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Abstract: The physicochemical properties and dielectric properties of cross-linked polyethylene (XLPE) insulated
cables can change under long-term thermal aging, affecting their electrical behavior, such as the growth process of
electrical trees. This paper investigates the impact of thermal aging on the growth characteristics of electrical trees in
XLPE cable insulation. Electrical tree growth tests were conducted on accelerated thermally aged samples, and
differential scanning calorimetry (DSC) , Fourier transform infrared spectroscopy (FTIR) , and broadband dielectric
spectroscopy tests were used to study changes in the microstructure and dielectric properties of XLPE materials. The
results indicate that recrystallization reactions and thermal-oxidative reactions are the main causes of changes in
crystallinity (Jc) and carbonyl index (Q), which subsequently lead to changes in polar molecules within XLPE. This
results in a trend where dielectric parameters initially decrease slowly and then increase rapidly. The study also found
significant correlations between the thermal aging evaluation indicators (Jc, er, and tand) and the growth rates of

electrical trees at 10kV (G10) and 12kV (G12). Equivalent relationships between G10, G12, and the thermal aging
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evaluation indicators were established through polynomial fitting analysis. Given the known physicochemical properties

and dielectric properties of XLPE materials, the degree of electrical tree aging in XLPE cable materials can be

determined, providing a reference for cable insulation assessment and lifespan prediction.

Key words: cross-linked polyethylene cable; thermal aging; physical and chemical properties; dielectric properties;

electrical tree growth characteristics

I £ (cross-linked polyethylene, XLPE)
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17 R EME BT, L XLPE g5 8] i VR R R 4T 42, 56
TE 5 56 2 0 AN R 8 AL BE ) XLPE AL 48 b i AT
TR R, #R H FTIR . DSC A 845 4
LS I 3, X A A S B XLPE 48 2% 4 6 3140 5

A L PERE AR AL HEAT RAL o e, BE TSI AR,
i3 22 e AU 7 I AL R A R TE S B AR
PO 45 Bn (45 5 T, A A 28 e, AT T 45 6 1E
DIME tan 6) Z M HY K5 .

1 XBWRESTR

1.1 H@El&E

ASCHT )RR XLPE 459 YB3 mm
JE ) XLPE L4848 2 U1 J 8 AR B8 it i AT S92 50
Z:2 S0k [12] 8 HE R BTN T A4S 150 CHY
BT X H AT 240 h 9 I8 ALK 56 . b vk 34
AT AR S AN WL ER 1.

F1 AZKBA LR
Table 1 Detailed list of thermal aging test samples

B i i g /°C EALIS A /D
A — 0
A, 150 48
A; 150 96
Ay 150 144
As 150 192
Ag 150 240

1.2 HERE L

STOG T K 5 B XLPE B 48 R 5 #5064
30 mmX10 mmX3 mm B % B, 2> 5l id h
A~Ag, IFAERE S AR A B 1 mm, B4R 5 pm
(RSB FL I 22 AR 5 2 b A 2 [E] 9 B S O 3.0+
0.3 mm. BEHE A BERE S BA 60 CHY ST 4
FE T 10 ming, DLV BR RS EE AR SR B I 7 A 59 BIL A
WY o SR Ia , H A PR SE Y R 4 2 IR T e TR
S B b LR b R T 0.3 mm )R B4R Rl
B, T8 BT AR F R, T B 1 s o

A S5 SR FHBE AR AR R ST A A SR IR L a0
B2 TR o AR 5256k H TQSB 2 3 kVA/50 kV 38 i
AR o Oy R G S TET TN 4, RE o B R A AR R A
W ENE A, B R Es LAO-HD 228S Al
T I R BE S HL BT Y R far B A AR 10 AH HL (charge
coupled device, CCD) £H J i 5 B I 3l 5 400+ KR
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Figure 1 Needle plate electrode model
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Figure 2 Electrical treeing experimental platform
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Figure 3 Electrical tree growth rate of samples under

different thermal aging times and voltages
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ME 3 aT DLE L fE R A H R XLPE HL 48
il T R AR A 1 A K R AR A B AR — B 0~
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R KRB N . AE 10 kV LR T B AL
AR A B LR ARG AR A T LR i AL 43 ) BE m T
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e A K R AR TR A AL BN T 279.76 %
186.24% . 43.32% , HABE il Ay R A 1) H A A 2 7=
FRHA BB IN T 94.19% .298.52% .
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() 3 mxF XLPE #8504 5 A A A AR K 3R 9 A8 4k
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N[l P A i 8] ) XLPE H 48 B 5 20 901 76 10,
12 kV 2 Fi L R R Y H B R 2R KB A M3 & 4
Mo FE10 KV H RN A F A Z AL E AT B9 XLPE
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Figure 4 Probability of electrical tree morphology

corresponding to different thermal aging times
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Figure 5 Typical morphology of electrical trees under 10kV

voltage with different thermal aging times
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Figure 6 FTIR analysis results of samples with

different thermal ageing time
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P, A i FTIR B3 b i 3k (9 W s B A7
FTIR 3% 41 1 720 em ' Ak, 2% 2 BO6 48 1 8508
Ay A FTIR K3 A2 T2 010 em ' Ab B9 W i i 2
ZSHOF LA
B FTIR E 3 o A7 T 2 914 em BT (1) W% Wi 5
JE Ao 5 AHEHEZ W B F 2010 cm ' Ab I
W BE A o0 9 LU AR AE R W Y S5 BN
A29l4
Ao
B H T BOW T R AE XLPE H 45 B8 & 19 A Ak
FRPE W AR B0R H T RAEAE S 2R . A
& Ak TR) X B R S R A R e L 3 2
iy 2 2 W] 0, B 2 AR Ak i R] A 3, Sk 5 3 AT AN
DR SONEES SN A S PN T S ) e UL =)
b B R AFTE T3 AL A v, FL AR A R B I s [
K 26 T 3 5, S TR A I i K R T N R
PRI, W7 DAGE 3 i S AN (] B A B ) B k48 250 m
P H L8 B0 AR A, O XLPE HL 8RR & 19 4
L e B R AL R

F2 FRAAEZAHETHBOELIBE QAT FTAIBHN
Table 2 Carbonyl index Q and methylene index N of

N= (2)

samples under different thermal aging times

i A2 Al a0 Al 20 Q N
A, 00063 00109 00053 11973  2.0722
A, 00082 00236 00067 12193  3.4989
A; 00100 00330 00081 12288  4.0686
A, 00124 00552 00101  1.2320 54744
A; 00178 00625 00136 13086  4.5964
Ag 00204 00702 00154 13622  4.5553

H 2R 238 AT TR R A F v B 4 4L
I H 35 8 00 A8 fh 2k B2 AT 2L 4y R 2 AN TR A B
Bro TEMEALM EIT AR 144 h g CRIZE — B BE)
B 5 BUZE 12 48 0, 7 3 8 B0 S 8 0 5 (H 7
144 hJm CHPEE B B ) , B B4 H50 K m pe, 3 2
TRBOFIRREAR . SCHR[17 198 1 X — B4 & XLPE
A REHAE E B BT AR R A T I L Y — s R AR
SIS B o 04 T 700 R IE I Wi 2 i R TR 1k
R[] %) SE 4 2 AR /N o PR X — B4R i B XLPE
Hh B B 4R AL R 7E LR A i R T B WA AE

TEES — B Berh e B 48 B K RN W B
HAIRTE L RS AL AFT ALY B R8T L AR
L5 K000 38 0 T 68.85%.96.34 % Fi1164.18% .
XU AE W) 9], XLPE #F i A7 R BB A A ), 1k

I SR AT AR C— H B b B C— H
Wi 5 B = SR S AR TR RS B B
i B T B 2 SR W BT A A N B KRR L AR
BRI AR R C—H B &2, S 30 1 B4
2.2.2 DSC ik

16 DSC 5250, XLPE HL 45 48 2% FF i 72 2 1k
I AR T AR R AR 2 A 1 A Al 2 Ak PR R AT AR
KT, B 5 A~A 1 DSC 3250 25 K an & 7 B
N o TEATACE AR [A] N XLPE H 48 F i 1 DSC
BMOWFE3, R 3T, T, IR AH, 1R

——A, —~—A,
——A, A5
+A3 ——Ay

Il L
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7 DSC X
Figure 7 DSC test results

£3 FE#EZAHE T XLPE# &6 DSC 24
Table 3 DSC parameters of XLPE samples under

different thermal aging times

Ff i WAL E] /h T./C AH,/(J-g™")
A 0 106.23 81.23
A, 48 106.76 86.78
A, 96 106.71 89.23
A, 144 107.01 100.43
As 192 106.04 88.02
Aq 240 105.31 77.31

H &1 7 F13& 3 0] 0, Bl 5 A2 A T 1 185, o
fill W peak A5 MY AR AL i B AT 4r N 2 S B O~
144 h, B & 2 AT [R] 3G 0, 475 flids T AR e K
I RO B2 T T s Y I A R 144 h)E IR
il e TR RR G 400 /0N, 04 il TR 2 2 VT A A

Sk X AN [ 30 AL ) 0] R FE A 1) 25 O R AT
WL ARSCHIAT 5K AR A G (4 45 b AR B, B

AH,,

J.=
AH,

X 100% (3)
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o, T R B AHL, R Bl AH, R
10096 F i 1 5 il Ak HAB S 287.3 1/ g

Nk — TR A IS RS BT R A
B TR A 2 T RE 0, B
L (1—?‘:)AHH,OL,, (4)
A T, R Al BE 5 T A G PR RS AR ) ST
T, Ty=414.6 K; AH, o8 FLAH B 20 it 1A S0 07 44
TR B ARG HB M 2.88 X 10° I/m*; Ly, )2 1Y )&
JE, HABE M 10 nm. XLPE K fh 45 5 5 R0 5 A B Az o
AR T €o N 2. g i o T R A A R =
WA 4.

R4 KRR KL E T H R o 89 T

Table 4 Variation of J, and o, of samples with different

63:5

thermal aging times

it AL A /h T/ % o/(Jem %)
A, 0 28.34 0.107 1
A, 48 30.13 0.106 9
Ay 96 31.06 0.106 9
Ay 144 34.87 0.106 8
A; 192 30.79 0.107 2
Ag 240 26.91 0.107 4

e 4 AT A1, Bl B PR AR B IR 4 A T R
S JE BEAR A . R AT ) 144 h R 45
JE A AR 0 B BT A I P A 4 A Ol 34.87 %%, BE A
B 25 i B R AL AL ARG S E S RS T
23.04% . 15.73% A 12.27% ,FE b A5 A RO 45 &
Lo A4S b BE A B REAR T 11.70% F122.83% ¢

e A, o A8 AL A AT LL A3 SR S B B
TE 0~144 h I, o, Fifi $4 3& £k IF 8] 19 S < 177 98 /)
1M 144~240 h 4, Bl #4220 B[] 9 32 T3 K. 3¢
Bk (20148 11« oo AT LA BRFE & P9 45 b 1Y) 58 35 R B
o BB /IN , SRS A T e M A e Rl A
M R, o [, AR 25 R e I s, AR
A8 MEBRATG, J L B BRI . 3R 4 1Y o BB A AL L
525 5 B AR AL A AT, R W] XLPE Sk & it 19 A8
fE2ETHE G TREMBEE . X FERHTELS G
TR AR RN 43 AR BT A AR B 5 R A
23 el

h ik — A XLPE HU45RE 5 b R S
Y e PERE R F S8 A FL i DA, 75 B AN ) & 4k
LT A XLPE B4GTHE S A e RES 5. AR &

LB Be i XLPE HL SR il AR X S L R e A S5 4
FEIEIE tand BT AL (0 i £k 40 18] 8 FT 7 .

3.0 T

+AI +A4
28k —— A, ——A;
. «.“M+A3 +A6
= 265,

=
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Figure 8 Dielectric parameters of XLPE under different

thermal aging times
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Al A8 v B S USRI R R e AR XY A
JoT 54 8 1F VI ME tan & 7T LAAE A XLPE W 45 & {2 i
AR AE 8 AR 0 PR, A AR 0.1 Hz (AIR430) T 1Y
tan & SYEMN A 50.0 Hz F 19 e /E R R EWF 5T 4, 4%
BroE b A . R R 0.1 Hz I Y tan 6 S 4% K
50.0 Hz B 1 e, Bl #4 2 1k B 18] 48 £k (4 il 28 an & 9
PR o

— BN A, 7E XLPE 46 % 0 R #0% fk it 2
L RE B B 3R A A 25 A A B Y 4 1k TR T AR R
IV I AN e a0 S S B AN DN S 57
XA SN YR AR R Ay BTz etk .
K9 Hml LU Y, 76 8 A Il # fb ot # b XLPE
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HL 2R B A H P R S O A 5 LA R Y AR Ak
AL, R EILRTII(0~144 h) B A&
b fit XLPE Ht 45 £ 5 (19 25 &b X85, & 4R 22 [ 11
Sity g m . Bl TR PR AR IR R T R
SO E LR T, R B35S, R AR 1 RORE
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b WA 1R B 5 o &5 A R A B Tl A5 A
WAL JE 1 XLPE 25 £ & B R 1 A i M e 1S
) Bl A A H B e AN A BT 4 FE OE VI
tan & B — a2 W BN BE R B fE R Ak R
(144~240 h) , gL AL JL-FFE R, X 3 B A R
7 ], — 6 K 4y - B B 24 K A /N oy 7 iEA
0 B R B B o ER AR AR AR Y B B R R AT B
7R CUn R (TR R AR R AF ) L RGBT R
floi B, HL 3 6 00 7 24l A 7 A 5 R i —
IR T A N R, XLPE #85Rf 5 19 4 Xt
A HLH B e BN A BT 45 FE IE VI E tan 6 B E B
T+, XLPE HUZ5FE & b R 4 2V B8 SR T B .

0.18 | : ‘ 28
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Figure 9 Curves of tan ¢ values at 0.1 Hz and e, values at

50 Hz as a function of thermal aging
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Sy HT AT ZERT 144 h o, T IACGRUR L A2 A 7E
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Table 5 Calculation results of correlation between thermal

aging evaluation indicators and G,

WA bR MR  BEMKT LIPS
A —0.951 0.004 iR iES
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Q 0.419 0.408 —
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Table 6 Calculation results of correlation between thermal

aging evaluation indicators and G,

WA MR HCRBe REMKT LEPS
J. —0.921 0.009 UikiiPS
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0.263 0.614 -
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Figure 10 Analysis of correlation between thermal aging

evaluation parameters and growth rate of electrical trees
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