3-11 K RIIREI#F R PTC N ELE
Fig. 3-11 PTC effect changes of different samples of K series
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Table 3-2 Crystallinity of T series samples

FF i AHt (J/g) AH. (J/g) g
T-0 61.5 49.0 0.634
T-1 60.2 47.3 0.620
T-2 57.7 46.5 0.594
T-3 61.0 49.3 0.628
T-4 57.8 44.5 0.595
T-5 57.1 44.1 0.588
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Fig. 3-18 Melt flow rate statistics of different samples of T series
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Fig. 3-21 Resistivity change chart of different samples of T series: (a) time-resistivity change chart (b)
resistivity change rate statistical chart
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Fig. 3-24 Statistical chart of PTC intensity change rate of different samples of T series
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Table 4-1 Composition ratio of S series samples

Sample No: PVDF/g CB/g Si02/g
S-0 250 16 0
S-1 250 16 0.332
S-2 250 16 0.665
S-3 250 16 1.33
S-4 250 16 2.66
S-5 250 16 5.32
S-6 250 16 7.98
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