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FEh 2 YR ARON AR AN T R AN
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A A SEPE IR O P A IR IR R R, E A T2
NI T AIUE HL R 150~500 kV 55 1 48 2% S B4
Ha O SR E R A T R N AR L 0k
NI 30 a 1) 110 kV @ RS AE 7615
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FIIAR BG4S 2 A ACRDL , ik B
AERR 30 a A4 5 5SS B L 4 4k s 4T BB ok iy aT
TR — SR LS I PR Y S
1 RAFEERARIZE
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Fig.1 Schematic diagram of testing cable cestion
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Table 1 The result of electric field
strength at position A,B and C
e R/mm  E/(kVemm™")

A 16.0 7.80
B 27.0 4.62
C 38.0 3.29
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Fig.2 Test temperture changing curves of each
layer of testing cable (one cycle)

BTG T B B ey

XFF SO, 8 B CIZERCh A R E R HE
5590, B2 r=Ry=R;=R, =16 mm [ LA (1)
i 5% U, = 63.94 kV = 1.01U,, U, = 45.53 kV ~
0.72U,, WK 2 7JH1, A B C )2 0] S350 IR 25N
90~95 °C,70~75 °C il 50~55 C HyHAEIF XL, 25
R A S AR 2 N AR A AN SR 2
No FTLURIL, a5 2 b 2 RSN 2 0 S50 3 4%
5 H 85 1 SEPras A TR AR

*2 SBEEEYEHEAFERMERLRBEE

Table 2 Equivalent accelerated aging test
condition of each layer of insulation

IR U 7/°C
A 1.700, 90~95
B 1.010, 70~75
C 0.72U, 50~55

1.3 BEASHLE

1AM G 1E (fourier transform infrared spectrome-
ter, FTIR) S50 R FHZLAMGIE A 70 B 2> Uk A9 B
fife SR AR, LhAr BEF N 0.16 em™', {51 L hy
55 000 : 11475 AR P 600 ~3 600 em™ A % 4%
ANRFEIERT A, SN JE E i OPUS B R4 B4k A5 1Y
i

2R FHi | # (differential scanning calorimetry ,
DSC) S5k H DSC 3L i XLPE Fhifi K % ifi
PR R . S gk AR R R EE B E D 10 °C/min
FITFHE#Z M 30 CTHE 150 C/5{EH 5 min, ZJ5
110 °C/min (Y FETRE AR R 30 °C, H UGt &
N5 mg,

HE 43T (thermogravimetric, TG ) 52 56 % A #4
H TG A XLPE 45201 TG R EHh £k, S8
FEHIREBOE LA 10 °C/min 7Y FHif 3 M 30 °C T
2 800 °C, LA 25 UK B I B2 T i Y 2R IR O o
BRI AR R S mg,
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X G 2% ( X-ray diffraction, XRD ) fi7 5} 3 46 3@ i
XRD 5o B 45 AR 1) R AL S5 M A8 Mk, S50
TV 5 T A 6 A TG B Ry 26= 5°~90°, 25K 240.02°,
FHE 4 0.1 s, B @ ¢ DIFFIAC plus XRD
Commander [} 8453 B3R5 B ECHE o
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A5 PR A () 2 B AE SRR SR T
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Fig.3 FTIR spectrum of each layer before
and after the accelerated aging test
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Table 3 Carbonyl index and unsaturated band index

IR Iy qq11 am Iy 6351 4m
A, 0.059 0.197
B, 0.029 0.042
C, 0.047 0.330
A, 0.044 0.248
B, 0.018 0.139
C, 0.040 0.147
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Fig.4 DSC spectrum of each layer before and
after the accelerated aging test
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Table 4 DSC parameters of each layer before
and after the accelerated aging test

Wb T./C AH/(Jog) T/C AT/

Ay 107.8 113.6 89.5 18.3
B, 107.2 116.7 90.1 17.1
(oN 106.5 114.3 90.7 15.8
A, 106.9 117.8 90.8 16.1
B, 107.7 117.0 90.9 16.8
C, 108.6 116.1 91.7 16.9

HIPE 4 (a) ] AR, sk 2 1l i i 46 25 4 )2
FIANZ B REAN T2 2% P 2 B05E , IR Ay
WA, A U P R 1 3 B T BE TR
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AR B SR AP AR . 7R SRS )5, &
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6 202 P )= BT 2 B TR AR AR R A T AL

e, (AR ] el J7 1) PR 8%, R4 AR AS M AR X 58 3% 5
M2 2% 50z i T 56 0 A2 5 PR P 675 P 30 n] 42
SR I 9 TR P, A BRI bR 4 i A 1) o
T, PR 2 A5 i A i e R PR RS [ I 2
U PR A AR B AR 1 AR

B 4(b) Fr AR I S8 S il i) e B A
BrEE i, AT RLUA BN I 28 R A 1 25 2 1)
RIS, R JE 4 5 25 R A N S .
Hh, IV BE AT LSS fh s R, i v BB, 45
GBS H S BOAT RN S AR 5 R 4 2 N
JERIJZ B 45 S AR I IR, /T iR T 48 5 Ko
TR 22 1 /N T A A A O R S A
Sy, G5 A AR 5 e T ORI A 2 45
W MLESINE T 22T (A G4 i
I/ PR Rl R 21

45 ot A A 0 ot R TR T AR R 2 (2)
Pl (3) HEEA

X = (AH/AH]) x 100% (2)
T +273.15= (T, +273.15)[1 - 20./(AH,L) ]
(3)

X S R AH, Ry SRS I RS AHY
HEEGHIE R 100 % I B SEROR RIS ; T, by SEBR I Rl
W EE 3 T it 7 B2 e T J0 95 IS 0 445 Rl et 825 L
R TN R R R AH,, D AR TR BAR IR &
I (R A 5 o A FRSE TED AR B R T8 ) BB AR 8 3T
MRL16], i IR : AH, =287.3 J/g, T, = 141.45
°C,AH, =2.88x10° J-m™” 0, =9.3x107 ] - m™*, &
AR RA R AR S .
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Table 5 Crystallinity and lamellar thickness

iy = X/ % Lx107°/m
A, 38.8 8.029
B, 39.8 7.818
G, 35.1 7.661
A, 40.4 7.750
B, 38.6 7.934
C, 39.6 8.151

HIZR 5 ATRAZC B, 48 5 N R AE N d 2 AL i 56 )5
BARES T EA BT BT H R A 1) 5 7 SR R R
R 5 2 2 IR IR 2 A 58 3 I IR 4G
i, X AT RESE 26 2% HP 19 /N O3 1 | SOBE S5 AR AR R
JEE T U B TRt A, i R R ) B R S iR 446
An AT PR AR e B, X TSR RIS i
B0 2 X 25 d BE RS UK AR T B, 208 Rl UG 8 R o
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RIS R IR R 1 O PRI R, IR A
oty DX Dl fi iy S 25 A B B — o W T
GROMNZME 5 4 2R 45 R B I R b TR0 0
e gy 2 D B ) ISR LT T A X R
AR A S F B B o
23 TG XWHEREHM

B S R 6 235 Ay fin i A i i I 19 HeL 48 4
452 TG BT A (DTC) 3% 8 A K 52 50 2 K
F 6 P WK TEIRE T R ALK R AR P sl A 5E
) e AR ) i e e AR R R T R 5 Tson, TR
H S0% L , FALARHE R T 50% XTI i 14
SERA B I3 R s DTG AR T, FRAE TR ) foe K SO
AR, B RE R B R R e R S g e 2 Y
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Fig.5 TG and DTG spectra of each layer before
and after the accelerated aging test
*6 ZUIXKRBIFBLHEEEE TG F1 DTG S
Table 6 TG and DTG parameters of each layer

before and after the accelerated aging test C

R Ty Ts00 Ty
A, 451.5 464.3 469.8
B, 449.8 465.2 471.4
C, 447.2 462.9 467.9
A, 448.3 463.3 469.7
B, 450.1 464.3 472.9
C, 449.9 466.5 470.4

InEE AT AT, HL 4548 2 AN JZ 2 5MZ BIA)

RS EIRE T, 2, R4 )= Frp )z
45 ab ZE P AR 58 3 , 48 2% 51 = T3S BRI - ) 45
HRIT I FETE , IR EE A 2 B e R AR Rl DA Tge,
AT B He A b A A 2 v S22 1 2 485 a5 A Je i, A
JEEeZE . M EAIRIR)E , 3R 6 WA, 7E 5530 it
N 2 FIINZSEL T f T AR 3 T B
B EA, ZHHIRAHE S ENEGARES T, K
FAE AT 308 45 A0 A5 A8, 0 5 2 2% 1) IARRUE T
ELTE i o B FR A RN B2 37 1) A 0 e 2R F T, 4 2
N2 SRS Al A A A s R o
2.4 XRD LGRS 4

B6 S 2 kiR 56 T S R 28 4 2 A5 2
XRD St . AT LUE Y BN I 45 b o =
S AE 20=21.22°F1 20=23.63°, 43 HI X%t (110)
F(200) A% T, XRD S 1A b, iz g e 7y o7 15
A i 2 1 23 0% A 0 T IS I AR H B A S
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Fig.6 XRD spectrum of each layer before
and after the accelerated aging test
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Fig.7 Gaussian fitting of the crystalline peaks and
the amorphous halo by Hinrichsen method

e ISR SRR U (1
X=(S, +8,)/(S, +S,+S,) x100% (4)
AP S O JEE B X R T A S, 9 e 20=21.22°4b
F 45 SR T AR S B AE 26 = 23.63° 4b 1Y IR 9 25
Al AR THT AR
T3AI X LTS ] 1A 2 B A [ A3 S 0 1) Ao
RUF AT st Scherrer Jy 27 R, R B 0,
(5) Frno
D, = KA/ (Bcos 6) (5)
Dy 3 BT (hk) 5 1 AR RS 4y X
SYERICR, AL 52 B0 O 0.154 nm; B 0y i T divkis
AET AT ST U6 (kD) (9S4, SUFRASIE 3 58 32,
WA SR P 5 3 A i 4 e R WA (B vy B — 2 Ak 1) 58
JE K —H50 45 B ANTST IR 5 98, K X 0.89,
A (4) F=X(5) WA XRD SLH AR 24K,
LUE NS

=7 XRD ZWHEXSH
Table 7 Parameters obtained from
each XRD spectrum

XEE Xx/%  D(110)/A  D(200)/A
A, 27.5 11.3 12.1
B, 26.4 13.5 12.9
C, 26.7 13.3 12.9
A, 27.3 13.9 12.5
B, 26.1 13.6 12.6
C, 26.5 13.5 12.7

ATRAZCER, ik 2 A it 6 iy v 4 48 2 N = B AT
B s Al EE L T2 45 R A di ) oRn RO 3
/I, W A 5 v B it R 45 R 2 TR 85 D K L A A
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LRI EEY R, 45 b T B G R, 25 B 25 H B
. X TSR IEMINZ NS, 7E 353K/

IR A, AR 40 i A I R B, (H 245 &
WA 18 AR R B AR A A A HL U 45 it 14 ok R
PR AT R X R S AR i R S R G A
AR, 45 A5 R AR X R o), I — e AR
AT R R A AT REE

3 iS5t

XLPE 4 i Al 5 o A LA 10 = o 7 2R
G, T A TREB R A EAE A, R
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HAEF SRR (A5 4k, AT 7R B 4 m] 3
7L PR SR P L AR DA B AN BT T A 1 R I A
TN, BTG i P AR AR R R ) R S, TR 2 AR
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it TRET 25 1l & 5% P9 AT 52 % 2% Ik /b, Jor D T B
RO EA WIHPES™ s 2 A 1 56 T G 4 25 P 2
FINZ AR U 25 B 1, 2 3 2 th AL R A
TR S5 R R A I R 7 ) A A T .
MBI 5, 46 2% 2 B T =5 R A I R (90 ~
95 C) FHLIZHRNL (1.7U,) T RI> 55 Wi o 72
b ESER, 4/ FRER A L B £,
Y % IO S5 ¥4 45 10 B . 4 2% 71 2 B T 7638 B
HLAIEIR T (0.72U, F1 50~55 °C) , XLPE 8 A
B ORI REIR . A, 6 I B 000 F R 44
NAERT 46 2 v n] $ & 2% it — 20 kAR b, 4
PO S R 13 3 — 2 1 o3 s A P2 TE R Y
RIS (101U, A1 70~75 C) , ORE5H4 T Y
XLPE 7y 4% H B T B @n, 3 a5 i E 4k
FE AR g A
3.2 BRESLEMHW

XLPE 48 2% i AL L5 10 H dd AR S5 40 A I e 2
LA N X 5 T Y XA He B R A H
BAFTER R 2E 55, 1115 XLPE WAR JC 7 B X S8 h
HUBR R0 SE & R REaE " o DRI, 46 2% rp i IR g5 4
PR AR T R 448 5 1) AR Tk B A b o) 448 2%
PR R LE AR e MR
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LA 4 G N 2 AE RO S B aa A7 ad e v kAR
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o1 TPt R g A SRR A, 2 5 N 2
SR PRI ., R R AR . L
IS , Bk 90~95 °C IR L A VE TN K 4+
BRI, 4 % v BB 22 5 BT, ARSI T
WP ) IR, 77 202 A v BB 281 0 1R A 1 2 T
TG FE S % 45 i, 245 B BT B bl F BT IR A
(28 ThZE A XA 5235 , i P J5 B2 R AR EL ok R
AR

L2 2% v R AE S B ia A7 1 A2 P 7R H R A
XE AT, R o> 5 HEA XSS AL, OF B
PRI A RO B, i DL d IR S5 M 58 35 o TE i &
PIRE )5, AR I 1 e — e R B AL,
AR DA ST o, {8 A550E 31) 94 ARAR AR
K AET0~75 CRPIEIME RN e ik 48 2 25 i 19
BRI T, I Bt A 14 & V5 A i
J5, i DSC R h 20 TG i Lt ] LU B4 v
JE B EES SRR AS s LAYGE

FES PR i R, BRSO 2 AE AR B
AR GIE R VR R BUR R 2R o, i T M
AbTFARIRIR AT 58 22 TH Bk, BT LAAFAE R S AL i
PEERAT , I AR AR B (5 70 76 o3k 78 7318 3
THEA SRS , (A1 3 22 10 2% 5T {1 246 2% TN 1) it PR 5
AbTFHERRES o A el S, KW 50~
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Effect of electro-thermal aging on characteristics of XLPE cable insulation
WANG Yanfeng', YAN Guobing®, XIE Rongchang®, SUN Qiang’, ZHU Wenwei', ZHAO Yifeng’, LIU Gang’
(1. Guangdong Power Grid Co.,Ltd. Grid Planning Research Center, Guangzhou 510062, China;
2. Guangdong Power Grid Co.,Ltd. , Guangzhou 510699, China;

3. School of Electric Power,South China University of Technology , Guangzhou 510641, China)
Abstract : In order to investigate the reliability of the continuous operation of the high voltage cross-linked cable which reaches
the design life limitation,a 180-day pre-qualification test method is carried out on a section of high-voltage cross-linked cable
which has been in operation for 32 years. By comprehensively analyzing and comparing the differences of electric field strength
and temperature field in the inner, middle and outer layers of cable insulation during the test, the testing conditions of each
insulation layer are converted into the surface of conductor core, and the corresponding equivalent testing conditions are
obtained. It is found that equivalent testing conditions of the medium and outer positions are close to the cable practical
operation condition. Several diagnostic measurements are conducted to analyze the micro-structure and aggregation structure
among the samples. The results show that the inner layer produces more small molecular chains and oxygen-containing groups in
the high-strength test condition. The medium layer insulation has a certain oxidative degradation,but the crystalline structure is
still improved after the moderate condition. The crystalline form of the outer layer insulation has been improved under the
equivalent testing condition. Therefore,it is expected that the rest of retired cables still have the potential to reuse in long-term
actual operation condition.
Keywords : high voltage cable; cross-linked polyethylene ( XLPE) ; accelerated aging; fourier transform infrared spectrometer
(FTIR) ;differential scanning calorimetry ( DSC) jthermogravimetric ( TG) ;X-ray diffraction (XRD)
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