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Abstract Preparation of composite phase change materials using paraffin as matrix, expanded graphite as
supporting material, multi-wall carbon nanotubes and carbon fiber as additives. It was characterized and tested by
scanning electron microscope (SEM) , differential scanning calorimeter (DSC), X-ray diffraction (XRD) and thermal
conductivity tester.The results shown that when the mass ratio of CF to WMCNTs was 2:3,and the mass fraction of
WMCNTs was 11. 4% ,the leakage rate of phase change material was only 1. 12% , which was 83. 1% lower than that
of PW/EG.The thermal conductivity was 4. 78W/(m+K) , which was 2. 69 times of paraffin wax/expanded graphite.

Finally, the optimum carbon additive composite phase change material was applied to the lithium ion battery,and the
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operating temperature of the battery was kept in the safe temperature range of 50°C.

Key words composite phase change material, paraffin, carbon fiber, carbon nanotube, thermal management,

lithium ion battery

HHZAE BB T AL 4 A 5 (PW) IR 17 R 55 A5 AL
FERLRIZS K A B 28 R 26 S LA R L
R P B R S, PW A A R VR JCRE
TG T B R X 58 AR S I A T T A e e B 1Y
AR Z —, EZ  PW RO AIL AR A8 o A2
WA T 1 8RB, BR ) T L PW SR A BT Y 52 5 A 72
FEBHE R B8 B i N . 7R PW R S v
FAPERE A B R | 4 B WL R g ok BORL Y AR
AT RIS S AR RO S AR BB AR R TE
Bk 6 b1 KL T 2 BE Bk 98 K A (WMCNT )M 1 ik £F
Ze(CFYZ T HGE A AR A PR . DL CF

5t WMCNTs 1 4 45 0] il 4 52 6 A 28 B4 ) i SR
R R AR £, 0 35 B4 o T F 5T B i A
CF 5y, WMCNTs X%} PW £ 68 19 5 mi , 1 Xf CF
WMCNTs [A] B 15 A5 A8 44 Ok S 44 0B B BF 5% 488
A AW LL PW i B A, WMCNTSs fil CF 2 fikk
I 4 T PW/EG/WMCNTs/CF & & #78 #t
B, %427 CF 5 WMCNTs [ & b & 4 #H 728 4
REPE BB Y 52 A, TE A 43 AT T 2 A A AR b R EE [
TRORR e A8 T R P 98 T B4 L N S 6 R R
Jr ST T 2 A A AR B RE R B T R A Y

1=
R

HEEWB BHEA KRR #HA (51762034) ; TLVEH H AR B 2= 54 (20181BAB206032)
TEHE BN WAL 1962, 2, 28 A A28 T, NGB BB IR VA R TIF 98 T4E.
BOR A WE1986-) , L b PR, FEEAE R O o A B R S SR AT,



5 2 1 FHAL S . PW/EG/WMCNTSs/CF & & #1728 4 B 1 i & K& 1 Re 0 52 < 71 .

1 SLIGER4Y

1.1 ER5{E

PW(# 5 RT44HC, 15 &5 41 ~44°C , AHAE T 4
2751/ g) BN B IR e VR BB A IR WD 5 Al R K A
M Chifz 300 H K% 300~400mL/g) , L AR 7
8P 3R A 58 ) 5 A BR A Hl s WMCN T, V107 58 3¢
JEAN KRB PR 75 CRL K B 15um R
K O0OW/(mK) , B 2. 22g/cm?® |, 18 @ B &5 b
BB A BR A A,

4 T 5B %08 (SEM., Hitachi S-3400 n %),
H A H 372 7] 3 2 2 H B #L (DSC, Netzsch DSC
214 #Y) ,f8E Netzsch 24 A ;s X HF AT AL (XRD,
BrukerD8 2 %), 78 [&] Bruker /A w5 # 5 43 #11%
(XIATECH TC3000 %), V4 % 5 & f 7 FH 7 4 B
NN
1.2 PW/EG/WMCNTs/CF E 5 HEM BRI H &

W] I ik A7 BB R A 60°C BLZS A T4 24h,
SRIG A 800°C Ly 3 v il 3 J2 b 60, 75 21 I ik A1
2 (EG), # PW AR & 2 &% o # A . 78 16 5
PP R A BT = 70 EGL 15 3] PW/EG
FHAR 4 KL

T PW/EG AHZS 81 RH b hin A AH [6) B2 & /9 CF il
WMCNTs, il &t PW/EG/WMCNTs/CF & &
SRR RE L BE S4B AE C1.C2.C3,C4.C5,C6,C7,
Cs.

K FAR R J5 5 46 PW/EG AH 22 44 ) i i A B
BN R 1:2.1:4,2:3.3: 78 CF 5§ WMCNTs,

#1 SAMTHNREASRE

FE& PW/  EG/  CF/  WMCNTs/ HgaR/
ELA g g g g [We(m '+K™D
Cl1 55.8 4.2 0 0 1. 7800
C2 552 4.2 0.3 0.3 2.2484
C3 54.0 4.2 0.9 0.9 2.6260
ct 522 4.2 1.8 1.8 2.8100
C5  50.4 42 2.7 2.7 3. 3460
C6  48.6 4.2 3.6 3.6 4.1080
C7 46. 8 4.2 4.5 4.5 4. 5320
C8  43.8 4.2 6.0 6.0 3.4270
C9 46. 8 4.2 4.0 8.0 3.0670
C10 46. 8 4.2 2.4 9.6 4. 3120
Cl11 46. 8 4.2 4.8 7.2 4.7800
Cl2  46.8 4.2 3.6 8.4 3.9680

3% CF Ml WMCNTs Jfi & b A [F A PW/EG/
WMCNTs/CF & £ A0 48 B kL, 8 5 4 30 e 7 C9.
C10.C11.C12, & & #0728 b Bk b 45 41 43 F & 0L
1,
1.3 i 5 R4

SR FH 1 il H - 0 A XL 25 4 A8 b R 14 T 55 1k
WZER . SR 22 HA U PW . PW/EG 78
BRI PW/EG/WMCNTs/CF & & AH 728 b kL i 47
WHR L AE N, A B 5°C/min B9 38R X B 5 7R 47
T AR S R TS Bl 20~70°C , 25 78 R
ASCHR R B R B8 M B3 43 33 S £0. 126 /1 0. 01°C . 78
FIE 25 CHMET R T B SR LIE I T RO
SN A AR A1 R T B R X AT S A
BT AH S A4 R0 R AR S5 4, S 1 3 R 100 /min, 7T
SHAJER 10~60°,
1.4 WXL

K ANSYS14. 0 £ R T 70 1 3K 4 B 8 PW/
EG/WMCNTs/CF & & AH 72 M RL A T 28500 i 1t #4
(ESLNENE- AU I E W= DA S B -9 P i R a h BT Y i
J& Bernardi 2517 T 1985 4F #E ST Y , %85 L BE A% 4
e i b Ay S5 P Sl ) AR BGEDR TR 1 LK (D

Tk dE oc
dTk

o, g Sy H i A G R, W/ m s T O HL
AV M B B IR R, m 5 L R F I B0 G T %
LR, VS E S E b SR TAERE, VT b
HIRI bR B K5 dE o /d T Ry BE 2 R 8. AR
3D AT Y R b 7R AN [ R 5 23R 14 A RGH R

FHL Y 1) i o P A R L (2)

aT

oy 5o = kYY) +Q (2)

q=1/V(Ey —E— ) D

Py Py u
VT = (- 5 7
(’)1"‘ r7y“ (72“

Ko HEE . g/em®;C, HIIE T/ (kg KD
kAR, W/ (mK) s Q MR I, W/m? ;
t ABTE sy o2 RARRR T u=u (1 2,y . 2) FIR
TRE SR (B A4 ¢ 52 AR B (o sy o 2) A PRIER .

AHAS B R BE 1 5 LK ()

3

OH
pv 5 = VK, VT) )
.
H:J C, +BLdt (5)
Tref
0 T<T.
B=UT—TH(T,—TH T.<T<T, (6
1 T<T

Ko, HAHARR B g/cm’ s H A



<72 - o T BB ow 5 48 &

MORRR RS T L Dy A AR MRV AL T/ kgs B S AH A
WAL 00 A 43 B, Y0 T i A R B R Y B [ IR
JELC5 T AR MR WA TR L °C 50 B[], 5
K, A M B R G R, W/ (em«K) 5 T N B iR
JE,°CC, WAHAE BB ZE . T/ (kg KD 5 T o N A
AR IR R °C .

2 HRSWR

2.1 SEM %#7

K1 A BB SEM KL, B 1 Ca) 7] %,
WMCNTs £ H4& A, 8 5 8 Z [ 5A 2l 28 28 (1)
BN T o BA IR KR KAZLL., CF REHE
WL AME ST R — B LW 1(b) ],
B 1o LA, PW 5E 28 EG W EFLIE , i A
LI FE AR B B . CF Ml WMCNTs #% PW 0%,
CF il WMCNTs ZE4fifE EG MRz m) 45 782
AHAEME TR E 1D . 5598 &85
I (CF+ WMCNTs) # 25 #1288 5 EG B
BT 22 Y BGE 5 52 AR AR AR R
R P4

(a)

B 1 AFMEE SEM A
[(2) WMCNT ; (b)CF; () PW/EG; (d) PW/EG/WMCNTs /CF]

2.2 DSC 2

R PR 2 715 451 il B0 AR B A 1 e A
SRR AT TS L O ERER TR IR X A AR B R
MAERER R . B 2 OR TR ARG DSC i 2k A,
S CERGER 4 XoF R T OE AR S W HAGHS 4 X B T A7 4R
Wi HIE A PW,PW/EG,PW/EG/WMCNTSs/
CF 19 A8 25 %5 43 511 R 140. 8] /g.132.5]/g. 106. 9] /g;
5 PW BRI K5 AH 1L . PW/EG #H 78 #1 kL #1524 AH
k1R PW/EG/WMCNTs/CF A 28 %5 ¥4 BF 1%
%, SRR PW 755 A AHAS AR b 4 5T o 43 B0t/

1 1—PW
- 2—PW/EG
3 — PW/EG/WMCNTs/CF

P/ (mW - g)
- o = N

1 1
20 30 60 70

20 50
TRBE/C
Bl 2 AEMER DSC h £k #

K3 AR R R XRD 35K . A A2 AT
S 20=26. 584 ,CF 1 WMCNTs 24 H BLAT 5F
I ; PW/EG/WMCNTs/CF 1547 5 ff1 20 = 26. 48°,
26. 58°4b H B AT S W, ok o] UL, B2 G AH AR A R
PW/EG/WMCNTs/CF H A H BB 9 17 5 06, 2
fr it e s BE R [A] . XRD M SRR 1 & A AR M
B & A HoAb Ak 2% FRE 4R TG 2% T, 2 B A

'W/EG/WMCNTs/CF

1—P!
2— PW/EG
3 — WMCNTs
1/, 4—CF
1]

10 20 0 40 50 0
20/(°)
E 3 AFA B XRD 3% E
2.3 HERLSH

PL CF F1 WMCN'Ts A Sy B 5 0 551, 2% %€ 8 5 i
F 0T £ 43 B0 52 6 A2 M B PW/EG/WMCNTs /CF
FES AT R LR 4) . i AT Bl B TR
Tl B ek I 1 s 2 A S R RLRE S Y B S R
BT 5 MBS 0 50 5Tt 4 Kk 15 Y0 B B A R AR B
B i C7T BRI N #] 4. 532W/(m - KD, &
PW/EG HMIZER BLIY 2. 55 f5 . (EIE 465 85 fin 57 i
BN 20 00, 4G AHAS MOREEE B C8 [ # S 3
FEARE] 3. 427W/(m+ KD XS T3 2 09 ik i in
TR 2 FE AR AE B B 3R SR B R o R0 AS S A A
RS SRBRAR N LI 0] GBS ) PW B SR 254411,

= 4.5}

M
= 401
E 35t

B
< 3.0

#
f 2.5}
® 00

G2 3 4 Ec"s C6 ¢7 8
B4 RS INFR) BR AR 23 vt & A AR AR AR
PW/EG/WMCNTSs/CF ¥ & #4551 5 iy



5 2 1 FHAL S . PW/EG/WMCNTSs/CF & & #1728 4 B 1 i & K& 1 Re 0 52 .« 73 .

FEBR BV N FR) B I RE 4R A A A R AR IR
B AR AN 0 3R T vk A A ik 2 B 2 G A
R RS FARE O R B, DT B AR A2 5 A 2 AR Y
P RE

TERR S M5 5 & 0 B0k 15 % % F F . % % CF
5 WMCNTs [T & b X &2 & tH 2 #1 Bt PW/EG/
WMCNTs/CF # 5 #2552 ma (UL E 5) . i A
AL m (CF):m (WMCNTs) = 2: 30, & & M 28 b
BHRE 5 1 3 T 35K 3 4. 78W/ (m+K) , 2 PW/EG #H
MR TR 2.69 £, JR & CF 5 WMCNTs
Jiat o 20 30 AR SR B S ) CF Al WMCNT
HEGIEMTHEZHE M — gAMb, W E A HAL
MOEHE AL T SRS I S R R 5

_.50

>_'5 4.6t
Eaof
53.8-
¥ 340

A
& 3.0t

1T 132 1:4 23 37
m(CF): m(WMCNTS)

E 5 CF5 WMCNTSs i b &2 & HH A2 1k
PW/EG/WMCNTs/CF #f i 4 5 5 [ 52 i

2.4 BRESW

¥ PW/EG/WMCNTs il PW/EG/CF & &
TR E 42 43. 5mm, & B 25mm A9 & A K, it A
70°C THRAE R U AR E TR S R I 2 s PW, &
B 1.5h HIH 7~ K -F I Ao i, & 6 O T %
20h J§ PW/EG/WMCNTs 5 PW/EG/CF #f %8 ##
BB e, B AT AL AHAE # R PW/EG/WMC-
NTs 15 L T PW/EG/CF 15 i %, Bk 7
g 3ROk 15 VoI B T R R AR, S 0. 210,
U] WMCNTs By 1k PW B 2R e CF 45, JiR
e WMCNTs 41K, 45 5 5 EG B B = 4 W 2%
SEKE) IG5 A8 e T 4 M B A A AR B R,

1.0

1—PW/EG/CF
2 — PW/EG/WMCNTs

1 20

36 0 iz 15
TRAS I B 530 %
K6 PW/EG/WMCNTs 5 PW/EG/CF #1748 # £ 4
3
B 7 K58 A MM B PW/EG/WMCNTs/CF

23t 10 WA (2000 BB TR F . WETTLIEH .
Wit o ok 5 0 ) B 43 AR S A2 G AR S B R RY 2
T ST B 24 B U8 0 390 o o o Bk 1590, A A AR
MEHBIRE R 1. 41% ., L PW/EG B REMIK T
78.7%,

7
6
s
£,
A3
2
1 1 1 1 1 1 1 1
T 3 6 9 12 15 20 —
BV Ima) 5 B 480/ %

K 7 S4H&AAEME PW/EG/WMCNTs/CF
223 10 WG ER (200h) (1) 13 T R

FE BTSN R 5t i 4380k 15 %, CF 5 WMCNTs
B A [F & AR, B A A AE M OB PW/EG/
WMCNTSs/CF £t 10 W R (200h) (13 T % WL
B8, MEITLIEH ., m(CF):m (WMCNTs) =2
S EAGHEME B RERN 1.12%, It PW/EG
BIREIRT 83. 1% . B 7.8 8 My tras £,
£ PW/EG M8 #18EHim A CF Al WMCNTs, 1] LA
KR AR B A M AR A B PW/EG/WMCNTs/CF
i AR E M RE .

35

1 12 14 23 37
m(CF): m(WMCNTs)

K8 b AR &M TR AMAEME PW/EG/
WMCNTs/CF 233 10 I HAFEFF (200h) 35 I R

2.5 PW/EG/WMCNTs/CF E & HHTEMMTESR
FRbHHRER

V452 5 AR A RE I TS H L A H A
R 20 ZoMF T HEAT R 3R T UL B BT (] AR Ak ) 5 B
PSS 86, XF e aE 0L 9, MERT LA L &
PW/EG #l PW/EG/WMCNTs/CF #H 728 41 B i1
2R R EE AR A5 2 A B A R I R
AR BB B Ak, W it R TR 9 R B 5 L BT 0K
R HEMMES 5 S 1L 545 T AT IS H T AR
TR BE R REAE 29 43°C , Ab T AH AR B R 9 AH AR TR B
T0 [R5 DRI A 8 A I R A o F it ™ A 1 3R
A 7% B A M B, & A PW/EG Al PW/EG/



LT fo T W B R

#
gl

WMCNTs/CF 848 # A H it o 5 e B DR 7
ASCUAR o AE e e T AR IR B S B N — EL PR R B e
IR Z, A A Ak T TG AH AR B Y PR b G 2 TR B
I () 5 20 1 498, kel 2 AR, B R R A F
60.8°C,

1 — R AT (LR
2 — WHREA CL(ER)

65 3— HHIEREACIIELR)

4 — WK TAEF R IT)
5 — AR EA CL(PX)

& 551 6— mmEmEACLIEHE)

el i 2 7

g 45| T eomsensesmin ol
{7

250200 400 600 800 1000 1200 1400
i) /s

Bo LA R 2C I it 2 T R L i I ] 22 £k 1Y
175 FBEAUA5 52 50 % L 4]

TECRAG % 3C S50 5 H#E A7 Ha L 3% 10 I B Bl s
[ A% Ak 07 BCASEL5 SE 56 , X6 e 45 SR LR 10, M
AT ULt JCAH S A RE Y H il HG 3R T IR BE B e JA] S
ZRAMEIG I, B S R R = R BE IR B T 65.4°C L i
TEHE ) H b B 28 45T EE 50°C , AR TR AR R 4 1F R,
& PW/EG Ml PW/EG/WMCNTs/CF 475 #1 £ 1
H R TR RS 7 — M RERE ., ZE.& PW/
EG By E A 2 418 B el - T B B, B R Ry
557s, it PW/EG/WMCNTs/CF B H ik A5
2 AR BE PR L T B B B I IR 671s, X 1 B 7
PW/EG tHAS £1#H i A CF Al WMCNTs J& » ZE K
TORAZR B R) B RE L Oy el 4R TR N AR E A A
BB,

75| 1 — EMRETAEIEER)
2 — WM A C1(LH)
3 — MR EACL(3LH)
65 4 — iR E AR )
)

5— HMEREACIHIL =74
(& 55k 6— R T A C11({3T)
~ 2
= S
a5 A G

6 3

35F

0100 200 300 400 500 600 700 800
iHE) /s

B 10 A% 3C IRl b 3 T L Bl A [R] AR £k Y

{5 B 5 5200 % be E

L5418 9 8 10 R, S Ko R T O AU
Kol o RN AT BB S BRI AR L LAY 2 AR
L2 7 A A T ST 0 EASE R IR o R A B
B IR W T R R R R (HR TR RN R
RS R L R R A R Y AR T SRR A R S )
B2 SRR T S — B0, P i 22 e 2°C LA,
TIE U A 57 Y R b B RS B A T AT

3 Hit

(¥ CF 1 WMCNTSs il A FHZE B4 8, 7l L
EREE G MM RS HRMRE, Y om (CF) ¢
m (WMCNTs) =2: 31, & & A2 g 5K F
FEE] 4. 78W/(m«K) , N A A # B PW/EG #4473
2. 69 1%,

(2)m (CF) :m (WMCNTs) = 2: 30}, PW/EG/
WMCNTs/CF & & 072 M B2 s E2h 1.12%,
It PW/EG W& I F BT 83.1% ., PW/EG/
WMCNTs #1748 # B 1 & s 2 ik T PW/EG/CF

() FIH ANSYS 14. 0 B 7 57 4 f i Jth = 4k
B AR, XoF 0 H b 7 AP R I AT S 56 R LA
WAFFE . LIS RS 0 LA RARY) &, Bl R
T I B U A s W 7E 50°C 14 28 43 LY JE B o 4% 1
2 AR WA RL BB A A B T E T 1 AV B R

2% 3k

[ 1] Sharma A,Tyagi V V,Chen C R,et al.Review on thermal en-
ergy storage with phase change materials and applications[ ] ].
Renewable and Sustainable Energy Reviews, 2009, 13 (2):
318-345.

[ 2] Jiang G,Huang J,Fu Y.et al. Thermal optimization of com-
posite phase change material/expanded graphite for Li-ion
battery thermal management[ J]. Applied Thermal Engineer-
ing,2016,108:1119-1125.

[ 3] Mazo M A,Tamayo A,Caballero A C,et al. Enhanced electri-
cal and thermal conductivities of silicon oxycarbide nanocom-
posites containing carbon nanofibers[]]. Carbon, 2018, 138
42-51.

[4] Xu B, Li Z. Paraffin/diatomite/multi-wall carbon nanotubes
composite phase change material tailor-made for thermal en-
ergy storage cement-based composites[ J]. Energy,2014,72:
371-380.

5] FhBL. 2R, 5k 28 77, 55 W AK A 88 /40 I 52 5 AR 25 fif B8 B1 RL
i1 il 4 15 P RE W SE L) ). A TR A K, 2012,40(8) - 148-150.

[ 6] Zhong Y,Guo Q. Li S, et al. Heat transfer enhancement of
paraffin wax using graphite foam for thermal energy storage
[J7. Solar Energy Materials and Solar Cells, 2010, 94 (6)
1011-1014.

[ 7] Sundarram S S,Li W.The effect of pore size and porosity on
thermal management performance of phase change material
infiltrated microcellular metal foams[ J]. Applied Thermal En-

gineering,2014,64(1/2) :147-154.
(4% 79 1)





