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Abstract: External factors such as bedrock wear, ship anchor damage, and sheath corrosion can lead to direct exposure of
submarine cable insulation to the seawater environment, seriously affecting the safe and stable operation of submarine ca-
bles. This article takes cross-linked polyethylene (XLPE) insulation as the research object to study the influence of
seawater environments on the insulation performance of XLPE. Firstly, an accelerated seawater corrosion test platform
was established, and XLPE slices were subjected to accelerated seawater corrosion experiments at different time. Second-
ly, the impact of seawater on the breakdown characteristics of the sample was analyzed through power frequency
breakdown voltage experiments. Thirdly, the physical and chemical properties of insulation materials were analyzed
through Fourier transform infrared spectroscopy and differential scanning calorimetry experiments. Finally, a molecular
dynamics model for seawater corrosion of XLPE insulation was constructed, and the corrosion mechanism of XLPE insu-
lation materials in seawater environment was revealed based on experimental results. The results show that, due to the
recrystallization caused by high temperatures, the crystallinity of XLPE samples will first increase slightly and then grad-
ually decrease under the continuous actions of seawater, resulting in an increase and then a decrease in the breakdown
voltage. As the corrosion time of seawater increases, the permeation of seawater causes partial chemical bond breakage

and molecular chain disruption in the XLPE system, and the band gap of the XLPE system decreases, resulting in a de-
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crease in the energy required for electrons to transition from the valence band to the conduction band. This is also an im-

portant reason for the decline in the insulation performance of XLPE. Finally, based on the molecular dynamics

simulation and experimental results of seawater corrosion of XLPE, a prediction model for the breakdown field strength

of cross-linked polyethylene in seawater corrosion considering temperature and time is proposed. Based on this prediction

model, the breakdown field strength of cross-linked polyethylene in seawater environment can be effectively predicted.

The research results have important reference value for revealing the failure mechanism and life prediction of cross-linked

polyethylene insulation in extreme underwater environments.

Key words: XLPE; submarine cable; insulation performance; molecular dynamics simulation; prediction model
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Fig.1 Test apparatus for accelerated seawater corrosion
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K. ENTFEH®, kV/mm. HT XLPE 484K
AR TR ok v D) 2 6o A b i ™ LA AR, TR
BAZ TR 7 36 R U . 293.15 ~373.15 K.

N R AR SO AR AL A R, kAT
IGUFIREG, K REAIRIEAE 25 CL IKEE 3.5%1I#5 4
WEKr, FREEE 4 380 hy 8 750 h, HEFIHTRAL
LR 5 fis.

5 shgERaTsn, ik 4 380 h FIWEER 5
SEIG S RAH2E 2.59%, JE5d 8 750 h Tl A 5 55
SERHIZE 4.44%, UEWI T AR I HERR M o

SCHR[26] 1S BITE R B R LI EETE 75 CF
Y FI5E R S0%T T A 12.76 4. HR¥E
SCHR[27-28]FT 40, 1B IEAT RN B SR EE S
Y2 HM IR R 22 30~40 'C, H 422 B FE 4
GHERGEHKPR, S%NEEEE, REFE
K, AT S SRIEEE R 75 CHt, 425N
20 °C, MRHE(10) T 5 3 sm T A X o] 159 H 5 %
Wi NBE S0%FTTRI AN 4.41 48, HAFar KKK,

5 ZEig

1) fEERIIVER R, XLPE 442 i T 5 45 52
L R S S /MR FE T, DR 2 1 R R
Thiss AHEBEE K s A 3 0, XLPE 21
BELE MBI REIN, 45 IR, Rl
BE 2 BEAG, AR FE AT IA 21%.

2) AT IR a k1, XLPE 1k RAE
NaCl #HAEAT, RAREMAiGEH 615.85 ki/mol
FEAKE 595.57 kI/mol, Ut B4k 4k O & W 3L o
HEAES T3S, XLPE R R H
5.824 eV JH/NE 5427 eV, {fi XLPE AR H T H
RO, X2 T LG IR T P E 2
JEIA.

® 5 R F R S W i aR A R E
Table 5 Comparison of experimental and predicted break-

down electric field strengths

aZiNTE WESK T 7 AL S e MR R
it il /b Yyi#/(kV-mm™) Y3/(kV-mm™)  E/%
4380 84.33 82.14 2.59
8 750 7335 76.4 4.44

3) BETKE R XLPE 4215 ¥ 71254
HEWIRER, R T MBI I E fiK
JE AT IR IR LI i S PN . HAR S 50
ARG 3] 23 S LA 2 B T 5 7 ELR B R AR
KRN, XLPE #8251 27 1755 T S0%{X i 4.41 4F,
HASIZ AT A KRR T RY ] Ryt Jes H 4
S B A A PSRt — e 2%

SZHk References

(1] o i AR 0 A PR ] BEIR BRI & RS, R it
Z e HANG I BETR I M R I AR [D]. RIBRFFT, 2023, 40(6): 25-31.
Strategic Concept of Multi Energy Complementary Clean Energy Base
in Southeast Coast. Strategic concept of multi energy complementary
clean energy base in the southeast coast[J]. Development Research,
2023, 40(6): 25-31.

[2] LICY, YANG Y, XU G Q, et al. Insulating materials for realising
carbon neutrality: opportunities, remaining issues and challenges[J].
High Voltage, 2022, 7(4): 610-632.

31 B, REE, Byl % FUEER BGRB8 2R
Il I RG AN, 2013, 37(15): 117-124.

YANG Liming, ZHU Zhien, YANG Rongkai, et al. Insulation material
and structure design of HVDC flexible cables[J]. Automation of Elec-
tric Power Systems, 2013, 37(15): 117-124.

(4] kT IBSUBBIMRSLHI ). MLEAEE, 2020(33): 64-65.
ZHANG Xiufeng. Case analysis of seabed cable abrasion faults[J].
Mechanical and Electrical Information, 2020(33): 64-65.

[5]1 ORIRMG, ZEZA%T, WASIEH, 4. HiHEN 500 kV K 4SS R 1
SEM[T]. FHUERIAR, 2020, 46(2): 561-568.

ZHANG Zhenpeng, MENG Shaoxin, HU Liexiang, et al. Influence of
anchor damage on structure layer of 500 kV submarine power ca-
bles[J]. High Voltage Engineering, 2020, 46(2): 561-568.

(6] /A&, Wk, fEdE, 55 FET MEMS ARIEEEF 1R B0
W RG], WivLE A, 2023, 42(7): 47-56.

LU Zhifei, XIE Long, HE Xutao, et al. A submarine cable monitoring
system based on MEMS sensor array[J]. Zhejiang Electric Power,
2023, 42(7): 47-56.

(7] ExtE, sk 0, FRIEHE, & SRS SRR R e AL S

AR S HALEET]. P [EH A, 2023, 56(6): 82-89, 100.
WANG Jingbing, ZHANG Fan, CHENG Zhaolu, et al. Effect and
mechanism of salt spray on electrical insulation properties of silicone
rubber for cable accessories[J]. Electric Power, 2023, 56(6): 82-89,
100.

[8] E¥EAR. Ml EhFHEE N BVR B ZE A 5L [D]. TEFH:

VLR TR, 2022,
WANG Zedong. Research on the aging law of BVR wire insulation
under high temperature salt spray environment[D]. Shenyang, China:
Shenyang University of Technology, 2022.

[9] W%, EhEXHSB AL T NG LT 7T (D], B bR



HRAIR, KT, 3

H%y /:%‘E:

R R ARSI ER O R B AL R LB

2001

(10]

(1]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

HoR, 2015,

XIAO Liming. Study on effect of salt fog on flashover performance of
contaminated insulators[D]. Wuhan, China: Huazhong University of
Science and Technology, 2015.

B, N, B W AR E IR L T RE R R
[, BTk, 2022, 69(10): 785-789.

FAN Yanyan, LI Zhihui, WEI Hao. Effect of damp heat salt spray en-
vironment on aging property of silicone rubber[J]. China Rubber
Industry, 2022, 69(10): 785-789.

YR, MBEW, &R, & BRNARRER TR RS
JE BT FE[T]. RIHOR, 2020, 49(7): 280-286.

XU Zhijun, ZHOU Ziqiang, LI Te, et al. Influence of induction current
on corrosion of copper armor layer in submarine cable[J]. Surface
Technology, 2020, 49(7): 280-286.

X, BR A, Fud, % 3.5% NaClIEig b g Bn R
LB ED]. BB, 2021, 42(7): 20-24.

LIU Yang, CHEN Jie, WANG Lingzhi, et al. AC corrosion characteris-
tics of cable aluminum sheath in 3.5% NaCl solution[J]. Corrosion &
Protection, 2021, 42(7): 20-24.

AT, BRI, Tk B8, A MR ARSI AR A ALK
TR R AT R[], B S BI, 2020, 41(5): 16-21.

HU Jiayuan, QIAN Zhouhai, ZHANG Di, et al. Corrosion behavior of
submarine cable copper clad layer in seawater simulation solution in
Zhoushan[J]. Corrosion & Protection, 2020, 41(5): 16-21.

MR a%. 66 kV KSR LI B L A 18] 2 AL PERERR 0 [D]. TEFH
TEBH DAk R, 2023.

CHEN Yingxin. Research on radial insulation aging property of 66 kV
cross-linked polyethylene cable[D]. Shenyang, China: Shenyang Uni-
versity of Technology, 2023.

B U, FHXOW, RIBER , . BT FTIR FRFIFMR K CsF100/N2
SRR, BEHOR, 2023, 49(6): 26152624,

HU Feng, TIAN Shuangshuang, ZHANG Xiaoxing, et al. Detection
method of eco-friendly gas CsFioO/N2 decomposition components
based on FTIR technology[J]. High Voltage Engineering, 2023, 49(6):
2615-2624.

CHENG Y F, XU L N, CHEN T E, et al. Effect of dibenzyl disulfide
corrosion on accelerated thermal aging crosslinked polyethylene cable
materials with copper core and insulation layer[J]. Journal of Nanoe-
lectronics and Optoelectronics, 2020, 15(11): 1406-1411.

MRedk, & 9L, MRIEAT, 45 RS IEITX XLPE HgiZfs R
SRBLH KA ERERISE ). SR EAR, 2023, 49(2): 588-596.
CHEN Yilin, ZHOU Kai, LIN Siyan, et al. Effect of short-term
high-temperature operation on the aggregate structure and dielectric
properties of XLPE cables insulation[J]. High Voltage Engineering,
2023, 49(2): 588-596.

ik fi, WIBER, W M, S5 KPR XLPE Agiga g i ]
ff GAGPEREN]. RHERIAR, 2022, 48(9): 3533-3541.

ZHANG Wei, HU Xiucui, GAO Chao, et al. Space charge and thermal
characteristics of long-service crosslinked polyethylene cable insula-
tion[J]. High Voltage Engineering, 2022, 48(9): 3533-3541.

JENE, Tk, x| fH, %5 XLPE Hi8i4asg Fr i 8 3 4 K
A R Fox AL PERE RO EMA (D). b L R AR, 2024, 44(3):
1205-1213.

ZHOU Shiyi, MEN Yekun, LIU Bo, et al. Lamellar periodic structure
evolution of XLPE cable insulation and its influence on electrical
properties[J]. Proceedings of the CSEE, 2024, 44(3): 1205-1213.
KANG J W, CHOI K, JO W H, et al. Structure-property relationships
of polyimides: a molecular simulation approach[J]. Polymer, 1998,
39(26): 7079-7087.

EUNEN. R ZIHANR S LY S 5 - R e 30 S SRR T 9T
[D]. My/RIE: ME/RIEH TR, 2018.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

LI Lili. Study on micro-morphology and mechanical-electrical charac-
teristics of  polyethylene/nanomontmorillonite  composites by
simulation and experiments[D]. Harbin, China: Harbin University of
Science and Technology, 2018.

PN, G4 XLPE GRS 5V S ML REARTHIF 7S (D). K-
HK, 2022,

LIANG Jiaming. Study on modification method and performance im-
provement of XLPE insulation material for submarine cable[D].
Chongqing, China: Chongqing University, 2022.

BREE. PUTIO: L&A EHEI 5 MERERI 50 T30 )1 A AU 7E[D].
PRI MERIREL TR, 2013.

TIE Wenlu. The research of molecular dynamics simulation of struc-
ture and properties of PI/TiO, compositive materials|D]. Harbin,
China: Harbin University of Science and Technology, 2013.
ARTBAUER 1. Electric strength of polymers[J]. Journal of Physics D:
Applied Physics, 1996, 29(2): 446.

MRS, . MR, S LR TR N AR IR R K
L S i 2R BRI D). R R ER, 2023, 49(8): 3286-3295.
SHANG Xingyu, PANG Lei, BU Qinhao, et al. Effect of temperature
on partial discharge and breakdown characteristics of epoxy resin un-
der square wave voltage[J]. High Voltage Engineering, 2023, 49(8):
3286-3295.

9 M. THRIR LIRS G INEAE) Sy 2R R G A Al D).
Jemt: Hded iR desD), 2021

PENG Peng. Thermal aging kinetics and life assessment of crosslinked
polyethylene composite insulation[D]. Beijing, China: North China
Electric Power University (Beijing), 2021.

TR, BEEE, BOETE, 2 66 kV BRI K A4 4R
FERHT]. mEERA, 2023, 49(6): 2634-2643.

WANG Zerui, ZHAO Xuetong, ZHAO Yuantao, et al. Insulation
thickness design of 66 kV XLPE submarine cable[J]. High Voltage
Engineering, 2023, 49(6): 2634-2643.

BE, HEE, RAKR, FSEERS R AL S A LR
P35 R A M A A 0], e b RL, 2022, 55(2): 118-127.
HUANG Xuancheng, FENG Jianbao, WU Mumu, et al. Analysis on
temperature field and space charge of high-voltage DC extruded insu-

lated submarine-land composite cable[J]. Insulating Materials, 2022,
55(2): 118-127.

KER

1991—, 5, fd:, Bl#Hux
FENFEmBESHZ. BB EAT AT
FRe12 Wi 7 TH 0 AATT 9 A

E-mail: zhangdd@njit.edu.com

ZHANG Dondong

Ph.D.

Associate professor

I CELE 1E#)

1999—, 5, #its

WFFET7 16 i HLR 5 A R
E-mail: z13156085592@163.com

ZHANG Wenbo

Corresponding author

W E ) 2024-07-01

EEIEY 2024-10-00 il EEEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


