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PREPARATION OF GRAPHENE-BUTYL PYRIDINE
LATEX THERMALLY CONDUCTIVE COMPOSITES AND
THEIR APPLICATION TO HIGH PERFORMANCE
PREPREGS

ABSTRACT

At present, global energy and resources are getting tighter and tighter,
and energy saving and carbon reduction have become important issues that
need to be solved for economic and social development. Thermal
management materials have become an important path to solve this
problem by virtue of their efficient temperature regulation capability.

Polymer thermally conductive composites are a kind of thermal
interface material with great development potential due to their good
flexibility, interface fit, interface filler and thermal conductivity. However,
due to the high surface energy of the thermally conductive filler and the
adsorption property of the particles, it is difficult to be uniformly dispersed
in the polymer, resulting in high filler dosage and low thermal conductivity.
Preparing aqueous stable dispersion by modifying thermally conductive
fillers and dispersing into aqueous polymers is an effective way to prepare
polymeric thermal interface materials. In this paper, aqueous graphene and
nanocarbon black thermally conductive fillers were used to prepare
polymer thermally conductive composites by blending them into butyl
pyridine latex, and polyester fibre thermally conductive prepregs were
further prepared, which provided a new way for the development and
application of polymer thermal interface materials. The specific studies in
this thesis are as follows:

(1) Multilayer graphene-butylpyrazine latex thermally conductive
composites: In order to achieve engineering applications, multilayer
graphene aqueous dispersion, butylpyrazine latex (BVL) adhesive film,
and polyester fibre (PET) thermally conductive prepreg were prepared to
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investigate the constitutive relationship between the component materials
and properties. The results showed that the addition of titanate-modified
multilayer graphene (CTMMG) at 2.19 wt% increased the thermal
conductivity and tensile strength of titanate-modified multilayer graphene
butyl vinyl latex (CTMMG-BVL) adhesive film by 28.8% and 4.50%,
respectively, and the viscosity of CTMMG-BVL emulsion (3.24 mPa-s)
was slightly higher than that of BVL emulsion (2.54 mPa-s) The viscosity
of the CTMMG-BVL emulsion (3.24 mPa-s) was slightly higher than that
of the BVL emulsion (2.54 mPa-s), indicating that the CTMMG-BVL
emulsion could be better used for the preparation of thermally conductive
adhesive film materials. The thermal conductivity of the titanate-modified
multilayer graphene polyester fibre-reinforced skeleton thermally
conductive prepreg (CTMMG-BVL/PET) was increased by 48.3%
(2.65—3.93 W/(m-K)) and the thermal stability was optimized (mass loss
rate from 90.37%—87.33%) at an attachment rate of 8.0%.The mechanism
of action of the stability of CTMMG dispersions is the chemical bond C -
O-Ti (chemical bonding between Ti-O of CTCA and -OH of MG) and
hydrogen bonding synergy.

(2) Monolayer graphene-butyl pyridine latex thermally conductive
composites: In order to further optimise the performance of thermally
conductive materials, monolayer graphene aqueous dispersions, BVL
adhesive films and PET thermally conductive prepregs were prepared. The
results showed that, when the content of titanate-modified monolayer
graphene (CTMSG) was 0.2 wt%, the thermal conductivity of titanate-
modified monolayer graphene butylated latex (CTMSG-BVL) adhesive
film was increased by 23.6% (3.52—4.35 W/(m-K)), and the tensile
strength was increased by 8.6% (6.74—7.32 MPa); the viscosity of the
CTMSG-BVL emulsion was slightly increased (2.84—7.32 MPa); and the
viscosity of CTMSG-BVL emulsion was slightly increased (2.84—7.32
MPa). slightly increased (2.84—3.61 mPa-s), can be better used for the
preparation of thermally conductive adhesive film materials. The thermal
conductivity of the prepared titanate-modified monolayer graphene
polyester fibre reinforced skeleton thermally conductive prepreg
(CTMSG-BVL/PET) was increased by 34.0% (from 1.91 to 2.56 W/(m-K))
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at an adhesion rate of 8.0%, but CTMSG promoted thermal degradation of
CTMSG-BVL/PET (due to chemical reaction of the CTCA content with
PET polyester fibre). FTIR and XPS analyses showed that the mechanism
of action of CTMSG dispersion stability was due to the chemical reaction
between CTCA and SG to form C-O-Ti bonds (Ti-O of CTCA and -OH of
SG) and Ti-N (epoxy group of SG and -OH of CTCA) covalent bonds and
physical hydrogen bonding synergism.

(3) Nano carbon black-butyl pyridine latex thermally conductive
composites: In order to enhance the economy of thermally conductive
materials, aqueous dispersions of nano carbon black, BVL adhesive film
and PET thermally conductive prepreg were prepared. The results showed
that, when the content of titanate modified nanocarbon black (CTMCB)
was 3%, the thermal conductivity and tensile strength of titanate modified
nanocarbon black butyl pyridinium latex (CTMCB-BVL) adhesive film
were increased by 51.4% and 22.3%, respectively; moreover, the viscosity
of the CTMCB-BVL emulsion was slightly increased (2.95—4.32 mPa-s),
but it could be better used for the preparation of thermally conductive
adhesive film material. At an adhesion rate of 7.7%, the thermal
conductivity of the titanate-modified monolayer graphene polyester fibre-
reinforced skeleton thermally conductive prepreg (CTMCB-BVL/PET)
was increased by 31.3% (from 2.27 to 2.98 W/(m-K)), and the thermal
stability was optimised (mass loss 93.70%—86.06%).FTIR and XPS
analyses showed that the mechanism for the stability of the CTMCB
dispersion stability is due to the mechanism of action of the chemical
reaction between CTCA and CB to form C-O-Ti bonds (Ti-O of CTCA and
-OH of CB) and the synergistic effect of the CB hydrated protective layer.

(4) Graphene-carbon black-butyl pyridine latex thermally conductive
composites: In order to achieve the synergistic effect of thermally
conductive materials, multilayered graphene/single-layered
graphene/nanocarbon  black  (MG/SG/CB) and  multilayered
graphene/nanocarbon black (MG/CB) synergistically and with an aqueous
dispersion, BVL adhesive film, and PET thermally conductive prepregs
were prepared. The results showed that the thermal conductivity of the
thermally conductive adhesive film was optimal at 12.79 W/(m-K) for
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CTMMG:CTMSG:CTMCB of 0.8a:b:0.8c, respectively. The adhesive
attachment rate was 8.3%, and the prepared high efficiency type graphene
modified multilayer graphene/monolayer graphene/nanocarbon black poly.
XU Yaning(Material and Chemical)

Supervised by XIE Yanxia

KEY WORDS: water-based graphene, water-based carbon black, butyl
pyridine latex, surface modification, thermal management materials,

polymeric thermally conductive composites.
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ER A MR 2 BT E ARSI B RL, R R AA 0.3354 nm,
ERT DL MR AR W — 4ERRKE, ]S AT HEA A R = R S R Y
F. AEGEANRREIERE. S MERE . R, BALEMERE . EE
FERR LR AR SR IR R B R %, (0 AR R, BT SRk, AL I
a5 AT 29SS 2 U BRI S HANE B3, il S0 R
WHBE LT B : PUEIEE. RIZIKRIEE. B2k, AT,
A R E AR KB AR R SR A5
1.3.1.2 AEGHNS AR

A RIHEA RS HERE (FHEK 5300 W/(meK)), K& 5%, LT
ZAE, ARG FRAKIAMEEERRZER P ARG EHAZIK 280N
REREAL R, Pl REF RS IR R, A Bk BR AN F 2 1t e T 2 T R
T ARV 5 AT ) EE B 4y 5 [23:931,

A SR R Tl I T S R XA R S, Ho A R 80% (1
PAEIBTIRE . 0 S50 A S IBUR I, IS sp e AUBR I 28 AT AR AR, R
SEeIE T sp MM SOV HEMBIA R . HEZ T, Bk RN
ez B e 3R RIME F2#E, HaeELE 2R T e gass 454,
JiF 2IAERNE RIS SRR B, XESRBREMRAS R OEE.
R A SBIR N SN BRI, AEGOEIE REW-ARG-EEam"
PEARAE S, T SRR B A B2 W B SEELAS (A1 ) A B, =4k S A 2511
T BUASE I T VR I PELEE 5 2% 5 o PP IO S5 A R B3 S SR A M B 0 =
LRI T

HHl, ASEERASEMRRM AR CHERZIIE. iR POGERL T
FERGRAEMEEMEI SRR mE R, EANHE T 3 FEa SRS
WS G BRI 7 20 RO R:  JEILM R 2 FIERHR R D .
Fu PSR 5T 5 73 40 10.10% 0B R 90K A S0 7 i In 23 8 g ki, 54
R S BELL Al R ER IR TR = 22 f5 0L B, SRIAF] 4.01 W/ (mK).
Cao BV T HELUE A SR R SRR FLIE ST &M L IE F T e iR B T R 1 14
REWF 9T, Ge BMEEHI & T = @B ER B 1 A SR I e SR 3 S A E A MR T
R RHR I BEBIE 7T o B SR IG 72 IR SR G AR S R 5| BRI A8 1T
2 RIE.



RT3

13.1.3 ARGEMS S

A S50 B R SR I AR LS T 4540, (ER LR & KE RS A,
W (COH) .« BEIE[-C(0)C-]. FEE (-COO0-). FFE(-C=0). FRIHE(-COOH)%% .
HH A S0 B B ANE M DL 2 Z A AE SO AR AR M n HERR, — IS OL ™A
S M FE VAR A WLV ) By R A AN AT 30 1) SR FIUTUE o B —2H 0 B SR I A )
KGRI, W ib2EmEtE, AR S R AR, MRS Lk
RS, WORHLRR S 1 S8 Mm 0 S 5 K & .

IKFEAT BB T REAL BV SR 00T, 3 % DO I T 40 B AN S8 Ak A 28
075 2 T 45 M RRAE R D R AAB U 0 ARS8 UM BRI T R B 2 = PP, Ik AE
S DI REA B 32 R T AL B LI . Duan 55 BUIE I FH PR BT ACHF 1) L-
PR AKAS AT S0 , 8 ST Ik s 2 T RS e A7 B DA T 164 5 1 ARk AR 68 A 57 T ) <3
A o Ge PHIZEIH I FH 57 SR I U M AB M S8 A A S8 0 1 i I B REAG e S A,
KILH T RAF 5 B AR 57 16 T 3R B S AR 1 . Cheng P45 18 i {8 FH s 19t
JE38 JiF FF e A S, AT SR T LA A1 BUE RS I A, B TR ) 57
THAH AR o BN E S AR R0 T 2644~ B B4 1) S AR RE R ) 22 M fe
Wang OG5 38 33t i) £ 21 K VR 25 5 VBRI e AN 3 25 5 ER IR e B R b it ) S8 Ak A 5804
B T ERPR IR 5 A SR I R S N ALBE, R BRI I P SR /K Ve = L R )
FEAERTIE B A AT 5805 (1) 25 M 2R BLRZ I AN K, (H A RO = D Re b it Ak A
S AE K PR B R AR I Hh ) R B AR FE AN 3tk o« Lin OSSR ZBERGANFLIR G R T
RYV I Re B A RERIR B ARG TR T IR E AR 1727 TR s A
BUBR I RE -

1M H., SRE VI 5 F A 2 18] () v A A 2 SR PR 1 2R 6 A e e 751 16
AN 1 e 1 sais AR 7 0 20 8RR AR RGO I 7T A
M. EESRH L-ERR P, REERE P A% 202, ke, KRR IR B
SOIZEE ML/ -5 A S s HEAT B 1 o IX e UM T 5O 5038 1 A SR PR 7K o i
MEEREVIMAE G, Wang 58N OIS | 2GS FEHEE & IR Hh L4
P T A DR B R A ) A SR A TE RE R A T 2 ) S PR B, 3 B A B AR R IR 1)
A A SRR AP IR B M. Li S8 N 988 1 — Lo S ERRR BB D e A AT 550
kIR E R AR E SR, B9 T EAMEPTERIME. Lin 88\ CURXUT) &2
BATVRREE BN & T — MR T GRS SMEL, HicE TEA MR
PERIHLIAE RE -
1.3.2 KRB
1.3.2.1 HRRFBIMERERM R

IR B FEZ R bk, HEEAR 7 RSFAE 10~100nm 2 [/], P HEA L R 1)
BIckhar, B FHBPUER DGR IR TR, 2 N SR L R AR Y
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GUORIA KL o IR BEAE N —FRIhREAIRE, BEE IR T FL At A sk sl ] i — L ARp K 1 8 F 1
BE, V2O AE R ERIER . REENEGR.. LIRS PiEs
A ST, TR AR, hEE CEISEEINLER . WEESTEIERAE,
R BT ICE R R AT I AR 2 AT . R RIS R TR 4
L E MR, RN E Attt Rl .

1.3.2.2 9RRFBHNSHIERE

R BEAR N SHE, TUEREYEEEM B E SRR R BT
PR PR I I R B R AR A SRR AR B A R S B . AR SR, R
SERURLA /DN, IR 2548 R HERR, LeRMARR, Ik BRRL 2 (Al L2k, T
FEAEGRGER . ShAh, R BREEARE, FHGEBRMEICERS, I HRBR T
FLAR 53 A 22 s e H S 2 e
1.3.2.3 KRB ESEUIERE

R IR A B e M — ANy LR, e B AT U AR L R B LA R
P EEHE R A ERR e . R BRI BGR S, k12 10 6 H A B
i, FL A A R R s DR R 7 TR HE R 38 0 0 Bk e o SEARI AR (LD
VERME 7 B e A . BT W IR 0 2 BIGRI R W B /5 B B Tk SRR3R 1D, s 3R 1T 1)
BIEE FI B RR, KT R Rk, i SR E

8 A B M B A R T BOR I 0 /0 8RR, 787K 3 20 8 A i i SRR IR
FRENER SRR AN S I B T LR TS PR 7 o i SR IR R Tk 2 0 o SR AR R HR 11 23
Bk et . i RIMEILAB R, HRMmBRIE. BIE. BEMA
Fesf 2, &2 T WAERTEMEFRIIER, FFIRERAR 251 R 4 S A0 b 2R 2
xFE, ATRARE kR e, JERIR A EGRIH £ .

2% b, A sl K ok B AL 1 R R AR T n B R N SR R
VIR FRE GRS RIER IR LR AR . (B R & ST A MR SRR &
Xof B AR M RE R AT B . TIOREME N & A PRI & 0 R A4, 3 I A
Bk 5 Th g SRR 2 2 38 55 465 14 TR IR 5T 0 P R 3 5 A B T 1k R4t (L A v
i %o FHEET m R TUR R ARIRAIR G FE S MEIIER T2, NFHR
TR ) 2 R AL FRR S HE
1.4 SgETuRR
1.4.1 FURBIHIBE SR 573
1.4.1.1 FURRRIBES

TR F8 FH A G S AR AE T A 28 1) (1 2% At N IR BT ST 4R ), 1l B iR
AR SRk EY . i, ik due EE MBI IERE, AR &1 0]
FREAEMEAE RIS SRS THAL 22 bR 5 in T HERE, RHliEE oM
BHE AR TR S 3P AR 5 & AR E B R 5 3 (i TAERC AR . 1
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ik B EWS) KR EEi T B BEENH . EERAYE AT FIR S A
R F B BN E GRS AR AR B SS ER T 10507 — 7 TS fh] ot s Rl 284 )
HIRE, 73— 07 T 3 BUS AT I SR B Ty, 2 s A e R v % A A
[68-70]
1.4.12 FURRIAY 5 2

b A MBI T R R, TUREHBA R TN Z R . i AR
A5, PR AT 23 5 ) PO R B [m) R TR RN S TR R s #0244 5
TR AL AT 43 g #4 ] ME HR TR LA M R TR ) s SR AS R, w40 N
WA4E (2 TRk BELT4E (B TRkl 5 (W) TRkl RS
YKL, W NEAETIRE KT B AR SR 4 TR R %1k
WEATE, R IEE AR RE o I A TR R A [ 1 I B R 200°C TR
k& T,
1.4.2 BREELTETUZR
1.4.2.1 BESAAETURRI I

REGLT4E (PET) £ VLRI K —WER 2 —FEls A TARM A et gk, HgifR

=EEWE 1-3 Fios.
O\C c//0 CH,
0// \O—CH/ n

K 1-3 BXR W 4 —RElE (PET) {2245kl
Fig. 1-3 Chemical structural formula of polyethylene terephthalate (PET)

T RMLEI TN, FRES TR M C-0 M C-C e, BA=/RMAR
RHIEFE RIS 5 X 5 ARG X RS B o0 A, [ A7 78 2 2% 1) 25 (R4 5 5 e i S AL B
G U2 B X P R MR T PET 2R 4 i & A0 e RS AR 1 i #5711k
fHEHT 2 B T 258 16 5 R e ek . (R RHME Sl T (e R E AR
SRIRRYE, DL R i E A AR A T B R . 1941 SR E 238 A R 4 s
2] 250°CH PET £F4E, 1953 EsRdl TolkibEr=, @+ E, OB
R4 B B A BEE R R IR e =G, RERA 4R R RS AR
S8 PER AR 35 S B FRr S UA) e 1) 2 A 4 2 (HMILS ) FRBR i 2R I K
WP AR T, I R A7 2 B AR T R AR e R U AR 7). PET &
THEOUm B S 3, AFUNBUKMELT S, BAREEIE AT — & NI, HERS
R R TS I SO R R s M R, SRS SRR AR A A . R,
S SR R AT Y- AR SRS & o S AR B K
1.42.2 BEAHETURRMNFEINEEL

TEAT YR SR S A M R, 938 1) S TR RS 5 8 P55 L e s e o) ot IR A 22 4 1
5 ffi A U6, 1938 4736 [ AL FR A 7 284 K B th ) 28 - S -k L (RFL) &
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ERBUR R, 2R RF IR A m i ge U7 IRFLRL 720 BUE RF Mg,
Wk 1-4 s, SR TIRAE B w B SR AN S AR SN (4 S N A (AT, R R
A R )97 B R P A R TR o P B v 780,

FTE N, RFL KSR RE W IRESH S IS 0 BOBER R, 5 2 18
MR ANIEZL AT : RE W A =2 R0 28T S W S 8 S e v, ik
FURL T R SR 2t S P o7 PERE . X T3 imvEIL B4 (an Nig 22325 4
LWL, “—WHE BRI A e & TR ERER. J7LFmal e 4EE
AR 2 T, 2R 2 ) 57 BEL A ) SR A A, i B e R v A A R 5 b A
RFL T “HHE "SI BOR & o XA 7> SAC BSOS AR ok 1 RS PEAR T S AR i A
R A AR 11,

RFL 1A Ff) 2N RBRFLY T T (BVL), R LN-T Ji-L 0
Bentne = oL RY, Hor 7AiM 1-5 s . BVL A FREG AU AT R
J& (36 mPa-s). BVL HAT £ N F M e P08 R I H 07 (i #vik,  IXAE7S BVL
TR T R D05 0 Az g PEAN F i 45 & R g 100,

OH OH
H,C
HO OH
OH OH
HQO  H,C G ,./-C/_Q:C’OH
/ %
" i Latex \
\ ,Olr’i
.“\\ ‘\, HZC /
\ HO " _OH
HO HO E a.O!"_,»./'
H,C
Hy \ OH
OH \CH,
Latex HO_ _
on 1)
H,C CH,
OH OH

H ‘\‘\ ,/'/’/
HO: : "OH il

1-4 RFL Z5H7R i 78]
Fig. 1-4 Schematic diagram of RFL structure 78]

HAT, X SAs kg2 mtse, g B TR B =t
LRI L TG B9 MBEHAFRR G r T RIEER ), e
PR PR S LI TR VA 2 o CFL VRIS BT M L S 2 73 7 iy 2
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PR RERE 2 S0 A, e F T 45 JB BN T R K S AR R, AR R
QSR R AT N R R 5 01, SR, H AT AT SRAS A 3R PR AR I AL A D
H HATHIBT R R Z RIR TR SR R RIS T AL B9, X 2 1 s itk g i
VA ST T AR AT o

H, H H, H, H, H
CcC —C C —C=—=C—¢C Cc —C
a H H b C

Z N

“

K 1-5 TG A
Fig. 1-5 Structural formula of BVL

1.5 HRBm. ASKel#EHS

1.5.1 #Ai=B®

ARV S ETAE N TRE S AGEORE, 8 BRER I 5 1 1] £ K FE A 8 10 23 U
TR AILRE & FHEEWE G MR, B TR L2 H & R4 S T2
Bl 3BT S AN LS 2 B R A AL o AR SCRIF TR SR BLLL R H A

(1) FREABIRAIRE, i &K I Fa e P S8 0 RN gh KR B 40 B

(2) BETIRBREILZ, Hil& TMRI/PET SREGMEL, /i SRR
o3 % B A MRS I RE RS2 A

(3) BETLLAMERERT X SERE, B 3805 7 S e MEAE I R,
RO HAE LS B T2
152 ARAR

NS IR TS B AR, KT RE LR AR

(1) ZEFEE-T A ST A MR H 5 2 g

R s 5 TSI TR N FH ) 2 2 A0 50, R A& SRR R 121 /K
B2 EASBIG(CTMMG), 73T 70 Bl 2L VR R 58 T 25 45 A S0 - T A A
PRI T A S50 T IR AL P AT R . KRS 5 2 2 A S i = L,
DA 2207 7 ORI , 38 BH X 23 B0 29 RS e M 1D 2 M AR 0 o A A
WL 2o o AR S8 075 - T WL FLAR I AN A 28075 - T ML AR L 5 AR R 1) 5 44
DU [ 755V R, BARRASA 22 J2 A0 SR T It Ml 2L Ml I R TV ) 7 F P R 1
SO USSR G SOKPERT 5 A S20E 1) FTIR. AMNTESRAIAHEE R, $ERK
SRR RS 22 )2 A0 BRI A% e Mk (AR F AL

(2) fEUL e pdtat B, 5INSRMEREER I 248G, RS
ERTR RS B E A 520 (CTMSG), 43 5l 3T 4 ORI VR R 15t T 21 4% 2807

11



RT3

=T R LB B LR B R S - T R AL R AR R . KR R S R A
A5 150 8 LE A S0 2 BRI B2 5 A BH R 2 BB 3 ORS¢ 1 AR O
T AR T2 43 A S A - T I P L AN B A SR - T R IR L5 A
TR T3 Pl S SR RE, WRRE I B 2 SR X T IR LR R e il
RS VERERI RN . WLEAB AT J5 MoK PR AT S A 384510 FTIR. AW RS A
FGEH, R7RKIEERIREE A2 1 5 2 0 S0 B PR VE F AL o

(3) 4Kk B-T e FL 5 E A Mk & &M RE

BT FRw IR, SIS S IRGUK IR B, RS KR R 15 1
Kok (CTMCB), 45 55T /- Bl 3L VR RN 5t T2 & A2 i gl Kook 22 - T ik
Jig FLAE T LA G A R BT ML AL TR R o TR R RR R AN 9 KR B T & L
HMRAE K IR 2 A3 BRI G E , R B GBI K i B8 43 iR A 1) 5 M R
IR RS T2 2 BB AN K % 2E-T Ik i L R RN 4y oK e 2- T ik
LT TR L) T 3 YU S BE . RIS RGN K R ST T I e LR
K TR RSV RE RO RAA . WLEZRAE 1 K /K e i 5 99K 3¢ T 1 FTIR. AR 3 AN
VIRASEH, HR7R /KRR IR A& 1 9K ik 2 e e PR AL o

(4) fi=2)f-gK ok - T I I S T A0 R 25 S MR

£ FRB A b, ST SRS B RIEAR, R 2 50 806 020 S0
KR BIF IR IR SES )7 R G R EmAE ST 20T, & B0 05/
KR BT R L R PR L A IE A SR M A K R - T I R L S A TNR B . 431
B A7 SR/ A0 K 5 - T b e SPL P FEE RIS i A B 0/ 0 K ok - T I e L 5 A T
BRI S P &R, AL ETERR R AN R, Mitifd T2
BT o
1.5.3 GlFi=

WICEP X KEE TR G G MRL,  RAMEA 5208 - 40K ok 2 F AN 43K
AR S AR RE, LYK BHEIR FLE A M BT R, iz s
LR AL IhRE S S SR B SR IR Ty vk . R LU BT

(1D 7= B

K 2 252 040K R A R R 4% T M AL S T A M R TE
PET WK R, SEOURAE AMER PET FRE S HMERERIIRT, HiZ/™
A RIATUEOR S FL 2

(2) J7iEAHE

SR A BUER TR R AR D RUB M AS R 2 50 28075 1) o /K 6 A 0 WO WA
SR -AK K AT IR SR A AL, R P T A RE RN L ) ]
WV, RGeS G G PR AL ST R 2 Al

(3) #HLEHr
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T I AB I ET 5 A S 0 A K PE R SR BT A S5 )d A gl Kok 2211 FTIR A1 XPS K
e SERR B R BB T A =G AR e R o TAERALEE, A —ErHE et
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£28 ZREAZRK-THRILSAESHMEIASIF R TR

2.1 5|5

N TR SBIRE TS R a7, 26 B H S S R FI &
WREIE, TR RO VER & N 2 20 6 (MG) #HT /KB IME N S HIE
Bl 0T OK B G T G RL TF R AL AG R B A R L PO,
T MG HWRIARIRK, JZRNEEE IR, AR H, 72l L s i
TERRT MG 57K SRR 1 B39,

K RA N> F AN S A B0 o e A A S B R
[AsE e, fEVF 29U RS 2] T R PSS (HR, RIS IAEE)S,
Sy BOBORE FE WA S IG,  2x BRA ARG FE iRl L 1R 5T P VR S5 A R ST B
PRI, i /N A NG EITE ], RIS E MG-58E 73 50 I 5%
BHER,

A E KGRI (CTCA) B MFMEM MG 15 217K 2 54 BI5GB
W (CTMMG). T HRFNR G T 2G4 TR (BVL) SHRE & B
(CTMMG-BVL) HEBRLF4ERG s i 28 S AR AL (CTMMG-BVL/PET). K5
AF B E L CTCA/MG ) CTMMG Ff it (1) Zh A A Fe e 1 S HE R PLEE, 4R
it CTMMG %} BVL S#GE AR AT CTMMG-BVL/PET ST KB S HT
i PN AR AR 0 1 R 520

2.2 SLIGERGY

2.2.1 SELUAA R AN
A5 fir FH 0 32 B aa AL S AL 2l LR 2-1.
R 2-1 SERAEHS A2t

Table 2-1 Laboratory materials and chemical reagents

K Ak G

Z 2B 5-10 )= RN E R AT PR 22 7]
ENCLEEEST] Tk SR UEET AR RS AT BR 22 7]

A AR R T AR AT BR A ]

TR Tk LRAEHER PR RHATER 24 7]

oy S 8 Tk LRAEHER PR RHATER 24 7]

HH I VA TR AR R T AR AT PR A ]
KRBT 4ERg 5w 28 100MPa LSRR R IR 2 =)

EHETK — SE6 = H
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222 LIEE

AFE T 0 2 B e 4 LR 2-2,

22 L&
Table 2-2 Experimental equipment

UG RS VI
B P B A DS-5510DTH g A AT AR PR A
T MW TR BSA24S FZ TR AR AR A 7
AR T UV5500 Eig e AR H IR A A
14 77 W Eh B b A% JI-1 SR T AN G /K FL AR A PR A 7]
CER e T R ] DHG-914S B =RR AR PR A
T R S-4800 EENEDA
87 IH A5 2T A1 A IRPrestige-21 HA Byt
X Bk AR AT8HX D8 R4 B EAE AT
FE I HTA STA 8000 Z[H PerkinElmer 2\ ]
Jig e Rt vt NDJ-5S i B AR A PR A A
LEE PR BOAX Btr-T1 B E#E AR AR
HL BT 45 7Y YGO03E T 7 A AT PR 2 )
2312 N 2 i I A YG(B)342E TR KRR PR A ]

2.2.3 CTMMG £ 8% K% CTMMG-BVL $# & &R a0H &

CTMMG 73§ - CTMMG-BVL S#E &4 ¥l &2 CTMMG-BVL/PET FiliZ
I S FE AN 2-1 Fio. B %%, K 1.0g 19 MG IIAN 2877k (100mL) 1, 7F
SRR F S BRI S 2B 15mine 2RJ5, K CTCA AR+, £ 60°C
T Yk EE) L 30min, 53] CTMMG 28Uk . NI CTMMG 43 ke i
M, B CTMMG 2380 (10 mg/ml) £E 500rpm K &0 3 %, B M)
CTCA, fE 50°CHFEH E2TI% 24h, 193] CTMMG #K. N T #l&AF P
CTMMG Ffilr, % CTCA/MG 1)) & Lt 43 7 TR 2 A 0% 25% 50% 75%~ 100%-
150%F11 200%, 4N n CTMMG (n %/x CTCA/MG K&

¥ RF (17g) EEALEN (0.23g) Al CTMMG 23 B0 (101g) 1R & )5, 7 30°C
PR 4h S 0.1mol/L IS EMANETR, KT o HGH Y pH
#75 BVL B pH fHAHS . ¥ CTMMG 7387 5 100g BVL iR &4+ 10min, 75
F| CTMMG-BVL F.#i. 2RJ5, ¥ CTMMG-BVL L E &5\ 5 VU4 2 134 A,
b, FHWRERE S E 1h, HJa K CTMMG-BVL FLBTRA MR, 78 120°CH0
# 20min, 170°CHI#H Smin. ZHFTEEIR FAH 16h /5433 CTMMG-BVL i
i
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(a) CTMMG dispersion (b) CTMMG-VPL emulsion (¢) CTMMG-VPL film

________________________________

Deionized water

I I I
I I I 1
I 1 I 1
I I I ]
| Deionized water i o+ L=
o o o o o o o s i i o > - - - - - - - - - - - -
l + . T™MG |
I I | 1
I I I 1
R OJ/ OH | | : (d) CTMMG-BVL/PET composite
I I
e » - e LR ,
: cad O e - : PET skeleton '
- Ho o OH : | RF precondensed resin : i :
| L | i . ;
1 + 1 I 1 1 i " 1
| b P ~ Drying !
1 1 1 1 1
o Qo H - “ !
iHO 6 oni i BV latex i E CTMMG-BVL emulsion :
tHooc”” TOCTO oW 1 - E
: L P |
1 1 1 I 1
I

Kl 2-1 CTMMG-BVL/PET Fiiiz £Hi il & T Z 2K
Fig. 2-1 The preparation process of CTMMG-BVL/PET composite
2.2.4 CTMMG-BVL S 5= R a0H &

W FEWG £ 4E 18 5015 284 70°CHUME 30min J5, KA R HITZ, BA
CTMMG-BVL L+ 10s, B EFLE, EREREG-FUESIR. 78 110°CHl 150°C
THERETE 4min, #1753 CTMMG-BVL/PET STkl FHAH [E #7714 4%
BVL/PET iz BHE *tE . BVL:PET FJF &N 30: 1,

RAR (D HEIRE (X, %).

X =10 % 100% (1)
mo

Hrh my & BVL/PET 8{ CTMMG-BVL/PET S#FUREHHFE (g), mo &
PET HZMRE (g
2.2.5 M SR
2.2.5.1 IR

SKH UV5500 BURAMpu g (R E B o E AR AR £ 660 nm
AT CTMMG 43 B B2 K Bhas e g 1t F CTCA/MG AR Jii & B (RJ
0%+ 25%-+ 50%- 75%- 100%. 150%-. 200%) [ CTMMG Z3r#% (10 mg/ml)
FMiRER 0.70 mg/ml VERISIE I - ¥4 4% 1 CTMMG 2350 0 B3R 1. 2+ 3.
4. 5, 6 F124h, DAPEAEHESREME ), ShARaE MRV &0 5 i as e i kil
A [F] B2 B S 563 2 min, FEACE 10 min Ji5 #E47 0103
2252 WMFIRIH

KA S-4800 ZYHHFH FRMEE (HAH HMHE T EME WE MG M
CTMMG MERTHTES . EMEEZ T, FF T L T mi e ab
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2253 BREMTH

K D8 B X BHRATEH IR MG 1 CTMMG )45 i 458 « BARS BN F -
CuKa $E (A=0.154nm), FTHHIHEVERE (20) Hy 5~80°, FAFHEZFN 4°/min, 1
DK 0.020,
2254 EATHS

K IRPrestige-21 &L AR 2L ARGIEACINX CTCA. MG. CTMMG !
Vel e CTMMG HZE R o M2 A G T 400-4000em ! o F i i) 45 -
¥ 15 HAGKFE B T IR a4, SR 5 A 1/3 2 KBr B3R, B 5-10min
IR GBS Bl ARG EENAR R, $143 0
2255 SHREHMK

KF BTR-T1 HZiA SHEAFER OGN PET &%, BVL/PET. CTMSG-
BVL/PET. BVL #il CTMSG-BVL E& K (50 mmx50 mm) H'F#EE. M
FAF A %I GB/T41958 23K, fEARESCIG = 44 N (I 2742°C, AHAHRSE
65+4%) FATI .
2.2.5.6 $ERERMEREMIK

K YG(B)342E Zp I v g F A A0 PET 48 \BVL/PET.CTMSG-
BVL/PET. BVL 1 CTMSG-BVL E &ML (45mm>45mm) ()5 B i FL H R A
BT MRS v MR N 35+5%, HREA 20£2°C.
2.2.5.7 N1IFEMEEMIR

KA YGOO3E 2 fi 2R 4k 5 /143G BVL 1 CTMMG-BVL JIRJEE (4%
T, SEERK BN 10 mm) (R4 5R AW 2L 32 . A6 9 42 GB/T528-
2009 bR, FiAHEE A 50+£5 mm/min.
2.2.5.8 HEEMIR

KA NDJ-5S AU K5 B i 7E 25+1°CHllik BVL 1 CTMMG-BVL &4 #
FOOREEE o % o#% 7o
2259 #MiaEMEMIR

% STA8000 #E Xl PET. BVL/PET Al CTMMG-BVL/PET fE&/S/S
AR RIRFRE M. BAASECN: FHEE 2N 10°C/min, FHEIEH 30 £ 800°C.
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RS
HERETIT
. .
1
2.3.1 CTMMG 7 BURHI 53 B E 1%
2.8 28
(a) 1 g —¥—MG ( )
24 28 —e—25% CTMMG b 24
_— 320 —&— 50% CTMMG —~
S20F 8 1 —v—75% CTMMG = 20k
o« g5 —&— 100% CTMMG <
v x 1.9 —<— 150% CTMMG -
Y16 ——200% CTMMG o 16}
o
g Rk =
S 12F S 10 15 20 25 30 _g 1.2 12 ~
‘6 Time (min) — —o— 25% CTMMG
Bost 2 08} —a— 50% CTMMG
< o —v—75% CTMMG
04f < 04} —e— 100% CTMMG
' ‘ —<— 150% CTMMG
0.0} s 00k ——200% CTMMG

L
2

Tlme (h) ’ Tlme (h) ’
@'WWWV “”""""
lh 2h 3h 4h 5h 6h 24h lh 2h 3h 4h 5h 6h 24h
RALALAAA LA
lh 2h 3h 4h 5h 6h 24h lh 2h 3h 4h 5h 6h 24h

Kl 2-2 IH CTCA/MG it CTMMG 7} %&/ﬁ?ﬁﬁ*%*%%“*r Lk (a) FIEhASAEE P 2
(b), MG 7 HUBERSTENE (o) MBhERENE (D), BLK 25%CTMMG 73 BB M S A
EME (o) MshERErE () KK
Fig. 2 Static stability curves (a) and dynamic stability curves (b) of the CTMMG dispersions with
various mass ratios of CTCA/MG, the images of static stability (c) and dynamic stability (d) of the
MG dispersion, and the images of static stability (¢) and dynamic stability (f) of the 25%CTMMG
dispersion

ANF B CTMMG 7 B30 Y g S A € 1 42 - MG 23 OB 25%CTMMG
Oy B B E A AL IR A 2 B 2-2a, ¢ Al e fm. M 2-2a iTLLE H, MG
B IR AR E R 2.6, JHUE 5 min JEWOEEHGE RS 0, RIAHLESRE
M ZE. 5 MG 28, CTMMG 7 BORE 1h FEROGERZE 1.0, ME
24h EWOLESEESE 0, RUIHFFSIRENZEFR 2. IFH 25%CTMMG (15
BREMHEMT 50%- 75%- 100%- 150%F1 200% . MG 7B 1 I i (& 2-2¢)
Fizn, MG 7rBURIRAE B Ui, 1 25%8 CTMMG (] 2-2¢) RIfE7HCE 24 h ¥t
BRI, XiE—P 3R] CTCA &1 MG &5 T CTMMG M Sfae .
BT MG KHAAR K EEN (5-200nm) 10, 28N T3R P _E A K i,
JZ25 G HER, MG Z B 5] 155 . BRI, MG 7R 7K 43 BOR A R e 2=
FEBRT MG AT RBIRIFAEEREH NI & CTCA BtttfE, CTMMG
KIERAES, W55 T CTMMG BIRME Ui, MfifEs 1 CTMMG H45r
BURRE M. Ak, 25%[F) CTMMG HT1E MG RHIE KL 1 — 2 576 B B0 1L
MelE T a8 2, PHAS T S RIAR 88, B0 7 AR, MR EEH B4R
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EME. AR, 75%. 100%- 150%A1 200%f] CTMMG Faethiiz, XK At
Z 1) CTCA 715 REQEERITEE ZN a5, AR T E2E Y
FREERR UL, B 2T UK B R R Ak 4 19,

&l 2-2b. d Al £ 23 B B E L CTMMG 2 Bl i sh s fa e i 28, LK
MG 1 25%CTMMG HIsh#&fae i A . MWK 2-2b AT LUEH, BEE 2 HB0R DT
B TR IRE K, CTMMG FIWROG RIS G 8, X R AT shasta g th IR H 1F .
CTMMG & &N 50%H1 200%H, Hahasfa e 2R T HAR LI o iok. S5k
SREMEMAEE, CTMMG (B 2-2b) HIEhasFaE LR R N 25%3] 200%705
WEIFEZ ., XMZESATREE BT /AE CTMMG HA A iR EeEaE, Mg
#t 7 CTMMG 7E Tl A8 1 HA S 2 I

HAh, 200%CTMMG Hishastae . (F 2-2b) MTFESfeEtt (E 2-2a).
FARENZEN - REFZEEEMN CTCA 7775 % M B3 1%E H 32 H
CTMMG, TEJE IR H Y SR B IFITRE . 28T, ERHES CTMMG 48
M AR , CTMMG H B mT 3 1) 88 58, XA R T AL 7 (M Bh A A2 e 14« thah,
CTCA 5/K7rT&856 M T KA Z S T B3 BK & &, AT 7 CTMMG 7
B ARG FE AL PR, FESE IS TR] (10min) PYHEIES T B AUTRE, ATSEEl T &
R BT E .
2.3.2 CTMMG B 5R

KA T BMENE T MG M CTMMG RIREESR MK 2-3. £ MG
(Kl 2-32) R HARRANEZ RZER CFYRSZ 4.51um, & 2-3a 15
BD. K 2-3a ek EG (K 2-3b) SoR, KA AN By 2, BRHE
AR — A NE . 4 CTCA Bttt s, CTMMG HELEE MG B/
WA E (29 3.16um) (B 2-3c AddRED, #7204 FER, A (a)EE 55 50
(El 2-3d). X AT HEAE T8 7 0 BOR L Bh i B3R Bl L& CTCA DALy
S FIAE R I AN BB o =, i 7 JE R A e (& 2-3d TR BE
FELRH ), TERCE/INEE R ARG . FIRESF AT LU ot s A SRR LK 4
B B E iR, AT R A B E
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K 2-3 MG (a Al b) F125%CTMMG (c 1 d) AyFA$ i1 B ks E% EE%EME’JR#
/\ﬁ

Fig. 2-3 SEM images of MG (a and b) and 25 % CTMMG (c and d), insets are their size
distributions

2.3.3 CTMMG 43 BURRRE M B9 /E R HLEHI 4 47
MG Fl CTMMG 1) X S2A7 5 Bk 2-4 fiw. 7TELE H, MG il CTMMG
7E 20=23.9°, 26.3°H1 54.7° 435G ATt HU SEAHT, 2B CTCA 211 MG X}
B RIE AT I B . SRTT, CTMMG 7E 23.9°. 26.3°F1 54.7° Kb HIATETIE
SRFESE G, A T RN FE AR EE ARk, THEL T 26.3°AbRFAE UG (1) 2 U4 B
fH (FWHM) (] 2-4b), 51K CTMMG 1) FWHM (0.488) ik T MG ¥ FWHM
(0.509). X 7] RESE H T A0 B 20 I BRI B M i R rh i e 0 3N, A SR Ak
oy (1 2-3b 1 d B ERE LRI ) FOAS LI 30 2k T 438 55 1 B804 1 Sk
e, X5 ERE T BRI T A R B 1E 20=26.3°4b [ 2R IE B T
(002)F4 T, FEAIFEA 0.34 nm, X/& MG il CTMMG # I B 47 S0 fe ¢
i
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(a) a—MG (b)
b — CTMMG 26.3°
FWHM=0.488
= s
7] = | FWHM=0.509
= w
L 4.0 24 540 54 0 g
b 23.9° ' M 26.3° 54T
.\ .
1 1 1 1 1 1 1 1 1 1 1

40 23 24 25 26 27 28 29 30
20 (°) 20 (°)

K 2-4 MG 1 25% CTMMG [ X SFEATHTE (a), (a) 7£ 26.3°WHIBCKIE (b)
Fig. 2-4 (a) XRD patterns of MG and 25 % CTMMG, (b) the enlarged pattern of (a) at peak of
26.3°

N T 7R CTMMG L2245 F Rk 3 CTMMG 43 B R 8- 5 S A sh A ke e v
FIFLEE, B 2-5 J45 T CTCA. MG, CTMMG Fl¥i% CTMMG ()48 B IH-21 71
. CTCA (K] 2-5a 11 ) OGS RoR 2 MRrfElE, G35 O-H (3434cm™),
C-H (2918 cm™), C-N #1 C-O (1014-1165cm™), Ti-O. Ti-N 1 Ti-O-C (748-955
em™) FIHZEdRS) 1041021 DL O-H (1400 cm™) Al JE A1V FRIE A C-H #% (1380-
1458 cm™) RSN . C-N MAEIRSN B S o-C HEFEFH X, KERERK C-N
Al C-N*-C 44 51— AE 1030-1180 cm™ 101103, 1041 ¥2 3Ly C-O 4R BhIE 5
C-N [ 4ERaNIEE S .

Wave number (cm™)

(a) a— CTCA (b) a—CTCA
b—MG b—MG
¢— CTMMG ¢ — CTMMG
d 1 d — washed CTMMG d— \a{gshcd CTMMG Lo
c : ‘ T
a/"\ a N . §
i : \ ) P
e e/ | N NEN
| 3434 ws / I \\ § \\/ \\ i P
| 5 L//Uﬂf/ I 5 AP
| H ] H H / .
| ; P : / | A~ e ay
L_._/q// 17 16 LLM LR
4000 3600 3200 2800 2400 2000 1600 1200 800 2000 1600 1200 800

Wave number (cm™)

& 2-5.CTCA. MG. CTMMG FIi 5 CTMMG M fd AR 20 Ak, 0 B 4 i
4000-600 cm™ (a) F12050-700 cm™ (b)
Fig. 2-5 FTIR spectra of CTCA, MG, CTMMG, and washed CTMMG with the wavenumber
ranges of 4000-600 cm™! (a) and 2050-700 cm™' (b)

2-5a 1 MG ik (b) BIF6IERIA O-H (3449 cm™). C-O (1773 ecm™).
C-C (1650 F1 1629 cm™) {HZEIRENAT O-H (1400 cm™) IR IRFAEIE . X%
W] MG T & — SR, AR T5H CTCA kAN RN . 5 MG ML,
CTMMG (& 2-5a 1] (c)) WG HIZR7E 3449 e (O-H 14 4&3)) A1 1400
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em™ (O-H ZTEARSN) AL ILIE R g, 7€ 1014-1165 cm™ (C-N Al C-O fi%
PR5h) 1 748-955 cm™ (Ti-O, Ti-N Al Ti-O-C H&EIRSN) Ab BT IR Ui, %
] CTCA B Y B sl ik 4 R Th W BRHE MG Rl . Z4/K¥EfE, CTMMG (& 2-5a
i) d) 7E 3449 ecm™y 1014-1165 cm™ F1 748-955 e A ()W g e 518 B2 A1 H 5
A KRR, XRP—%EIEN CTCA M\ CTMMG Efi?%. ¥ CTCA Al
MG ZIafEEE (B 2-6), HEMIIX LR AE MG R 155 CTCA &t S
SR T CTMMG. 1M¥EE G B CTMMG 7E 1047 880 1 833 cm! 4bJ)
AR, IX R IAPE G I CTMMG @ik MG [1J-OH 2£[4]5 CTCA (1) O-Ti %[
Z A B2 R N R T W22 C-0 (1047 cm™) A1 C-O-Ti (880 Al 833 cm™) 3.
[Rlt, CTCA #fisL il C-O-Ti f8 (B 2-6 228 S04 1E I 7E MG
Y, R R CTMMG fa o MR AR .

Zi b, JKIEE CTMMG 7 BUR MR e 2 BT A 3, 2N CTCA &1
T SRR I B AL A P s> T R 3R . CTCA Jlid L4 (C-O-Ti #) £
B SRR, TEAMIMEF NRME S A 88050 55, A T /0 Bol &
WM AEENE, X2 CTMMG BA H thshafa e i IR .

chemical bond

hydrogen bond

Kl 2-6 KH CTCA X} MG #EAT M, 42 MG /K7 Bl i shas Fa e 1tk
Fig. 2-6 Scheme of the modification of MG with CTCA for improving the dynamic stability of
waterborne MG dispersion

2.3.4 CTMMG-BVL S8 & 3Lk M e
2-7 2777 BVL il CTMMG-BVL K& (CTMMG & &: 2.19wt%) MKH
AR RE
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f

'
o
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N
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N
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_

Nang

A\

A\ 7\
BVL film CTMMG-BVL film

__

N

BVL film

(@)

NN

Tensile strength (MPa)
Elongation at break (%)

BVL emulsion CTMMG-BVL emulsion

4 2-7 BVL M1 CTMMG-BVL IR SR EL (a). FREEF AR SE RN (b)), fi
fHSREE (o) PARCEATRIBIIREEE (D
Fig. 2-7 Thermal conductivity (a), static residue and static half-life (b), tensile property (c) of BVL
and CTMMG-BVL films, and viscosity (d) of their emulsions

CTMMG-BVL R 1) 5 # BE B FLPERE R 77 22 M BE I AR T BVL I
5 BVL KEAMEL, CTMMG-BVL [RJEK SRR T 28.8% (5.13—6.61
W/(mK)) (B 2-7a), iR RN LI 444V A1 1.48s 59 0 (]
2-7b), hilhiRE R 4.5% (7.77—8.12Mpa) (& 2-7¢). AW, /&K CTMMG

(2.19wt%) ] LA R BVL IRIE R SRR PR MERE. 5 BVL Ll

FHEL, CTMMG-BVL FLEFIRG EERS A G (2.54—>3.24 mPa-s) (B 2-7d), kS
FEMifR T CTMMG-BVL FLiti v H TR Ab B .
2.3.5 CTMMG-BVL/PET S# 28 By 1E 56

PET ‘5 %%, BVL/PET 1 CTMMG-BVL/PET FiliZ k) 5 #utdk: fe A v fE
UK 2-8 7. BVL/PET Al CTMMG-BVL/PET HIFHIEZH A 8.0%H, CTMMG-
BVL/PET Tkl S A BUE Z R 5 48.3% (2.65—3.93 W/(m'K)). LK, b
&= ) CTMMG 1] DL #b$2 =y PET TR BHY S #R%. Wikl 2-8b Fra, PET &
48, BVL/PET 1 CTMMG-BVL/PET TIli= K} (1) & HL5R B FoLE 4330 1239V, 477V
1315V, #EEZEI 09 9. 1.58 AT 1.39s. 45 % B, BVL/PET Al CTMMG-
BVL/PET Titiz BB Hiis it fe A W 42w . CTMMG-BVL/PET Titiz BHHEA i
PIPTE e RE, AR B H R L BVL/PET /b 1 34.0%.
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4.5 1400 10.0
= (a) 3.93 (b) 12399.00
M 401 1200 L [ static residue
g 35 +48.3% s M static half-life 8.0 o~
3 3.0 2.65 21000 i
= 259 —i g 6.0 =
- S S 800+ €+
i1 @ =
2 20t 2 600 40 S
g 15} = -
s S 400} S
g 1.0r a 139 120 A
5 os) 200+
= 0.0 0 0.0

3 ~ite
1A compO™

pET S

. osite
(\‘\Pos“e ? A\ com‘) \eton
pET <© Y PET K¢
B\J\" ’YMMG

xpos'®
PTG VU
g

Kl 2-8 PET #%%. BVL/PET Al CTMMG-BVL/PET T kHI S RE () FIpissHilERE
(b)
Fig. 2-8 Thermal conductivity (a) and electrostatic performance (b) of PET skeleton, BVL/PET
and CTMMG-BVL/PET composites

] 2-8a 1 b #1, CTMMG-BVL/PET Uik} 5 #4 R EOR 5k 77 & F P e B I
PR 48.3% PR 34.0%. XFEH CTMMG 7EE43% BVL )53 GE 7 1 22 9L
Lo 3 TR AF AR . X AT ARV R T B 0 5 AR T PR AR R 1OST, FEsk
iR (50°C) T, Al E BT A1, TSR RO T
R CTMMG-BVL/PET Hii2 kBl CTMMG K& &N 0.16% B IR FxCTMMG
TE: 8.0%%2.19%), WAKTH 17%HZiER{E, H CTMMG-BVL/PET g £
SHERE 4T T BVL/PET Wi k. X v fE2 T CTCA i/l 7 CTMMG
AR, AROhEK T CTMMG-BVL S AR . 4, PET 22k (1 2-
9a) JH MR ILOEZEERHE, XMIRE CTMMG-BVL ix/Z1 PET 548 (K
2-9b) BIIE TSR RIS BRIESE, B RF CTMMG ¥ IR IE 5 1) 52 [a) HE S M T B
MFHIE, H IR CTMMG-BVL/PET Fliig Rl S 2%, x5 N0l 45—
.

(a) (b)
CTMMG-BVL CTMMG-BVL/PET composite
PET string  overcoat

Wrapped
string N =

K 2-9 CTMMG-BVL/PET HiiZ B & MR EE () AT (b)
Fig. 2-9 Thermal conductivity (a) and antistatic properties (b) of PET skeleton, BVL/PET and
CTMMG-BVL/PET prepregs

KA TG MR PET ‘&248. BVL/PET Al CTMMG-BVL/PET FiiR BHr # e &
P, R E 2-10 fic. PET ‘H%2. BVL/PET Ml CTMMG-BVL/PET [f]J5i 4R
KRN 89.50% 90.37%F1 87.33%, 2% A J< FIN [HIR EE 4 7N 397, 370
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A1 370°C (& 2-10a), F ] BVL/PET F1 CTMMG-BVL/PET TRk} EL A FH 5] 1 44
fifis B, 3K T PET 5 48 « AR} 5 oK ot 2457 25 285 FE 4 444°C (1] 2-10b),
BVL/PET fl CTMMG-BVL/PET EA M AWM KR EH KR, KT PET &4,
[Alt, CTMMG-BVL/PET [ # i E YL = T PET & 28H1 BVL/PET.

(€) " (b) Jesaranog
100 | s N 2.00% -20 ' pET skeleton 1 7m444°C
" | — BYL /PET composil»c )
30 | 370°C ' - s CTMMG-BVL/PET composite
397°C E 151
—~
Sl s
o
) -87.33% —-10
= L -89.502 O
40 89.50% e
-90.37% =) 5
20 | == PET skeleton '
s BVL/PET composite
e CTMMG-BVL/PET composite ] H 0
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

K 2-10 PET ‘B4, BVL/PET Al CTMMG-BVL/PET WliZkHK TG (a) 1 DTG (b) HiZk
Fig. 2-10 TG (a) and DTG (b) curves of PET skeleton, BVL/PET, and CTMMG-BVL/PET

prepregs

£ 370°CI E KA H T AL SUEFEEE NG T RIFEAE, £ 444°CJi
BRI HT PET RO HFREMHE R, 7Y RS M5B TCHL K
5r. 5 PET ‘BZEAHLL, BVL/PET M il &4 k%322 T BVL/PET H/RH
AN EE WL T IR ERTE. 1e4h, CTMMG-BVL/PET HMIRIEIIR R
BT MG ) i #0881 R R R T B A N AR i) — S8 Ak K 43, 34 A A
T MG A o S B AE PR AR ) PET CAnoR IR S HATAEYDD 3R . MG R A
> T HRE IR AR S AL, (R HRRi . {E 444°CH, BVL/PET Al CTMMG-
BVL/PET {5 KJi B4 25 R MK T PET, X2 HT BVL A MG 7 HiR el
LS, MRS T PET K3 EfR .

2.4 KREING

AR B A R RR BR I MR MBI 22 [ A0 S8 05 ) 46 /K I S M 2 WO, 2k T3
RANE G L0 & TR FARESHMER PET SR EL, R 1K
B2 5 A BRI B e, SHX TR AE SR PET TRkl S it
REFRIRZ M o

5 MG #Lt, CTMMG Wiz MERSiE YEAE 240 WA BERS, HBE
ENAE R, HahAfag tERFHEE . BI71E & 25% 0, CTMMG 73 #0R
ffasE M. FTIR 28T, CTMMG 4 80fifa e e 1 AL A0 225 C-
O-Ti (CTCA K Ti-O 1 MG [-OH F=A: 1k 2286 ) A st [F/EH 45 R .

4 CTMMG IR I 2.19wt%I, CTMMG-BVL i -5 5 2 HORT i A
SRE ) IER T 28.8%A11 4.5%; CTMMG-BVL FLiK KK E (3.24mPas) BT

25



RT3

BVL ABHKLE (2.54mPas), FH] CTMMG-BVL FLIK 85 4 Hh FH -1 55 5 4
I RERE L B3 A 8.0wt% I, CTMMG-BVL/PET FiiE £ S 9 R 5032 = 48.3%
(2.65—3.93W/(m'K)), H#FEE 15 24 (BT EH R F I 90.37% —87.33% ).
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£3E BREAFK-THRILSAESHHEIASIF TR

3.1 518§

HEF B (SG) & H— 25 T R % HERUE U —4EpRL, JE A 0.335
gk, BAWER R MARAZER L, HAR N 4250 T 7 SG kAL
SRIE . FWMEDL A T B SR SRR . b 7R R B WU .
SARVTRRE BB SR  BRACEE S B A Ky %5 o bl T 8 O B RN 2P
SG fEREIR . LA . AW U E G RO E A T2 B AT S .

i b 5 i AR AN B 2 B A s AR b P2, SG R I B AT
LRI Bt fEFRES VIR B L BRI HE R, DL A S50 73 BOR
FE KBRS BEVR A 20 B0 Hh S 4 (9 3 iR e v DO 10800 b4, T HE S
P R AU FH D &1 SG A AT DAFE SR I AR AR i R iy i Bk AT, IRk
— BB E AR R4S AR . L, BT IERI I SG, KT
IR JEL FEE 1) 5 R T R RN I T A R LB RRARE F

EARTEH, 8id CTCA &1 SG 13 BI/K I B2 5505 73 B0 (CTMSG) . %
FHIBANR B LM% TR (BVL) SHE S EA PET SRATIRE . &
FAF L E L CTCA/SG 1) CTMSG Ff i ) sh A i faoE 1 L HAE AL ..
Ji. CTMSG %t BVL/PET ST B FRVERE . uih d 1t G A0 FAEe e M i 52 i
PSR
3.2 SEIwERSY
3.2.1 LM EIFIEFEIRF

A g Fir I e RS 40 2GR LR 3-1.

# 3-1 LM RS A

Table 3-1 Laboratory materials and chemical reagents

K RS G
R A R 12 )2 TN R AT PR 7]
ENCLEEEST] Tk gk S LA DU R IR 2 =]
A AR ERTRL T AR A PR A 7]
TR Tk LR R IR 2
oy S 8 Tk LSRR IR
HH I VA TR AR ERTRL T AR A PR A 7]
RBRLT AR 5in A 22 100MPa AR AR IR 7]
EHETK — SEAG = H
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322 SKERE
A 5 T B 2 SRS Ve g WK 3-2.
® 32 LB
Table 3-2 Experimental equipment

T RS HFETR
e FE T DA DS-5510DTH AT A S PR A T
T MW TR BSA24S FZ TR AR AR A 7
AN T UV5500 H A gy
14 77 W Eh B b4 JI-1 SR T AN G /K FL AR A PR A 7]
FL RV I S R T R A DHG-914S b =R REAAERA IRA F
T R S-4800 EENEDA
LRI RS VHX-7000N H A Keyence
X HHEOGHL T RETEAX Nexsa G2 5 EFEBR W R B AR
87 IH A5 2T A1 IRPrestige-21 HA Byt
X Bk AR ATSH D8 &% T EAE A
FE I HTA STA 8000 Z[H PerkinElmer 2]
TRt R P Tt NDJ-5S g A AR PR A
LEA PR BONAAX Btr-T1 O E#E AR AR
FL - BT 458 14X YGO03E TR 7 FAES AT BR A W
S I 2 L A YG(B)342E N KRG GULEA PR A ]

3.2.3 CTMSG 9 8& &% CTMSG-BVL S & &M R1#HI&

& 3-1a. by CTMSG 43 B 2 CTMSG-BVL S E &#PEH#43 FE . B
J&, ¥ SG (0.1g) A1 DW (100mL) 7EH B A S 28 FIRA 15min. A
CTCA 1E 60°CHk 4L FE 43 B 30min, #1#3 CTMSG 438U (Img/mL), 7E
S0°CHEZHAE T T45 24 h, #1158 CTMSG #rK. CTMSG Uil DW B0k 5
3, BRERKRRPIK CTCA, PL#—H 3 CTMSG €. CTCA/SG i &
EE 2 IR HILE 50% 100%- 150%. 200%- 250%- 300%, Fxic A m CTMSG,
Hrhm 3R CTCA/SG i & L.

¥ 0.23g EEALEN. 108g CTMSG M1 17g RF JB4A, 1E 30°CHIREJ 1R T I
R 4h, FFHIA 0.1mol/L E &M AE A TR GV H) pH A, LA#AERYS BVL HIE
W— ARG TE CTMSG 2350 A In A 100g BVL, HUARIE & 10min, 15 3] CTMSG-
BVL A, EEFARNUROIEEE, HWREKHEE. CTMSG-BVL W 77 HilfE
120°CHA 170°C I #% 20min F1 Smin. 5 )5, fE =\ N CE 16h, 52 &8N 0.2wt%
(1) CTMSG-BVL JK i, 3F FRIFE 7773545 7 ARl CTMSG & &(0.1wt%- 0.3wt%
A1 0.4wt%) CTMSG-BVL JiZfiE
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(@) @
o

—
BL
Sonication and electric stirring
Gl
© A ’ : .
| évi} : .
Rolling Dipping Mix Leave to defoam

| }

- -
- .I = <. .h@

Drying Drying

K 3-1 CTMSG-BVL figfii 2 CTMSG-BVL/PET SR B HI{EILFE. CTMSG 4k
W (a). CTMSG-BVL FLBAEE (b) & CTMSG-BVL/PET SFHFREL (o) Il
Fig. 3-1 Fabrication process of CTMSG-BVL adhesive film and CTMSG-BVL/PET
thermally conductive prepreg.Preparation of CTMSG dispersion (a), CTMSG-BVL emulsion and
adhesive film (b) and CTMSG-BVL/PET thermally conductive prepreg (c)

3.2.4 CTMSG-BVL/PET S T2 R A0H &
7 2.2.4 & T AT 64
3.2.5 MK 53RAE
3.2.5.1 IRAEMR
22 2.2.5.1 M7 12347 0
3.2.52 WMFIR O
27 2.2.5.2 P T7 V54T 00
3253 REFSESH
K IHS A R S %E SG A1 CTMSG IR 3R .
3.2.54 HEmiEtaath
27 2.2.5.3 P 7 V54T I
3255 BESH
KHET )1 BB % SG fl CTMSG MR .
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3.2.5.6 EFATHSR

27 2.2.5.4 WA 7 53T I
3.2.5.7 TEMSH
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3.2.5.10 JIFMHEREM

27 2.2.5.7 WA 7 370K
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3.3.1 CTMSG 7 BURHI 7 BAR E 1

ANFFEE CTMSG 78R E St e 4. SG 2 Bul Al 250%CTSMG
BRI SR E MBS DI E 3-1a. ¢ Ml e fin. S55E, SG 2BUk Y
WG N 1.7, TRCE 2h JEWOGEE SR NS R 0.8, R4 SG STz E
72 1M CTMSG BIWIGERIEEE N 1.9, THE 24 h 212 T2 0.6, 1iH] CTMSG
BABIFRESTEENE. FN, 250%CTMSG B A &ifFrEstaEr:, BE A
WA f, CTMSG 2 #l (B 3-2¢) HRIPTIER L SG (B 3-2¢) PR ZE /D
B%, XiFE—PUE TiX— .

CTMSG HahAFE N 3-2b, for, RUIFEEBCER AIFZER, CTMSG
IYHOHR O AR R A, RASARE G THSREE (B 3-2¢).
CTMSG HIE & Fa e R Z R R F 2 CTMSG ki 7751078 J2 A BB 35 F1 484,
AR K ) O 5 O B R, S8 CTMSG BT IR AP . IEB R G
CTMSG HIZEMBEMAE TR, B T CTMSG R&EAERpikE, AR T3
AR E . CTMSG JE 24h J5Uiks (B 3-20) Lt SG (Kl 3-2d) MLk
wE/D, H—PUE CTMSG Wizt e R £, XK CTMSG 7 BE
AP R, BidE ] LUt — B JUd 2 B S FIUTIE . CTMSG ] i 43
B A R T AE Tl BRI R e N
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EI 3-2 A[F CTCA/SG Jii &t CTMSG 7 BRI EF S FUENE () MzhEFENE (). SG
S BRI RS TERIR (o) FMZNESFEEEE (d. 250% CTMSG 43 BB K 5 ST E
PEEE (o) MshBTELEEE (O
Fig. 3-2 The CTMSG dispersions’ static stability (a) and dynamic stability (b), the SG dispersions’
static stability image (c) and dynamic stability image (d), 250% CTMSG dispersion's static
stability image (e) and dynamic stability image (f)..

3.3.2 CTMSG B A5
KA BB SG Al CTMSG M3 T Il 82 3-3). SG A
AN Z450 (B 3-3a-c), FEFRAME (K 3-3b, o). FLIFAMED
CEEIR/ANAN 03120.12um) (F] 3-3¢ FEE L) SG H—2 5 EEHF X
RGN P Z L 254 (B 3-3d-0), R4t CTCA Mickitk)g, 2P 45 k84S
(B 3-3g-D), BSIEkO . FLIRFIE A1 2% 258 . HEDIER SR SG &8 75 43
A Eh$ERE G, A 2 RICIR G5 M8 $T FF, CTCA 435 SG s AL i i 2 AN
M EAE, W 7L D% . CTMSG #1872 B8 g Sobsd hn 1
CTMSG HItER M, /N 7Bk R T, Mifidgs 1 CTMSG ZHol ffs e .
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(c) SG
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\

{7 -\,‘\ d=0.31=0:12um

(g) CTMSG -7 @) cT™MSE e

e Spm
(j) CTMSG ¥ (v orvisG.

Spumy pm

E3-3SG (a-f) 1 250%CTMSG (g-1) [HF4ifi i 7 &1 1%
Fig.3-3 SEM images of SG (a—f) and 250% CTMSG (g-1)

3.3.3 CTMSG 4 #iffa E MR E R HLE 4
K X BHEATHAC M SG I CTMSG YR S5 K, 45 B an P 3-4a iR

SG 1 CTMSG ¥ R IIATHTIEAR T8, IX W e T R IR B 2, AV 2 /84 (A
3-4f, i, D HRJRIAZGAN, SG RMAFAEVFZ RS (LK 3-4¢) 1%
B R 45 B ZE . CTMSG (002) AT iU ) 23.1 #8)3 24.1, W] CTMSG
JEIAEE AN 0.385 nm #8/N 2 0.369 nm (ARAEATHik& 7 Ae, R RIERES 2600, X5
Hogh g 009 101 JHRATRE S CTCA 5 SG F JZ I PR s 2 11 437 1l /E
B ER, DL CTCA 43+%F SG kT MEEA/EH . CTMSG 1E 43.1°4b 1)
FT5E (100) 5 R E g, X2 HT CTMSG HIRE4E I 7 2R, SG K
77 AR HES DL R 2 18] BE /N o B P 3-4b A1 e T LA, CTCA B¢t j5 CTMSG
() JEFE M 3.66+1.88 nm 1 HF 8.61+3.29 nm, X FEEIHF T CTCA X} SG 78
VERL . A 88075 2 (M S HT HERLA CTMSG HIFESY, XA T2 CTMSG TRk
1 R R (10110
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a ! a—SG
b——250%CTMSG

231 ¢
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K 3-4 (a) SG M 250%CTMSG 11 X FHAATHE, SG (b) M CTMSG (c) HIJET 774U
A AP
Fig. 3-4 (a) XRD patterns of SG and 250%CTMSG, AFM microscopy images of SG (b), and
CTMSG (c) showing thickness.

SG. CTMSG 1 CTCA 1] FTIR Jti K 3-5 frzm. CTCA JGilkfE 3400,
2910 915, 1014-1165 F1 1410 ecm™ &b JUANFHEVE, 4 5% BT O-H. C-H. Ti-
O-C. C-N/C-O 1 O-H [4adezh (& 3-5a, by 1%, SG 7F 3400, 1754, 1656
1224 em™ JEF JUANE, 3 RI% T O-H, C=0, IR C=C FIIFEEE 4R
LK O-H A RSN (B 3-5b) 112, 24 CTCA 1&1fiJ5 1) CTMSG (B 3-5b)
£ 1093 1073 #1915 em™ 4b tH BT FIRHIEUE, UESE T CTCA IR F7E SG .
CTMSG fE 3400 1 1410 cm™ &b 2 =38 58 1) O-H FHIEWE( 3-5a, b), B CTCA
M SG Z [AFE i A . B J5, CTMSG 7£ 3400, 1093. 1073 #1915
e A IR AT IS 5 B U 2 FAAG, 1PH CTCA #8490 A CTMSG A4 B Hi oK, IERH
CTCA &l i P HfE W B E SG s

VBRI BALEE T e L T CTCA 5 SG A MM A#IEH (B 3-6a), HRL
it T CTMSG 4rBUR IR E M. thah, Weik)s CTMSG 7E 1093, 1073 Al
915cm™ AR IS IEATISRATAE (1 3-5b), FREAE CTCA I8 Ak 2445 FH W e
SG L. LR ALEE AT REZE T SG ¥R (-OH) 5 CTCA 1%k (O-Ti) Al/sk
SG M4 HR1S CTCA M-OH Z ML ER, TERk 1 E5E C-O-Ti M1 C-0
b2zt (B 3-6b), 23t 7 CTMSG MKIANURAR EE. N T UESEHEN, %F SG 1
CTMSG #—Z#4T XPS 74T,
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€] 3-5 CTCA. SG. CTMSG ¥ CTMSG 7E 400-4000cm ¥ il P9 11 (7 AR 4 21 A1 i
(a) F1400-2000cm™ i FE ] TGS (b), SG. CTMSG ) X S FRENE (o,
SG K Cls (d), CTMSG ] Cls (e), PLK CTMSG fJ Ti2p (f)

Fig 3-5 FTIR spectra of CTCA, SG, CTMSG, and CTMSG after washing in the range of 400—
4000cm™ (a) and enlargement spectra in (a) in the range of 400-2000 cm™ (b), (¢) X-ray
photoelectron spectra of SG, CTMSG, (d) Cls of SG, (e¢) Cls of CTMSG, and (f) Ti2p of CTMSG

el 3-5¢ firs, SG [ XPS # A BoR 1 Cls (284.8eV) 1 Ols (533.2eV)
%, T CTMSG 1£ 400.5 eV F1459.4 eV At L PN, XM ) T~ CTCA.

# Cls 43W&Erf UKL SG A1 CTMSG A AN FEIFIHFEIE . SG ) Cls i i =ik
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ARk (B 3-5d). 1E284.8 eV &b, H—uZIHEX N T C-C 8t C=C . i T
286.3 eV H1290.6 eV 4L JE T C-O F1 C=0 10181, CTMSG 1) Cls =/~ H
L7314, 12 CTMSG H 1) C-O A3 FIARX T AR L SG MRS £, JE A& CTCA
HEA KRR C-0 8 (K 3-6b). A, Ti2zp H =A% (Kl 3-50, XfRT C-
O-Ti (459.4 F1465.1 eV) PUFITI-N (A, 4723 eV). 5 CTCA (XF Ti-
O) BLIIELE, Ti-N Mg —ANEiE, XIHKT CTCA -OH 5 Ti-O HIAH HAE
H, FERT C-O-Ti 8 A Ti-N A4 . KUk, CTCA 1 SG 2 [ B SEAF AL 22,
X AESE T CTCA Ml SG 2 [ HI4b AL (& 3-6b)

(a)

HO OJ\ o Hydrogen
N 0.~
ﬁg;y‘li_ﬁg + bond
HO' & \’—‘-“"
CTICA SG
(b)
"0\_\ ‘l’)\ on Chemical o QJJ\ E
2 ~ R 0.
o ni{.’/f/ + bond ~ "\‘D
mo | = — = 0/ o on
YO

] 3-6 CTCA 2ttt SG 12 /K& BBl S FUE L (a) AL (b) HLEE
Fig 3-6 Physical (a) and chemical (b) mechanism of CTCA modified SG with improved dynamic
stability of waterborne dispersion.

3.3.4 CTMSG-BVL SR FE K ZL iR BE

AR, AEGEET AR SRR RE & m e 1, A
HEASHRABOE & T (D SFIAE. 2 B PLIOCHFE M IR SRR,
R EAEANT ] LUAE TR N SRS Zp AR5, AT S 7™ it B4 A5 FH 75 i o

3-7a 7R T ARA CTMSG & (M 0.1wt%ZF] 0.4wt%) FIEE N 0.3 mm
) BVL A1 CTMSG-BVL [R5 A S ERE. 2 CTMSG K& EM 0 303
0.1, 0.2, 0.3 1 0.4wt%INf, CTMSG HI'FHREM 3.52 HGINF] 4.07. 435, 4.52
1 4.72W/(m-K), IS T CTMSG ) S #AMERERIR &, X 54 S50 g #—g U5
"7, CTMSG-BVL [1)5% ¥ i FL L R B & CTMSG (1) & &= 38 i s /b (&l 3-7b).
CTMSG-BVL (CTMSG % &: 0.2wt%) 1F 224V 5% B 5 i L K LUAE 444V K
49.5%. BINbER CTMSG (s 24 0.2wt%) 7 LA Rthikss BVL B
SAREREAPIRFRVERE. EHTE R, 18 CTMSG & &N 0.2wt%HH) CTMSG-
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BVL #4783t —0W 5. CTMSG-BVL #ifisafE A 7.32 MPa, Lt BVL i 6.74
MPa 5 8.6% (& 3-7¢). T EEN]Z, CTMSG-BVL FLIK K A0 0.77mPa-s
(K 3-7d), BARBIRG 2 PLFEIR I F2 H F T & SR B N 9K ek ) S IR (B

3'7f> o
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K 3-7 CTMSG & & AR CTMSG-BVL IZRHI S &A% (a). PisFMERE (b). BVL A
CTMSG-BVL BIEMHH58E (c). BVL Al CTMSG-BVL FL A E (d)+ CTMSG-BVL
L (e) M CTMSG-BVL G () I H
Fig 3-7 Thermal conductivity (a), electrostatic property (b) with various CTMSG content in
CTMSG-BVL films, the tensile strength of BVL and CTMSG-BL films (c), BVL and CTMSG-
BVL emulsions’ viscosity (d), the images of CTMSG-BVL emulsion (¢) and CTMSG-BVL film

®

3.3.5 CTMSG-BVL/PET ST 8RO 14 RE

PET ‘B4 SR HN 1.76W/(m-K), 5 BVL 1 CTMSG-BVL & &)5, &
WEK MR 1.91 A1 2.56W/(m-K) (B 3-8a), ML CTMSG-BVL 215
PET ‘H 20 S AR EUR E LR 42.5%. M4, PET B 4L ER TR N 864V,
Il BVL/PET #1 CTMSG-BVL/PET %% FE &t i FL s 43 il B 22 433V Al 344V (]
3-8b), %] BVL/PET Al CTMSG-BVL/PET HIFiif B RES 2 B 2. B 3-
8c M LAEH, PET HHEA AT, 4 BVL M CTMSG-BVL &5 5 48 Mg
BVL/PET #il CTMSG-BVL/PET Z [A] (/N8 22 FHGIEW] T CTMSG & EARAIC.

FEIERAE, EEN 0.3 mm ) CTMSG-BVL RIER S A& %L BVL &
JEFRE S T 19.1%, 1 CTMSG-BVL/PET S HUR K T A ELL BVL/PET TR
BHEE T 34.0%, XK CTMSG 7E TR AR I S AE R TR, HE Ji 5 ]
REJE CTMSG 7E PET AF4ERMIERL T 172 S, $Em 7 ME LSRR

He xE
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Kl 3-8 PET 4. BVL/PET #1 CTMSG-BVL/PET SR EHI FHERE (). FREFHHEE

JE (b). SEE R (o). CTMSG-BL/PET £F4ERREAEIH (d) FIBCKE (e). PET (£ Al

CTMSG-BVL/PET (g) [MHFIRRIESIE, CTMSG-BVL/PET (H-J) £14i3R1H SEM K]
%, (K> CTMSG-BVL/PET S# kL HoR = E.

Fig. 3-8 Thermal conductivity (a), static residue (b), optical photos (c) of PET fabric, BL/PET and
CTMSG-BL/PET composites, cross-section of CTMSG-BL/PET fiber (d) and (e) the enlarged
image of (d), surface morphologies of PET (f) and CTMSG-BL/PET (g) with super-depth of field
map, SEM image of surface morphology of CTMSG-BL/PET (h-j), (k) schematic diagram of heat
transfer in CTMSGBL/PET composite

ATHRE CTMSG W4 fifEil, 411#% CTMSG-BVL/PET T TR BHAF 4t

AR TR 2 T PR 4 Pl S O R - 4] 3-8d, e Tz, CTMSG-BVL JRRTE PET
HBE R VP35 ) BE AN 0.6+0.047um (3-8 D, B/ CTMSG [ )R~
(1 3-4¢), X EMA R A 8.61 nm (] CTMSG fRAMETE E 73 A /£ CTMSG-BVL
B . CTMSG-BVL W HI G PET KR HIEA W&l 8 ffrar, 4l PET Kif
Jeig A4 JFAR >, i CTMSG-BVL/PET [I4F4ERTH Z AR % CTMSG KA
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T2 (K] 3-8g), CTMSG o~ H WS4 4E3 1 5 m i B A HESY (& 3-8h-)),
XAFFHEEZ W FHAER (K 3-8k).
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3-9 PET 5%, BVL/PET fl CTMSG-BVL/PET S#JiiZ k) TG(a, c)fl DTG (b),
BVL FLI Tg f1 DTG (d)
Fig. 3-9 TG (a,c) and DTG (b) of PET fabric, BVL/PET and CTMSG-BVL/PET composites, TG
and DTG (d) of BVL latex

N T WS PET ‘B 242, BVL/PET. CTMSG-BVL/PET S #JiiZ B UL &% BVL &
FLIREE e M, A TG M ARA TR AR B2 R EZ Y 2%Mf, PET. BVL/PET
A CTMSG-BVL/PET [P E 735124 395°C. 375°CAH1 375°C (] 3-9a), BVL/PET
(R % 5 CTMSG-BVL/PET #H[A], {HAKT PET ZAWIiRSE, XFE2EH T BVL
Bl (FERRET ZMmatson, WK 3-94) M BVL FLRF /Ny TH L
1 &V AR 118 191 PET. BVL/PET Al CTMSG-BVL/PET f# K2k BRI
FE3 50N 444, 444 F1 432°C (& 3-9b). CTMSG-BVL/PET E & BHE ik KK E
WG LT BVL/PET E46 MK, KB CTMSG (2t 7 5 &M B, 1T
REFI P fif R F R ] 3-10 FioR, CTCA 73 ERIFREES PET 40+ ERIBREE K A4 5%
B, I T PET HIREf#E. PET B KAREZN 89.5%, (KT BVL/PET H
90.37%F1 CTMSGBVL/PET ] 90.39% (§fild] 3-9a), X&H T BVL W#fif
. BEMERKLEZRT A: PET>CTMSG-BVL/PET>BVL/PET) (/& 3-
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Ob). BTk HE AR SRR PR3 B IEARDC, i —P3R 8 BVL RILFERG T g
i, T CTMSG 5% | CTMSG-BVL AR E [ i (1201211

N TS RTE 485-600°CiE I, BVL/PET fil CTMSG-BVL/PET %k
HAEZLT PET MR E (B 3-9¢), Ml T BVL IFL G EE (&l 3-9d Fldd
KD . A#RIZ, BVL BRALKIP B R R EIRE A 444°C, F 2R LIRHentng
BB B (LI 3-9d), #EH T 485-600°CHITEE, HEF: T BVL %} BVL/PET #i
CTMSG-BVL/PET #5200 o HEM BVL g i o (1) 1y B 445 i #4450 il Xt PET A
TRy 122,

H H

OH /L nann Q) o oH *
Ho )-Q% o
H H [&; [+ "
o (,A‘ HO o~ N H H
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§) HoH N| O — 2
14’1 E, I/"j + H O\C,(' 0 [¢)
i
,‘ — D_/_,,w

RN ¢

N o | N
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€ 3-10 PET 5 CTCA 43T (R3-SR
Fig.3-10 Nucleophilic substitution reactions of PET with CT molecules

3.4 KRB

D G IR &, AR FR FH A ERIR A 16 776 B2 SR gk A T 1B A
Hl 4% /K B2 AT BRIG B, TR AR B L E 0 lHl4 T R AL E & S #d1t
ELAI PET SRR, R0 T /KEHME M2 A S d i s v, R Tk
RAE AR PET HiiR BT A PERE 5200

HREY, MET SG, CTMSG HI#& KB E VEAE 24h F B &5 m,
HEEER MK, HaSfeE B REEEE; BIFEEN 250%0 CTMSG 4¢
B R B B U IR E M. FTIR B XPS 3, CTMSG 2 Hiifs e M i1k
L BT CTCA 1 SG I8 K A4k 2% [ BB R C-O-Ti ## (CTCA K] Ti-O Al
SG [#J-OH) 1 Ti-N (SG FUIFEFEF A CTCA FI-OH) FLA/ K 4 2 S oy [7] 8
255

Y CTMSG &8N 02wt%[}, CTMSG-BVL fZ 1) S R EHL 5 23.6%

(3.52—4.35 W/(m'K)), FifsafEErt 8.6% (6.74—7.32 MPa); CTMSG-BVL

FLRPIRE EEHE S 1 0.77 mPa's (2.84—3.61 mPa-s), KRG RE i H T
il #5 B R R . FER IR %N 8.0% I, il & ) CTMSG-BVL/PET iz i) 3
PARBIE R 34.0% (M 1.9152.56 W/(m-K)), {H CTMSG {23 T CTMSG-BVL/PET
ST REEE (CTCA S EZ 5 PET BB 4R A R FEO .
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£ 45 AEH-ARRE-THERASHRE S HEIAVEI & &

£ 8E

4.1 5|85

JRAE A 280 P FL R v R THD P A3 R AE T Tt 9 R B R 1) 5 Y
RO, AR A S HATS 32 IR T 50 e () SR AR o« it ACERE B O I 4K R
O(CB), —MIEERARA. &S RIEREIL S SR,

wBEARE PSR, W UHEREMIEE SR SRR KSR
PR IE I I R TR AR A SRR B A ELA Ml T 1 T Pl % o KR B REAR S AT 34
RHESHE ((OH) AIRIE (-COOH) 2GR, wIil i Bk 1Ak BE ol Bk R
FRARBGAEE, BERALS THRASAKAmE S . HH, RiE—P0
1k BVL B Re, RA“PEIFH BRER SR (BIRAH CTMMG.
CTMSG.CTMCB WrFIFFD, FRZRE X R AW SR k3 R 255 PERE I
TSR R I = T PR AR R 2 5 S RARHER

PR, A% 2 R B ERIREE (CTCA) UBHEIE CB 153 /K 3 %
SO (CTMCB), FETFILEANR B L EHI4 T (BVL) S E &Mk
(CTMCB-BVL) TR ERAF- 2L 1 s B 4L (1) S AR B (CTMCB-BVL/PET) . #£5T
AN E . CTCA/CB ] CTMCB ¥ fin [ S A A A A8 € 1 R FAE HALEE, #85)
CTMCB %} CTMCB-BVL F#& & 44 B A1 CTMCB-BVL/PET F#HUR A T #4 .
Pri AR e . RS, Wit L16(473)IEAZ5L56, K78 MG/SG/CB
Ff BVL BB SR EL,  FRE A FAR 50 0 S AR R 257 S 3G R 27
HPERE .

42 FHERS

4.2.1 SEIRAARFIL SR
AT B RS A AN IR 4-1
R 4-1 LIRS L2 R

Table 4-1 Laboratory materials and chemical reagents

e ks GV
EAXEE i 5-10 2 AN R AT IR 22 7]
B SR ) 12 % AN R AT IR 22 7]
AR R Tk SR ITA T T it BT IR 4w
BRI I 1 K771 TolkZk T LR DUHET MR RS AT BR 22 7]
A AR ERATRL T A AR A PR 2 7]

40



RT3

TR Tolkgk ZRUEIERF AT B TR A 7
Py e 0 i Tl LRI PR BR A 7
TV T AR AR R T AR A PR A T
RG24 o e 100MPa LAY RIER R AR TR 2 7]
EETK — S Y )
422 LW E
A E Pt ) 32 BRI % AR 4-2.
K42 LRRK
Table 4-2 Experimental equipment
SV A LRSS TR
T P I e DS-5510DTH g AT AR PR A
EZE RN BSA24S L PR A PR A 7
AN UV5500 H A iy
1) BN A -1 IR AR A A IR A A
P AT S5 X T A DHG-914S R =RAEFA AR A ]
EEEi L Al Tk S-4800 H A H T
87 IH A5 2T A1 R IRPrestige-21 HA Byt
X SO TREEAX Nexsa G2 & H FEBR K HRBHE A F
X & AR ATk D8 %74 7 [ A - v )
EE A STA 8000 % [ PerkinElmer /A 7]
e HE RS T NDIJ-5S g & MBI AR AT PR A
i PR RBNA Btr-T1 RN E B AR A
HAL ¥ BLAF 458 7% YGO03E T 77 IR S AT R 2 7
AW IR R = e A YG(B)342E TN KRG GUX AT PR A 7]

4.2.3 CTMCB ##% % CTMCB-BVL & & Ra0%&

56, ¥ CB ) DW A2 =k iR A, £ 60°CHLBN i H - 75 15min.
PUFESS, INNERTR B (5T 4k 228 75 f. 50 73 8 30min, 153) CTMCB 7380 #
IBOBUBN 50°CHYE 25 T8 vh T 24h, 53] CTMCB ¥ K . ¥ CTMCB 438
AT B0 7 BE B LR 3 Ik, LLEFRZ R CTCA, #—2 9% CTMCB
faE M. CTCA/CB s b Al4sHIfE 15% . 20% 25% 30%+ 35%. 45%.

7£ 108g CTMCB 73 B i\ 0.225 g NaOH F1 12.5g Ti4e Sy s g . 1
FE, NN 4.5g WEE . WAL =00 T [N 4h, 753 ByEEH G RF V0. R)5,
IO 0.1mol/L NaOH ¥k, 77 pH {8, SN PH EH . Ri5H
100g BVL B _Fadk il £ 4 B v P AU+ 30min f5753] CTMCB-BVL FLiK
NTWARRBESENEN, LLRIFITERRIAFR CTMCB &= CTMCB-BVL
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FR (1.5 wt%- 3 wWt%- 4.5 wt%. 6wt% Ml 7.5 wt% ). [FIFf, B4 T BVL &
WAE R IR, 2B T KA ok 2B B0

¥ 9g CTMCB-BVL FLifEI N\ 10cmx10cm f) PVDF #E v, W ERTE i 5F
AKPTRE 1h J5, BTN, \AE5r 708 120°Cx20min F1 170°Cx5min. fEL,
BB, A ZR AR L R KT R A 239 51 P34 () CTMCB-BVL . R
ARG, B EIFRANVKEE &l URFE T4 % A Rl CTMCB & &
) CTMCB-BVL K J¢ BVL iR
4.2.4 CTM MG/SG/CB 78l R SR E S+ R EHI &

RN ERL PR BB seis vk, SR A ME SR, B Lis(4%)1E
LK. WIHHEIKTFRILE 4-3. HAF a. by ¢ HPARESRE T H I MG.
SG. CB WM.

®4-3 BIEIKPR
Table 4-3 Factor-Level Table

iS5y 7K
1 2 3 4
EQ=YEE--3h a 0.8a 0.6a 0
LYY ER- sy b 0.8b 0.6b 0
YK IR R c 0.8¢c 0.6¢ 0

¥ MG/SG/CB 5 % BE /K E T =3k R4, 75 60°C N Ha i 1 (300rpm)
AL 15mine. R EUS, IINERER B AR B A 4k 2L 73 88 30min, 15
CTMMG/CTMSG/CTMCB 73t - SR J5 4% IRIEAZ SLIa 3 =M BRI &, &
433 16 o B9 5 1-16.

i) 16 Fh B NN 0.225g NaOH A1 12.5g Ti4e Byl i, 40t itk
GRS 4.5¢ AR, =R 4 NEEE RF %W H 0.1mol/L
NaOH 47 pH {55 BVL —#. # 100g BVL I\ RF & 4k 30min, %
193] 16 HE-EFL, RN £ B 1 /KB AR BB £ B BR AL (BVL 380D -
2 223 WHITEITER 16 HE GBS EEREI mT 1-16, R HI/ES
%o R 2 R
4.2.5 CTMCB-BVL/PET S FUERIAIHI &

7 2.2.2.4 [N & 7T LT 61145
4.2.6 CTM MG/SG/CB-BVL/PET ST 0 &

27 2.2.2.4 Wi & 715 AT 4%

42.7 MK SR
4.2.7.1 WRSEMK
2% 2.2.5.1 WA T7 247 AR
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4272 HMAIRS

27 2.2.5.2 WA 7 53T I
4.2.7.3 CEE@RENID T

27 2.2.5.3 MHAAT7 V23047 DA
4.2.74 NS

18 FH O AT RLEE 2> M A & CB A1 CTMCB (KL M 434 . BAR TN,
PL 2000r/min B FE RS HOR 1min, SAJSHFEHRY 2min, KA @ FHERIE 5 s
i, R BE N 0.02-2000pum
4.2.7.5 ERFTAMIR

27 2.2.5.4 WA 7 53T I
42.7.6 TENSHH

27 3.2.5.7 WA T7 V23047 DK
4.2.7.7 SHMEEMIR

22 2.2.5.5 WA A7 AT
4.2.7.8 InERERMEREMNK

23 2.2.5.6 MR T7 L AT IR
4.2.7.9 HEMEEMR

22 2.2.5.6 M7 4TI
4.2.7.10 FEEEMI

23 2.2.5.7 WA T L AT IR
4.2.7.11 HFEE MM

22 2.2.5.9 MR A7 AT I
4.3 R 511
4.3.1 CTMCB 7y 8RB 7 88k E 14

AN[F] CTCA/CB Jii & LG ) CTMCB 43 BUR s e e M K shas teoe M an B 4-
1 ffirn. HE 4-1a ATLUE H, CB 2 BURHILEROGIEEN 0.6, 1h 554 0.4, K
CB fE7K A R 43 vk 7 RSB, AR AT 58 2 ROREAE /K HR s e o ik, 4D ] e 2
IR BBFKTE KGRI E5E w1 HoKIEE 8 - Frfi CTMCB B OGBE 3 LB 1
T Ty, LA 5 B R R T PR 2218, R BIZ 5T CB BIME AR F R B 2,
HoKE P HRE R E i m, BB H S8 25 % B &L, HE 4-1b FA]
PLIE H, CB 4 BORFIHIMEOEE R 0.9, B H BRI IERK, H6 MR RE:
NERE, IEHHSSRE BN THEREM. B 4-1c 1 d TTRLEE, 25%
CTMCB 73 SR R 5 24 /NETRSR B R AP 7 Bk E 4, 368 CTCA #fisk
P 7 HOKE B, BB IR RO IS R
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a b
@ 25 e ca ®) 25
e 15%CTMCB "
—4—20%CTMCB 2 v
20 YT Fupo, v v 25%CTMCB | e L G 12.0 _
- Bod 4 Vg — g el +— 30%CTMCB R e =5
z 8 TN Sy TATY + 35%CTMCB 4 $ <
S st A s > 45%CTMCB | e T 1.5
3} - Q
c . (=
B » ° = g
5 1.0 m— - 1075
7] " - L] 7]
o o
S s <
0.5 10.5
o 0 1 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 o.o
01 2 3 4 5 6 24 0 1 2 3 4 5 6 24
Time (h) i
(d) Time (h)
lh 2h 3h 4h 5h 6h 24h Oh 1h 2h 3h 4h 5h 6h 24h
(e)

v ™ -y . \ o A ) W

Oh 1h 2h 3h 4h 5h 6h 24h Oh 1h 2h 3h 4h 5h 6h 24h

&l 4-1 CTMCB 7y B s S e (a) MIZhSTENEIZ (b). CB 70 BUR I E 18 E
PR (o FEhdeEtEREB (. 25% CTMCB r#ut#SRe EEG (o Mah
reE IR (O
Fig. 4-1 Static stability (a) and dynamic stability (b) of CTMCB dispersion, static stability image
(c) and dynamic stability image (d) of CB dispersion, static stability image (e) and dynamic
stability image (f) of 25% CTMCB dispersion
4.3.2 CTMCB BIRE 10« WM SR L

<] 4-2 7 CB J& CTMCB k2. MEIHATLLE H CB 20 Bl £ 2 A
SANKLEE 3R, S HIAE 01584 5.75 F1 275um 4b, Kife & KA A 0.158um,
TR B HRAR NGKRLEE . T 25 % CTMCB ) =ANKEEE 20 AT 6 73 B E 13.18.
158 J 1258um &b, K] CB &M fa kA2 BB R, 704 T ge 2 () i@

P ER AN 25 PR TR B BBRL TR 3%, T R SR IR BT A P 265 2544
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CB 1258
- e (CTMCB

[\
=)
T
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I

[
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I

3 0.158

Differential distribution (% )

0.01 0.1 1 10 100 1000 10000
Particle size (pm)

K 4-2 CB J 25%CTMCB [fiki45 4347
Fig. 4-2 Particle size distribution of CB and 25% CTMCB

CB 125%CTMCB IR 3R WK 4-3. HIE 4-3a f1 b if LLE H, CB fik:
SRR, HARRR BT HE 4-3c f1d /T LLAEH, CTMCB HIl
BUNPIRER, HARPGR BB TR, 2 BUE/K K CB 78 7 FHL
PR HE B AE FH R TR B/ R ¢ S RIURE /NSO e 3o 4 i 751 1) 0. 78 B B0, 78 )= T PR R L
TER, TER/INIRRBCIRBRAA G544 . 1T B A 45 84 BB 751 5 7K G B AR 254
CTMCB fE/KH o ke e g5, E— B EDIE T 4.3.1 BSEER2s R .

CB 1 25%CMTCB [ XRD W1 4-4 fii~. AlLLVEH CB Al CTMCB ¥J7E
20=24.2°H1 43.4° I AT SE, 43 00 Rigk ) (002) A1 (1000 &b, X
PRAMITST I A B 5 CTMMG JA—F (20=24.1°H143.1°), £ CB M
SERIIBANAEAE 2, S S5 RN T 8 BY L AE) , 3K PP AR 25 A0 TR 7 Ik BRI L Hh F FAPE RE
I B R IAE AT & (002)F1 (100 ) & [ AT S s Ar B R & A2 W] i Am A%, W] CTCA
B AR 51 RGN A R T2 TR PR Y Sl 5, RIS i 700 4 32 S5 i 1) BRI AL 270
BT AR A S Rk B A o B R SBAT IR BE FEAIC, ] AR BRI (.78 JZ 0T
X SO A 5 BRI SR ATIE SIS, R IEE TN FH Fh B

Ctn sp 2R BRI I SHE RT3 BB, IS8 1 A AT R . i —
R W R RS AE OR B R SR AE At AR 25 M T HR T, a7 i P B4 2 IR A 1R 1
PSR 1 D ReA U
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(¢) CTMCB (d) CIMCB

Kl 4-3CB (aflb) FI25%CTMCB (c il d) B4l il T R 1R
Fig 4-3 SEM images of CB(a and b) and 25 % CTMCB(c and d)

24.1 43.1

%

1

10 20 30 40 50 60 70 80

Intensity
] 4-4 CB 1 25% CTMCB [#) XRD F
Fig. 4-4 XRD patterns of CB and 25% CTMCB
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4.3.3 CTMCB 4y 8% FaE M a4E A HLE) 4

(a)

1640

c=C
cB —
N P
CTMCB Ty
— T
washed
ICTMCB
e /
Fia) P 1
M\, p /_,,/ 'm‘ ‘q \‘
P N |
cTca| O-H

A
/ol /
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— washed CTMCB
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,/-‘"r"%\ , T - . . ,,,,.u/';;‘:
T
et e _ A
: WWTWW W )
ereTTITY \ M‘M‘l’{*w‘ F;'-
mfll ‘J Ao : 910
f Ti-0-C
N
I
1500 1000 500
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CB-Cl1s

28(
Binding Energy(eV)

459.4

CTMCB-TiZp _
2p3/2

470 465 460 455

Binding Energy(eV)

475

4 4-5 CTCA. CB. CTMCB #ll CTMCB /K¥t /i f£ 400-4000cm! i il Y {8 S22 e 21 41
Y6k (a) FILE 400-2000cm! JEFE A HITEAGHE (b), CB. CTMCB K X Sf406H T Rg i
(¢), CBHJCls (d), CTMCB i Cls (e), LLE CTMCB i Ti2p ()
Fig 4-5 FTIR spectra of CTCA, SG, CTMSG, and CTMSG after washing in the range of 400—
4000cm™ (a) and enlargement spectra in (a) in the range of 400-2000 cm™ (b), (¢) X-ray
photoelectron spectra of SG, CTMSG, (d) Cls of SG, (e¢) Cls of CTMSG, and (f) Ti2p of CTMSG

M1 4-5a WL, RABURGNKOR BB A ZLAMRFE IR 242 T 1600 cm AL
FIIN A SBE R AE IR BNE CRAE sp 2 (i 58 LA 3420 em "4k O-H

C=C
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Peahig, RP\HFMEA KEN S GEMH. 2 CTCA BiE, J& 3420 cm™ KF{iE
U5 P WSS, 910 em™! AL HE I RFAEDE, HENZ CTCA M) Ti-O S5 EE
¥ (-OH) JEAK Ti-O-C L4074 (910ecm™).

N TAESEHEN, Xt CB 1 CTMCB #— 27T XPS Mk, Wik 4-5¢ Fror.
Tt 4-5¢ ATLLE H, CB 19 XPS i R 7R T C1s(284.8eV) 1 O1s(533.2¢eV)
I, T CTMCB 7E 400.5 eV 1 459.4 eV &b HHBLHIANHTIE, XPANEJE T CTCA.
¥ Cls 3inf LLREL CB AT CTMCB A AN [F FI4F1iEIE . CB 1) Cls 1 H1 Y>3 14
Mk (B 4-5d). 1F284.8eV Ab, H—NmZIHIIER BT C-C #. 7T 286.3eV
g R T C-0. #RiM, BT CTCA g, CTMCB ) C-O A7 A Atk CB
MERGZL, FN CTCA hEH KEM C-0 4. Ti2p /3 A =4 5 (K 4-50),
SR C-O-Ti (459.4 F1465.2¢V) A1 Ti-N (FLAE, 4719eV). 5 CTCA (Y
B Ti-0) BPLMUHEE, Ti-N W2 —NHig, XA T CTCA #I-OH 5 Ti-O 14
HAEM, JEECT C-O-Ti 841 Ti-N L. Fit, CTCA 1 CB ZIAIffSEAE AL
S, IXFEIIESE T CTCA Al CB 8] Ak 21 LA .

4.3.4 CTMCB-BVL S FZER & 2GR0 14 e

a b
(a) ®) o
_ 64t 523
g R
.E 60l 5.89 500 - I
2 56l 2 400 -
z 2
& 52+t =
g 4.86 z 300
E 4.8~ 4.54 §\1.44 4.54 ;
S =200
T 44t / '}/é &
= 3.89
5 100 -
= 40
= ¢ 0
36 I I L ! L I 0 =\ -
00 1.5 30 45 60 75 BVL film CTMCB-BVL film
CTMCB Content (%)
(c) (d)
5
4.32 ?
. ! 6.98
r +1.37 .- = 7L
0 2.95 a & 5.66 +2232% ) :[
. <6
- 3t I = :[
) 5l
= 5
g 2 547
2 73
it L
] .
0 0
BVL film CTMCB-BVL film BVL film CTMCB-BVL film

4-7 CTMCB & & AF CTMCB-BVL IZBER) S ERE (). HiEEERE (b). BVL Al
CTMCB-BVL i (58 (c)+ BVL Al CTMSG-BVL FLBIREEE (dD
Fig. 4-7 Thermal conductivity (a), antistatic properties (b), tensile strength (c), and viscosity (d) of
BVL and CTMSG-BVL emulsions for CTMCB-BVL films with varying CTMCB content.
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K 4-7 NANE] CTMCB 4 &) CTMCB-BVL IR S A%, H ] 4-7a A L)
i, 2 CTMCB HIEEM 0 BInE] 1.5, 3. 4.5, 6 Ml 7.5wt%I, SHEAH)
N 3.89.4.54.5.89.4.86.4.44 Fll 4.54 W/(m-K), 7 K S # M GEE & CTMCB
SRR, £ 3wt N IA B G, FE SRR, AR AT PR i
YRR B IR VO AR R = LR AR S 8OOR 1 5, T O 20 A SR A . A SR A4
P BRI Al K, (H SRR R BEEK, ST AR . R, R
ST IR S, AT B R A AR . HH & 4-70 T LLE H, CTMCB-
BVL JRJEE R AR B AL BVL IRIE R FK. £ CTMCB 7 LA
BVL R S #FI S RE . K] 4-7d FRTLLE H, CTMCB-BVL B4 58
5 6.98 Mpa, bt BVL K45 22.32%. & 4-7¢ 7JLLE Y, CTMCB-BVL )
KiFER 4.32 mPa-s, IKE 2 DU T4 )5 BEAGOKTIOK I S A
4.3.5 CTM MG/SG/CB-BVL S#i2 B% & FL i a9 14 e

SRR LR INEK 4-4 Prox. ATLUEH, % CTMMG:CTMSG:CTMCB
P FF A EEB v 0.8a: b: 0.8c I, KRIESFH AL 12.79W/(mK). FKH
CTMMG/CTMSG/CTMCB ‘F#JE K Hr R I F B 2E 32 7 7 BVL AR 34
PERE, R & T3 — SHERL 2 AR T BE IR T 5 R A 2 R £
B MG MZ 2R ZE8MEAFZRRRES, FT5 SG SLMlm R, CB I
BR IR BURLE I B BB MG 1 SG F JE SE M =UEE %, T $R T 5 HE B 1
AR ZIFH LU R RE BB, 24 BVL R #RIER BVL/PET S #4Ti
BRI EAR T 2

K44 BRI FAR

Table 4-4 Table of orthogonal experiments and thermal conductivity

ST FNEN SHAEH(W/(m-K))
A B C
LA BEASRE KRS

1 a b c 8.05+0.62
2 a 0.8b 0.8¢ 12.540.14
3 a 0.6b 0.6¢ 8.1940.52
4 a 0 0 6.61+1.15
5 0.8a b 0.8¢ 12.79+1.40
6 0.8a 0.8b c 7.18+1.14
7 0.8a 0.6b 0 5.8941.08
8 0.8a 0 0.6¢ 7.04+0.41
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9 0.6a b 0.6¢c 6.32+0.22
10 0.6a 0.8b 0 431£0.50
11 0.6a 0.6b c 7.04+1.03
12 0.6a 0 0.8¢c 8.04+1.06
13 0 b 0 7.33+0.72
14 0 0.8b 0.6¢c 5.461+0.28
15 0 0.6b 0.8¢c 7.76+1.12
16 0 0 c 5.89+1.08

R 4-4 IEATLAEH, 4 CTMMG/CTMSG/CTMCB Jfi & A 0.6a: 0: 0.8c
i, BVL SRR SR HCN 8.04 W/(m-K), ZIH LLFI S PR T, (HR
FE R 258 BRASIA, R TR B A5 i T & .
4.3.6 CTMCB-BVL/PET S#Fi2 #8914 &€

g
n

»pw
=] n =
T T

Static residue (V)

Thermal conductivity (W/(m'K))
) N

S = = 0N

n
T

e
=

PET BVL/PET CTMCB-BVL/PET

20pum

¥ 4-8 CTMCB-BVL/PET ‘S TR EHIHEF (e), CTMCB-BVL/PET £F4ERE#L I I¥) SEM
(b) FBCKEE (afilc), CTMCB-BVL/PET 443 1H SEM (h) FIBCKEE (g fi)
PET &%, BVL/PET #l CTMSG-BL/PET S FUR KK T AL (D). IREFHHEEIL (D
Fig. 4-8 Photographs of CTMCB-BVL/PET thermally conductive prepreg (e), Cross-section of
CTMCB-BVL/PET fibres (b) and magnified images (a and c), Surface morphology of CTMCB-
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BVL/PET fibres (h) and magnified images (g and i), Thermal conductivity of PET backbone,
BVL/PET and CTMSG-BL/PET thermally conductive prepregs (d) , residual electrostatic voltage

®

&] 4-8 Jy CTMCB-BVL/PET TR B 154 . SEM I FL 3 #AH1 3 HL P §E . PET
BVL/PET J& CTMCB-BVL/PET TR SHRE AN 1.69. 227 1 2.98
W/(m-K)(& 4-8d), &L CTMCB-BVL 215 [/ PET ) S R EUE 4251 31.3%.
PET KI5k BE & B fELE A 662V, 1ff BVL/PET Al CTMCB-BVL/PET 4% B4 #f L i [
s albE A 638 V Al 482 V(K] 4-8f), FH{ BVL/PET 1 CTMCB-BVL/PET FiifH
PERETS B E . Wl 4-8a. b iz, CTMCB-BVL/PET £ 44 1 5] A 7Ll B
BB SRIREN S, A% T CTMCB-BVL/PET #iiR k) S # R, K
4-8¢ I RIA A EIRIRIE LR, HENE—E RN T CTMCB-BVL/PET il
BRI S HPERE . K 4-8g-i ATLLE Y, CTMCB-BVL/PET 414k M 2 ]/ B
#%2 CTMCB-BVL JRIEM %S, G R THEE 21 SHRGEE, MMiEs CTMCB-
BVL/PET iz &1 T itk g

PET ‘5%, BVL/PET. CTMCB-BVL/PET SRR 1 #ka & M tn & 4-9
Fizme HRERA 2%M, PET. BVL/PET il CTMCB-BVL/PET F## I & 43 )
371,364 F1381°C, &£ CTMCB A &4 I PET =B F#ERE; BVL/PET
PR RIS, FTRER BT BVL 73 B Mg A BVL L /N o A UL &1
g 181191 PET ‘B 22, BVL/PET. CTMCB-BVL/PET F#\ IR B} 5 28 Jifi & iR
fH53 4 99.06% « 93.70% 86.06%, FH] CTMCB-BVL/PET [J#te e 15 2
Ak, JRIETTAER CB I PR g MRk R B A 77 A 1) — AL ER 2K 7 LS T
PET (1P A7

371°C 381°C
00—~ g
i 364°C
80
-
X
T
= 60F
=
S
2 CTMCB-BVL/PET
% 40 B o
é‘ BVL/PET
200 -~ L 86.06%
r — BVL/PET
0F — CTMCB-BVL/PET A
. . . 99.06%
200 400 600 800

Temperature(°C)

4-9 PET. BVL/PET Ml CTMCB-BVL/PET S Fitig& £ TG
Fig. 4-9 TG of PET, BVL/PET and CTMCB-BVL/PET thermally conductive prepregs
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437 BAEL S CTM MG/SG/CB-BVL R &K FiE 4}

U G4 CTM MG/SG/CB-BVL [ i e Fiiz Rk g an i 4-10 Ffizn. CTM
MG/SG/CB-BVL &R isnEH#E T 38.24% (3.53—4.88MPa). LT BVL,
CTM MG/SG/CB-BVL L AL BE g A HE T+ (2.82—11.4mPa-s). H1FE] 4-10c H1 7]
L& tH, CTM MG/SG/CB-BVL/PET T i® £ T # R R I+ &4 2352 %

(2.27-7.61W/(m'K)). Kl 4-10d 7] LLF i, CTM MG/SG/CB-BVL/PET Hilig
B PEREIR & (638—361V),

6 14
(a) 4.88 12l (b) 114

sk .
= I
& k3 =10
=4 3.53 2 z
— L
& s B
£3 z
z g2 6r
) 2
=2t =
z ar 282
=

0 0 L

BVL. film CTM MG/SG/CB-BVL film BVL latex CTM MG/SG/CB-BVL latex

9 1000
! (c) 900 (d)
&l = 333 e 638
= i :
Z6F %
z Z 600
Tst =
B 2 500+
g =
47 g 400}
g z
=37 227 % 300f
é 2p 109 \\ 200
1} N N 100 |

\ \ :
0 L 1 E"
[PEY 1 B\'U?
31 BV PET P GICB
pEY 1P 4GIC Bv AGIS
B e ™M

4-10 BVL, CTM MG/SG/CB-BVL &[] /1541 fE (), BVL, CTM MG/SG/CB-BVL
FLBAIAEE (b), PET. BVL/PET. CTM MG/SG/CB-BVL/PET {1 F#AHL (¢) Kt
PERE (D
Fig. 4-10 Tensile strengh of BVL, CTM MG/SG/CB-BVL films (a), viscosity of BVL, CTM
MG/SG/CB-BVL emulsions (b), thermal conductivity (c) and Static residue (d) of PET, BVL/PET,
CTM MG/SG/CB-BVL/PET

43.8 ZFESH CTM MG/CB-BVL BREER TR}

2 M S8 CTM MG/SG/CB-BVL I & Pl B fen I 4-11 . CTM
MG/CB-BVL JE I H5EEEAR-TH 18.1% (3.53—4.17MPa). HILL T BVL, CTM
MG/CB-BVL FLI I RS A 2T (2.82—9.7mPa-s). I 4-11c PRI,
CTM MG/CB-BVL/PET HiliZ £} 3 A HHR T4 111%  (2.27-4.79W/(m'K)). K
4-11d A LAE Hi, CTM MG/CB-BVL/PET Tili Rl bt F M BB = (638—389V).
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BVL film CTM MG/CB-BVL film BVL latex CTM MG/CB-BVL latex
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= C L(d
¥q,() 4_179 900 - (d)
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z \\§ — ol 092 638
S4r &\ T I
z 3 ERC
£3 k\ T 500 -
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= 227 & | = 389
2 : B 2 400 - ]
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g s N 200
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XY Y
_ IPE T LT
T 4 PEY By A BB
¥ Lk ct™ WG/ ¥ ™ MG/

K 4-11 BVL. CTM MG/CB-BVL JJE #7541 RE (a), BVL, CTM MG/CB-BVL L]
Fi (b), PET. BVL/PET. CTM MG/CB-BVL/PET (IS A% () KPfiEhtta (D
Fig. 4-11 Tensile strengh of BVL, CTM MG/CB-BVL films (a), viscosity of BVL, CTM MG/CB-

BVL emulsions (b), thermal conductivity (c) and Static residue (d) of PET, BVL/PET, CTM
MG/CB-BVL/PET

4.4 KREBING

A RGN B G A a , SR P R BR RS 1 771 0 e B AT A& 1 1) £ 7Kk ik
KR BAHGH, BT HRANR B T 20 56 & TRAE & FHM BRI PET
FITREL, BRIT 7RIS MK IR B0 iR e v, &I TR AL E AR
A PET TR k5 A RE IR 521

SRR, BT CB, CTMCB B &3 FE VAL 24h 37 B &5 =,
HEEER K, KSR e IR ErE S BT & 8N 25%8F CTMCB 41
R AT e, FTIR & XPS #TR I, CTMCB 4 #itifae M i 1E
B2 T CTCA 1 CB Z[A RN K MIE R C-O-Ti & (CTCA ] Ti-O Fl
CB HJ-OH) Al CB /K&R#ZMEERHKIE R . 2 CTMCB & &7 3 wt%l,
CTMCB-BVL i S R B R 51.4% (3.89—5.89 W/(m-K)), Hifdam E LT+
22.3%(5.66—6.98 MPa); CTMCB-BVL FLIE KA B2 1 0.77 mPa-s(2.95—4.32
mPa-s), FIRARHIRGFE R AU 1 T & R S A RE . TERZN 7.7 % 1,
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% 1] CTMCB-BVL/PET HUREHN F#M R M HEm 31.3% (M 2.27 =3 2.98
W/(m'K)), H#FE ARt i Edi Rz 99.06%—88.06% ).

NIRFE A S0 5 R SRR P [F] 5 BB SBONE, SR FH IR A SRS BT SE5G , B E BVL
SRR A BVL/PET TR K= 2 S I 2 5 M S 07 %

ZRERW, SAHESHRESHARE T AR 12.79W/(mK). CTM
MG/SG/CB-BVL & 5% (1) $i7 1 5% B 32 F+ 38.24 % ( 3.53—4.88MPa ) . CTM
MG/SG/CB-BVL L 14 FE0E A $2 T+ (2.82—11.4mPa's). CTM MG/SG/CB-
BVL/PET T B S R EIR T+ 4 2352% (227-7.61W/(m-K)). CTM
MG/SG/CB-BVL/PET iz Byt L VEREIR 71 (638—361V).

S SRR S AR BT UL E) 8.04W/(m-K). CTM MG/CB-BVL i)
PSR T; 18.1% (3.53—4.17MPa). #HLtF BVL, CTM MG/CB-BVL FLik
(RIREFERS A T (2.82—9.7mPa's). CTM MG/CB-BVL/PET iz K} 5:# R ¥ii
T+ 111% (2.27—4.79W/(m-K)). CTM MG/CB-BVL/PET iz Bl i Bt fE 2
& (638—389V),
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EB5E FLERE

5.1 £&518

AR H L MG SG. CB N FHRIER}, B TERRRER S 1 1F H i) % K 2 A
SE B0, FTH& THRASHRE SMEL, JFd— 2 H T K= 1RE PET &
AR EUCEERN b, T SRR EIER, 1525 Pt 5 eIt i m 2l
MG/SG/CB-BVL [KIEFFM L, TRk LN i L 255 8 MG/CB-BVL
J 8 5 A BRI IR A o AR SCAE T 45 SR N KB iR 7K S R 2 B LB 7 i
N R BT R I R RS FR AT R AR . B IRIT:

(D NSEELUTRRALN Y, 25T 2 2 A S50 ) £ /K20 B0 . BVL BRJEAT PET
SFRIZEL . FREKY, CTMMG W IIEN 2.19wt%, CTMMG-BVL JR R G #
RBON R 58 E 7 5 3 5 28.8% A1 4.5%; CTMMG-BVL FLR AL £ (3.24mPa-s)
W& =T BVL FL (2.54mPa-s), F B CTMMG-BVL FLIR AEH T b FH T 1) 45 5 #4
BB RE . BTy 8.0wt%IN, CTMMG-BVL/PET Filig bl 54 R & &1 48.3%

(2.65—3.93W/(m'K)), H#Fe e 15 24k (BT EH R F M 90.37% —87.33% ).
CTMMG 77 B e e PR B /R AL &AL 2288 C-O-Ti (CTCA [¥) Ti-O 1 MG -
OH FAA Ak 228 A ) AN AR W 5] 1 FH 45 51

(2) RN T EIERE, HT 524 BT & KRS E0K . BVL
FEHEAN PET S TR Rl 45 E W, CTMSG &8N 0.2wt%Ff, CTMSG-BVL i
S R HIR S 23.6% (3.52-435W/(mK) ), i 5 R T 8.6 %

(6.74—7.32MPa); CTMSG-BVL FLIEKiERE A THm (2.84—3.61 mPa's), HE%L
U M -l 45 S IR A L. BN 8.0% I, il % /) CTMSG-BVL/PET Fili2
B SR AREIES 34.0% (M 1.91 &3] 2.56W/(m'K)), H CTMSG f{iEil [
CTMSG-BVL/PET ST B FEfE (CTCA & &% 5 PET RERA4E kK 41k
RN FHD . FTIR & XPS 40#1R B, CTMSG 43 Hufifa e ME/E FHLEZ T
CTCA 1 SG 2 ] K A4k 2 [ M R C-O-Ti # (CTCA [ Ti-O 1 SG [1J-OH) Al
Ti-N (SG HIFFEIEFIFN CTCA HI-OH) Ff Ko 33 & e 1[5 VE FH R 45 5.

(3) RNIRTFSFHMBIL T, FT9KR BH| &KL BOR . BVL
M PET SHFUR Rl 450K, CTMCB &8N 3%, CTMCB-BVL R S #
FBON 7 {5 23 S B v 51.4% 1 22.3%; b4, CTMCB-BVL FLR kS EERS A
$2F+(2.95—4.32mPa-s), (HEE AT HH Tl & S BRI KL B E N 7.7 %6 10
CTMCB-BVL/PET Hliz k) S R Hd2 =1 31.3% (M 2.27 & 5121 2.98W/(m-K)),
H#Fa e B ol (FiEHik® 93.70% —86.06% ). FTIR  XPS /3#i#&H,
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CTMCB 4y B e e M I AE - AL & BT CTCA Fl CB Z I8l R A4k 2 S T Y C-
O-Ti ## (CTCA [{J Ti-O M1 CB [#]-OH) A1 CB /K& {44 2 b [5)1F F i 45

(4) RSB G RAEH, 2T MG/SG/CB #1 MG/CB A3
F i) & K 364 Bl . BVL RIEA PET S AR K. &R EH, X4
CTMMG:CTMSG:CTMCB %354 0.8a: b: 0.8c i, SIS AL &M A
12.79 W/(m'K). gy 8.3 %W, il 1424 CTM MG/SG/CB-BVL/PET i
R SR B E 235.2% (2.27—7.61 W/(m'K)), £5% CTMMG/CTMCB-
BVL/PET FiZ kL S AEEE R 111% (2.27—4.79 W/(m-K)) .

52 RE

AR SCAEAT S M AT SR RS AT 7K I 73 BSORGE 1 1 R A 2L 3 AV B 11 1) 5
PET T HIRAEL I & HEAT 1 RS T, AR R KSR P et 1
WIS, N FAERIE BRI A AR SR Bt 1 WAz o SR 1M i T TR) R 1),
AR VFZ TAFFREE DT, HARuR.

(1) FEH /K FERSE R MR ke L, 2P0 S 2 i R R
TR I AR BRA L B AR Y A REOR R

(2) £V SIS B, 7523ty AR M IR L
PP, ABEARAR AL I R L R FLAE A Tl RE A 5 R AR AVE B
BT ARG 2 1 s SE NI DI A 2 R K

(3) EYKRFHBRIILEFE E, FERNGS G AT AR, F2H ARk
B e 3 AR RE A Rl (i AE ARV B R R SE B XU H At

56



RT3

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

S22 3Rk

XU X, WANG G, YAN H, et al. Constitutive relationship of fabric rubber
composites and its application [J]. Composite Structures, 2023, 304: 116302.
CHENG S, DUAN X, ZHANG Z, et al. Preparation of a natural rubber with high
thermal conductivity, low heat generation and strong interfacial interaction by
using NS-modified graphene oxide [J]. Journal of Materials Science, 2021, 56(5):
4034-50.

CAO L, SINHATK, TAO L, et al. Synergistic reinforcement of silanized silica-
graphene oxide hybrid in natural rubber for tire-tread fabrication: A latex based
facile approach [J]. Composites Part B: Engineering, 2019, 161: 667-76.
BORTNOWSKI P, KAWALEC W, KROL R, et al. Types and causes of damage
to the conveyor belt — Review, classification and mutual relations [J].
Engineering Failure Analysis, 2022, 140: 106520.

YANG H, YAO X-F, YAN H, et al. Anisotropic hyper-viscoelastic behaviors of
fabric reinforced rubber composites [J]. Composite Structures, 2018, 187: 116-
21.

XU X, YAN H, YAO X, et al. Macro- and Mesoscopic Design for Cabin Door
Pretightened Fabric Rubber Seal Structure [J]. Journal of Aircraft, 2023, 60(1):
11.

CHENG J, YAO X, ZHANG Z, et al. Intelligent anti-impact elastomers by
precisely tailoring the topology of modular polymer networks [J]. Materials
horizons, 2024, 11(13): 3143-56.

SHI H, ZHOU W, WEN Z, et al. Thermally conductive and compliant
polyurethane elastomer composites by constructing a tri-branched polymer
network [J]. Materials horizons, 2023, 10(3): 928-37.

ZHANG C, BAO Q, ZHU H, et al. Highly Transparent and Long-Term Stable
Dielectric Elastomer Composites Enabled by Poly(ionic liquid) Inclusion [J].
Advanced Functional Materials, 2024, 34(37).

YANG T, LU X, WANG X, et al. Upcycling of Carbon Fiber/Thermoset
Composites into High-Performance Elastomers and Repurposed Carbon Fibers
[J]. Angewandte Chemie (International ed in English), 2024, 63(22): €202403972.
CHENG X, ZHOU M, HE D, et al. Recyclable, thermally conductive, self-
healing, and strong adhesive elastomer composite based on multiple hydrogen-
bonded interactions [J]. Composites Communications, 2024, 45.

TAN J, ZHU G, YANG F. (107784)Multi-scale-filler reinforcement strategy
enabled stretchable silicone elastomer with synergistically enhanced thermal
conductivity and mechanical strength [J]. Composites, Part A Applied science
and manufacturing, 2023: 175.

57



RT3

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

XIAY, MU T, LIU Y. (107943)Harnessing the power of carbon fiber reinforced
liquid crystal elastomer composites for high-performance aerospace materials: A
comprehensive investigation on reversible transformation and shape memory
deformation [J]. Composites, Part A Applied science and manufacturing, 2024:
177.

WU Q, LIW, LIU C, et al. Carbon fiber reinforced elastomeric thermal interface
materials for spacecraft [J]. 2021.

UTRERA-BARRIOS S, VERDEJO R, LOPEZ-MANCHADO M A, et al. Self-
Healing Elastomers: A sustainable solution for automotive applications [J].
European Polymer Journal, 2023, 190: 112023.

CHEN Z, XIJ, HUANG W, et al. Stretchable conductive elastomer for wireless
wearable communication applications [J]. Scientific Reports, 2017, 7(1): -.
NAMITHA L K, SEBASTIAN M T. High permittivity ceramics loaded silicone
elastomer composites for flexible electronics applications [J]. Ceramics
International, 2017, 43(3): 2994-3003.

SUN Q-J, LAI Q-T, TANG Z, et al. Advanced Functional Composite Materials
toward E-Skin for Health Monitoring and Artificial Intelligence [J]. Advanced
Materials Technologies, 2023, 8(5): 2201088.

KEE, TRR, K, T SASD F/HBEE YR CEXRKAEZS
MRERIIR [J]. TREHRIEFEIR, 1999, (01): 94-7.

CHOY C L, LUK W H, CHEN F C. Thermal conductivity of highly oriented
polyethylene [J]. Polymer, 1978, 19(2): 155-62.

DUAN X, CHENG S, LI Z, et al. Flexible and environmentally friendly graphene
natural rubber composites with high thermal conductivity for thermal
management [J]. Composites Part A: Applied Science and Manufacturing, 2022,
163: 107223.

SONG N, CAO D, LUO X, et al. Highly thermally conductive
polypropylene/graphene composites for thermal management [J]. Composites
Part A: Applied Science and Manufacturing, 2020, 135: 105912.

DANIAL W H, ABDUL MAIJID Z. Recent advances on the enhanced thermal
conductivity of graphene nanoplatelets composites: a short review [J]. Carbon
Letters, 2022, 32(6): 1411-24.

FEE. AREREYVSAESMBIEWRIT A MENR [D]. TBAE,
2024.

ZHANG X, CHAO X, LOU L, et al. Personal thermal management by thermally
conductive composites: A review [J]. Composites Communications, 2021, 23:
100595.

SIU, N., LEUNG]. Thermally conductive polymer composites and
nanocomposites: Processing-structure-property relationships [J]. Composites
Part B Engineering, 2018.

58



RT3

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

BURGER N, LAACHACHI A, FERRIOL M, et al. Review of thermal
conductivity in composites: Mechanisms, parameters and theory [J]. Progress in
Polymer Science, 2016, 61: 1-28.

ZHANG X, WU K, LIU Y, et al. Preparation of highly thermally conductive but
electrically insulating composites by constructing a segregated double network
in polymer composites [J]. Composites Science and Technology, 2019, 175: 135-
42.

LI B, LIU Y, SUN B, et al. Properties and heat-conduction mechanism of
thermally conductive polymer composites [J]. Journal of the Chemical Industry
and Engineering Society of China, 2009, 60(10): 2650-5.

GU J, LIANG C, ZHAO X, et al. Highly thermally conductive flame-retardant
epoxy nanocomposites with reduced ignitability and excellent electrical
conductivities [J]. Composites Science and Technology, 2017, 139: 83-9.

Stress Controllability in Thermal and Electrical Conductivity of 3D Elastic
Graphene-Crosslinked Carbon Nanotube Sponge/Polyimide Nanocomposite [J].
Advanced Functional Materials, 2019.

SUH D, MOON C M, KIM D, et al. Ultrahigh Thermal Conductivity of Interface
Materials by Silver-Functionalized Carbon Nanotube Phonon Conduits [J].
Advanced Materials, 2016, (33): 28.

GUO Y, RUAN K, SHI X, et al. Factors affecting thermal conductivities of the
polymers and polymer composites: A review [J]. Composites Science and
Technology, 2020, 193(6402): 108134.

SHTEIN M, NADIV R, BUZAGLO M, et al. Thermally Conductive Graphene-
Polymer Composites: Size, Percolation, and Synergy Effects [J]. Chemistry of
Materials, 2015, 27(6): 150310150057001.

OLUWALOWO A, NGUYEN N, ZHANG S, et al. Electrical and thermal
conductivity improvement of carbon nanotube and silver composites [J]. Carbon,
2019, 146: 224-31.

ARADHANA R, MOHANTY S, NAYAK S K. Novel electrically conductive
epoxy/reduced graphite oxide/silica hollow microspheres adhesives with
enhanced lap shear strength and thermal conductivity [J]. Composites Science
and Technology, 2019, 169: 86-94.

WU Z, XU C, MA C, et al. Synergistic Effect of Aligned Graphene Nanosheets
in Graphene Foam for High-Performance Thermally Conductive Composites [J].
Advanced Materials, 2019, 31(19): 1900199.1-.8.

JUNWEIL GU, CHAO, et al. Thermal percolation behavior of graphene
nanoplatelets/polyphenylene sulfide thermal conductivity composites [J].
Polymer Composites, 2014.

59



RT3

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

LI C, GUO H, TIAN X, et al. Transient response for a half-space with variable
thermal conductivity and diffusivity under thermal and chemical shock [J].
Taylor & Francis, 2017, (3).

PAVIA M, ALAJAMI K, ESTELL¢ P, et al. A critical review on thermal
conductivity enhancement of graphene-based nanofluids [J]. Advances in colloid
and interface science, 2021, 294: 102452.

PAN X, SHEN L, SCHENNING A, et al. Transparent, High-Thermal-
Conductivity Ultradrawn Polyethylene/Graphene Nanocomposite Films [J].
Advanced materials (Deerfield Beach, Fla), 2019, 31(40): €1904348.

SUN L, WANG Y, CHEN L, et al. van der Waals-bonded graphene clusters
enhance thermal conductivity of phase-change materials for advanced thermal
energy management [J]. Materials horizons, 2024, 11(20): 5031-44.

Bt SSRREVESSVEINGIESMEMNR D] LBTRBKRE,
2012.

HUANG T, WANG T, JIN J, et al. Design of Silicon Rubber/BN Film with High
Through-plane Thermal Conductivity and Ultra-low Contact Resistance [J].
Chemical Engineering Journal, 2023, 469: 143874.

WISNIEWSKA M, LAPTEV AM, MARCZEWSKI M, et al. Influence of carbon
nanotubes on thermal and electrical conductivity of zirconia-based composite [J].
Ceramics International, 2023, 49(10): 15442-50.

WANG X, NIU X, WANG X, et al. Effects of filler distribution and interface
thermal resistance on the thermal conductivity of composites filling with
complex shaped fillers [J]. International Journal of Thermal Sciences, 2021, 160:
106678.

ZHOU 8§, XU J, YANG Q-H, et al. Experiments and modeling of thermal
conductivity of flake graphite/polymer composites affected by adding carbon-
based nano-fillers [J]. Carbon, 2013, 57: 452-9.

JANG J-U, NAM H E, SO S O, et al. Thermal Percolation Behavior in Thermal
Conductivity of Polymer Nanocomposite with Lateral Size of Graphene
Nanoplatelet [J]. Polymers, 2022, 14(2): 323.

HE X, WANG Y. Recent Advances in the Rational Design of Thermal Conductive
Polymer Composites [J]. Industrial & Engineering Chemistry Research, 2021,
60(3).

HU B, GUO H, WANG Q, et al. Enhanced thermal conductivity by constructing
3D-networks in poly(vinylidene fluoride) composites via positively charged
hexagonal boron nitride and silica coated carbon nanotubes [J]. Composites Part
A Applied Science and Manufacturing, 2020: 106038.

YU Z, ZHAO W, MU M, et al. Highly thermal conductive epoxy composites
enabled by 3D graphene/Cu-based dual networks for efficient thermal
management [J]. Composites Communications, 2024, 46: 101845.

60



RT3

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

REN Y, WANG H, XING B, et al. Preparation and performance evaluation of
graphene-based waterborne thermal conductive coatings [J]. Surface and
Coatings Technology, 2024, 478: 130422.

HSIAO Y-S, LIN C-Y, WENG L-Y, et al. In-Situ synthesis of NbC Nanoparticle-
Decorated Polyimide-Derived graphene for enhanced thermal management [J].
Chemical Engineering Journal, 2024, 483: 149007.

LI Y, ZHANG T, ZHANG Y, et al. A comprehensive experimental study
regarding size dependence on thermal conductivity of graphene oxide nanosheet
[J]. International Communications in Heat and Mass Transfer, 2022, 130: 105764.
SHAHIL K M F, BALANDIN A A. Graphene—Multilayer Graphene
Nanocomposites as Highly Efficient Thermal Interface Materials [J]. Nano
Letters, 2012, 12(2): 861-7.

R, RS, AHSE, F AER/REVEaMBISHMERRHER
[J]. E0FHERIZE TR, 2018, 34(09): 184-90.

FU Y-X, HE Z-X, MO D-C, et al. Thermal conductivity enhancement of epoxy
adhesive using graphene sheets as additives [J]. International Journal of Thermal
Sciences, 2014, 86: 276-83.

GE T, ZHANG M, TANG K, et al. Diisocyanate-modified graphene
oxide/hydroxyl-terminated silicone rubber composites for improved thermal
conductivity [J]. Materials Chemistry and Physics, 2020, 252: 123250.

BER, BEN, TREKR, F A2GNECA2GNREINERMAE [J].
hZZ4R, 2016, 74(10): 789-99.
WANG H, L1Y, FEI G, et al. Comparison study on chelated and non-chelated

titanate functionalized graphene nanosheets for enhancement of waterborne
alkyd anticorrosion coating [J]. Progress in Organic Coatings, 2021, 150: 105961.
LIN G, CHANG Y, CHEN Y, et al. Synthesis of a Series of Dual-Functional
Chelated Titanate Bonding Agents and Their Application Performances in
Composite Solid Propellants [J]. Molecules, 2020, 25(22): 5353.

PARASKAR P, BARI P, MISHRA S. Influence of amine functionalized graphene
oxide on mechanical and thermal properties of epoxy matrix composites [J].
Iranian Polymer Journal, 2020, 29(1): 47-55.

YANG H, LI F, SHAN C, et al. Covalent functionalization of chemically
converted graphene sheets via silane and its reinforcement [J]. Journal of
Materials Chemistry, 2009, 19(26): 4632-8.

LI'Y, YANG Z, QIU H, et al. Self-aligned graphene as anticorrosive barrier in
waterborne polyurethane composite coatings [J]. Journal of Materials Chemistry
A, 2014, 2(34): 14139-45.

MANASOGLU, GIZEM, CELEN, et al. Electrical resistivity and thermal
conductivity properties of graphene-coated woven fabrics [J].

61



RT3

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

YU Q, WENG P, HAN L, et al. Enhanced thermal conductivity of flexible cotton
fabrics coated with reactive MWCNT nanofluid for potential application in
thermal conductivity coatings and fire warning [J]. Cellulose, 2019, 26(12):
7523-35.

HEMATH M, MAVINKERE RANGAPPA S, KUSHVAHA V, et al. A
comprehensive review on mechanical, electromagnetic radiation shielding, and
thermal conductivity of fibers/inorganic fillers reinforced hybrid polymer
composites [J]. Polymer Composites, 2020, 41(10): 3940-65.

XUY, WANG X, HAO Q. A mini review on thermally conductive polymers and
polymer-based composites [J]. Composites Communications, 2021, 24: 100617.
WENY, CHEN C, YEY, et al. Advances on Thermally Conductive Epoxy-Based
Composites as Electronic Packaging Underfill Materials—A Review [J].
Advanced Materials, 2022, 34(52): 2201023.

LI H, HASSANZADEH AFROUZI H, ZAHRA M M A, et al. A comprehensive
investigation of thermal conductivity in of monolayer graphene, helical graphene
with different percentages of hydrogen atom: A molecular dynamics approach [J].
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2023, 656:
130324.

sKRE. B AIURE D] SRHRET4E S5 A, 2000, (04): 29-32.
OCHI T, OKUBO S, FUKUI K. Development of recycled PET fiber and its
application as concrete-reinforcing fiber [J]. Cement & Concrete Composites,
2007, 29(6): 448-55.

LAWTON E L. Adhesion improvement of tire cord induced by gas plasma [J].
Journal of Applied Polymer Science, 2010, 18(5): 1557-74.

HEX, TEE, REE, F BRFLTIVZLRIVK 1] REAK
N F, 2017, 32(02): 26-30.

X4, EHE, AR 51 HMLS BET V4 ERFHhNTALXSNA
[7]. #RET Ak, 2006, (07): 391-5.

WENNEKES W B, DATTA R N, NOORDERMEER J W M. Mechanistic
Investigations into the Adhesion between RFL-Treated Cords and Rubber. Part
II: The Influence of the Vinyl-Pyridine Content of the RFL-Latex [J]. Rubber
Chemistry & Technology, 2007, 80(4): 565-79.

HALE C W, BATEMAN M D. Laminated structure and method for preparing
same [Z]. US. 1938

EET aUERFEAENMGRAEMEMEMRR D] IERUEIKRE,
2023.

IRE AEHAKERER RFL RABRR R ELER L SRR EE
MeERZR [D]. dER4UE T KRFE, 2020.

62



RT3

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

WANG C, CHENG X, HUANG W, et al. A novel one-step eco-friendly dipping
system for PA66 fiber/rubber composites with excellent interfacial adhesion and
its adhesion mechanism [J]. Composites Science and Technology, 2024, 249:
110513.

SONG J, WU L, ZHANG Y. Thermal conductivity enhancement of
alumina/silicone rubber composites through constructing a thermally conductive
3D framework [J]. Polymer Bulletin, 2020, 77(4): 2139-53.

DONG H, ZHANG Y. Robust, thermally conductive and damping rubbers with
recyclable and self-healable capability [J]. Composites Part A: Applied Science
and Manufacturing, 2023, 175: 107783.

HE S, LIN Y, CHEN L, et al. Improvement in thermal conductivity and
mechanical properties of ethylene-propylene—diene monomer rubber by
expanded graphite [J]. Polymer Composites, 2017, 38(5): 870-6.

WU X, LIU H, TANG Z, et al. Scalable fabrication of thermally conductive
elastomer/boron nitride nanosheets composites by slurry compounding [J].
Composites Science and Technology, 2016, 123: 179-86.

ZHOU W, WANG W, SHI H, et al. Multiway Softness Polyurethane Elastomeric
Composite with Enhanced Thermal Conductivity and Application as Thermal
Interface Materials [J]. Advanced Materials Technologies, 2023, 8(9): 2201701.

HOU Z, WANG Z, CHEN Q, et al. Effect of disaggregation and activation of
sepiolite on interfacial interaction and mechanical properties of natural
rubber/sepiolite composites prepared by latex compounding method [J].
Polymers for Advanced Technologies, 2023, 34(11): 3493-504.

FENG C P, BAI L, BAO R-Y, et al. Superior thermal interface materials for
thermal management [J]. Composites Communications, 2019, 12: 80-5.

LIJ, ZHAO X, WU W, et al. Advanced flexible rGO-BN natural rubber films
with high thermal conductivity for improved thermal management capability [J].
Carbon, 2020, 162: 46-55.

SREEHARI H, APARNA A, JAYAN J S, et al. Evaluation of solvent transport
and cure characteristics of chlorobutyl rubber graphene oxide nanocomposites
[J]. Materials Today: Proceedings, 2022, 49: 1431-5.

FELIPE F D N, MATHEUS, VITA DAMASCENO J P, HOLAKOETI §, et al.
Enhancement of conductivity and transmittance of graphene oxide/PEDOT:PSS
electrodes and the evaluation of charge transfer dynamics [J]. Journal of Applied
Physics, 2019, (21): 126.

SOONG Y-C, CHIU C-W. Multilayered graphene/boron nitride/thermoplastic
polyurethane composite films with high thermal conductivity, stretchability, and
washability for adjustable-cooling smart clothes [J]. Journal of Colloid and
Interface Science, 2021, 599: 611-9.

63



RT3

[92] XIEY, XU Y, DU Y, et al. Chelated titanate modified multilayer graphene-
butylpyridine latex/polyethylene terephthalate composites with enhanced
thermal conductivity [J]. Diamond and Related Materials, 2024, 143: 110867.

[93] CHAO Z, JINGRU X, AHMAD M, et al. Facile approach for nanoconfinement
of multilayer graphene oxide with polyether polyurethane sponge as biological
carrier for the establishment of microalgal-bacterial bioreactor [J]. Bioresource
Technology, 2023, 378: 128997.

[94] ZHANG Z, GUO Y, HAN F, et al. Multilayer graphene for reducing friction and
wear in water-based sand cleaning liquid [J]. Wear, 2021, 470-471: 203619.

[95] ZHANG J, CHEN C, PAN J, et al. Atomistic insights into the separation
mechanism of multilayer graphene membranes for water desalination [J].
Physical Chemistry Chemical Physics, 2020, 22(14): 7224-33.

[96] WANG Y, YANG C, MAI Y-W, et al. Effect of non-covalent functionalisation on
thermal and mechanical properties of graphene-polymer nanocomposites [J].
Carbon, 2016, 102: 311-8.

[97] XU X, SHEN Y, YANG P. Building efficient thermal transport at
graphene/polypropylene interfaces by non-covalent functionalized graphene [J].
Physics Letters A, 2023, 469: 128766.

[98] YAP P L, TUNG T T, KABIRI S, et al. Polyamine-modified reduced graphene
oxide: A new and cost-effective adsorbent for efficient removal of mercury in
waters [J]. Separation and Purification Technology, 2020, 238: 116441.

[99] YANXIA X, SONGMEI B I, DONGQIANG W, et al. Preparation and dispersion
stability of Sb 20 _3/chloroprene latex composite modified with polyvinyl
alcohol [J]. Acta Materiae Compositae Sinica, 2018.

[100] YU W, SISI L, HAIYAN Y, et al. Progress in the functional modification of
graphene/graphene oxide: A review [J]. RSC Advances, 2020, 10(26): 15328-45.

[101] CHAUHAN D S, QURAISHI M A, ANSARI K R, et al. Graphene and graphene
oxide as new class of materials for corrosion control and protection: Present
status and future scenario [J]. Progress in Organic Coatings, 2020, 147: 105741.

[102] COLOVIC B, KISIC D, JOKANOVIC B, et al. Wetting properties of titanium
oxides, oxynitrides and nitrides obtained by DC and pulsed magnetron sputtering
and cathodic arc evaporation [J]. Sciendo, 2019, (2).

[103] HUSSAIN S M S, MAHBOOB A, KAMAL M S. Poly(Oxyethylene)-
Amidoamine Based Gemini Cationic Surfactants for Oilfield Applications: Effect
of Hydrophilicity of Spacer Group [J]. Materials, 2020, 13(5): 1046.

[104] ZHU D-Y, FANG X-Y, SUN R-X, et al. Development of degradable pre-formed
particle gel (DPPG) as temporary plugging agent for petroleum drilling and
production [J]. Petroleum Science, 2021, 18(2): 479-94.

64



RT3

[105] ZHANG Y, HEO Y-J, SON Y-R, et al. Recent advanced thermal interfacial
materials: A review of conducting mechanisms and parameters of carbon
materials [J]. Carbon, 2019, 142: 445-60.

[106] ZHANG Y-F, HAN D, ZHAO Y-H, et al. High-performance thermal interface
materials consisting of vertically aligned graphene film and polymer [J]. Carbon,
2016, 109: 552-7.

[107] WEI Z, NI Z, BI K, et al. In-plane lattice thermal conductivities of multilayer
graphene films [J]. Carbon, 2011, 49(8): 2653-8.

[108] XIEY, XUY, DUY, et al. Improving thermal conductivity of butylpyridine latex-
based composites by modified single-layer graphene [J]. Polymer Composites,
2025; 46(5): 4255-4269.

[109] GUPTA B, KUMAR N, PANDA K, et al. Role of oxygen functional groups in
reduced graphene oxide for lubrication [J]. Scientific Reports, 2017, 7(1): 45030.

[110] NOH Y J, JOH H-I, YU J, et al. Ultra-high dispersion of graphene in polymer
composite via solvent freefabrication and functionalization [J]. Scientific Reports,
2015, 5(1): 9141.

[111] KIM H S, BAE H S, YU J, et al. Thermal conductivity of polymer composites
with the geometrical characteristics of graphene nanoplatelets [J]. Scientific
Reports, 2016, 6(1): 26825.

[112] PENG Y, CHEN Z, ZHANG R, et al. Oxygen-Containing Functional Groups
Regulating the Carbon/Electrolyte Interfacial Properties Toward Enhanced K+
Storage [J]. Nano-Micro Letters, 2021, 13(1): 192.

[113] CHO J, LEE H, NAM K-H, et al. Enhanced electrical conductivity of polymer
nanocomposite based on edge-selectively functionalized graphene nanoplatelets
[J]. Composites Science and Technology, 2020, 189: 108001.

[114] BHWA,AY L, AGHF, et al. Comparison study on chelated and non-chelated
titanate functionalized graphene nanosheets for enhancement of waterborne
alkyd anticorrosion coating - ScienceDirect [J]. Progress in Organic Coatings,
150.

[115] YU J, CHOI H K, KIM H S, et al. Synergistic effect of hybrid graphene
nanoplatelet and multi-walled carbon nanotube fillers on the thermal
conductivity of polymer composites and theoretical modeling of the synergistic
effect [J]. Composites Part A: Applied Science and Manufacturing, 2016, 88: 79-
85.

[116] KIM SY,NOHY J, YU J. Thermal conductivity of graphene nanoplatelets filled
composites fabricated by solvent-free processing for the excellent filler
dispersion and a theoretical approach for the composites containing the
geometrized fillers [J]. Composites Part A: Applied Science and Manufacturing,
2015, 69: 219-25.

65



RT3

[117] YUJ, CHAIJE, KIM S Y. Thermally conductive composite film filled with highly
dispersed graphene nanoplatelets via solvent-free one-step fabrication [J].
Composites Part B Engineering, 2017, 110(FEB.): 171-7.

[118] JIANZHANG, HUANG, QIANG, et al. A molecular dynamics study of stiffness-
dependent thermal conductivity of graphene [J]. Materials Research Express,
2000.

[119] SONG H, KANG F. Recent Progress on Thermal Conduction of Graphene [J].
Acta Physico Chimica Sinica, 2021: 2101013.

[120] PYUN K R, KO S H. Graphene as a material for energy generation and control:
Recent progress in the control of graphene thermal conductivity by graphene
defect engineering [J]. Materials Today Energy, 2019, 12: 431-42.

[121] WANG J, REN P, CHEN Z, et al. Highly thermally conductive and electrical
insulating  epoxy-based  composites  containing  oriented  ternary
carbon/graphene/MgO hybrid network [J]. CERAMICS INTERNATIONAL,
2022, (9): 48.

[122] BREX, BREE, XNKR. BMEMEET T FEXNAERNZWE J]. 59T
3R, 2008, (5): 399-404.

66



RT3

BUEF L EAE R AR

1. RER®

[1] XIEY, XUY, DUY, et al. Improving thermal conductivity of butylpyridine latex-

based composites by modified single-layer graphene [J]. Polymer Composites, 2025;

46(5): 4255-4260.

[2] XIE Y, XU Y, DU Y, et al. Chelated titanate modified multilayer graphene-

butylpyridine latex/polyethylene terephthalate composites with enhanced thermal

conductivity [J]. Diamond and Related Materials, 2024, 143: 110867.

2. HEREF

[1] W ER AR 7=, 0 SO, VE H B, A 2N, 00T i A 22 M, AR A A — Tl mT 2 T P 445

(¥ PET TR RHIA i % 7570 Je B FH . 2024.05.3 1,41 [H,21.202311028992.4  ( 4% A0

3. RFGHIRIFRE

1 2024 48, 2 ITRERY—Fylh e

2. 2024 4F, ZETHERFHE T LRSS

3. 2024 4, LA RFAEGIHAIE (2024) %

4. 2023 4%, RIS BN +EH BML R FEAR 2

5. 2023 %, ZHIRERF EARYE

4. ZKIA

L BRI el A ol A IR 2 &) KH10000348, i = fi 35 5 WULA %
Vs NP E= T X 4

67



RT3

Hi

6K, FeR O LR TR KA 7B EIR e by, 18
[ FITAT R0 3 B R N RIE e i 2R PR Bl

T SO R SIS 0 O s T IR s, — B4 TR
F 2] BRI B TR AR S B AR L AR, B IR
MR FPAEME, IRRZ RN T, H2ZAL, EUAEH. @&, A
JTMEIE - Sk g an Bl 22 N A2 AOIE BRAN R AN SE g B3 0 RIRAL, 3eks LLEE N
BERE, BESCHON, WO

SRR B = AL A LSS AL R AT o AR 22 S AR TR R, XA ]
B R R AE AR B B2 .

SRR R PR 25 T 265 TR ) — B AR B, AT 12 S = LK I R Bl Y 31
BRIk S 5 X AL AT, £ B IRMIHIEIE A TARIE BN ROt

KU 3016 BRI AT 2080 CFAE M AR SRR, 21404 1o DU 7 (R IR
B, AR E REA TR HEEE, BIMRAHERENE=/, T
AT, BBAMERLISAL B Kz AR =G 1, U S5 H WA T2
A, RERBGREREAN NAE,

B, RIS B, VAT — B R S SE R e, HERAR 2 5 50
B B R SR A2 B B RO RE A B ARV ER AR 5 5, 2 BRANWT T 2E 130 779
Ko

FERATT G AT S R BRI HORERE , ICAF IS LEAR TR A ) 0 H o AT Ll
Kk, HEFRRXMBZLRE IR, KIZRBNHRSAR T

68



