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. . M, M Insulation shield )
Ditfused metal ions ! ! ———Metal ions/polymer contact
Radical formation ' ‘iV Radical formation
Auto—catalytic Rx. v Auto-catalytic oxidation
Oxidation N - X Oxidation
Chain scission M, M o Insulation Chain scission
i A il
Degradation ; Degradation
4
M, M Conductor shield
M’, M™*: lonic impurities

O : Metallic impurity ( > zm )

Fig 7. Schematic representation of the effect of metallic impurities on power cables
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Table 7. Test results on water treeing character-
istics in various carbon blacks

m‘nmmm'm test carbon

Tons (ppm)
Na | Mg | Al | si | K | ca| e
2234 | 330 | 119 | 333 | 78 | 965 | 150
B| 25 | 8 | 66 | 8 4 | 20 | 6
c| 7 23 15 34 17 121 Lza

Tree characteristics in aged samples

A2 | ot wees | M e | orediod
A 668 0.17 -
B 3500 1 0.07 -
C 297 0.11 -
A 621 0.25 0.37
B 7,000 23 0.31 0.33
C 418 0.20 0.22
(1) 3500 AR A Aohe MW BEE d3 4l

) 3500

(ds/ae)sel o) Herk T AR A
ol wom e WEr} & Aow wnaw v
Rol #E2 ol olE Ba¥ BT Bt
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Fig 8. Vented water tree length distribution of
compound B and A at 3500 and 7000 h
aging: Concentration of contamination
is in Table 7
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Fig 9. Relationship between contamination
versus total number of trees
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Table 9. Treeing characteristics with various
carbon blacks

50
] T -0~ non-akered
° sonic surl 1 trealed
40 h E —w— non-ionic surfaciant trested |
1 u Conventional
30 - 2 furnace black 214 020
(3
2
o
&

number of vented traes

0 25 50 b 100 125 150
tree length, um

Fig 10. Influence of ionic and non-ionic surfac-
tants on the number of vented water tree
after 7000 h of aging

Table 8. Processability with various carbon

blacks

Clean furnace black
Al [ 410 | 127 | 2724 [ 364 | 6 a
A2 | 422 | 59 | 1175 4109 | 8 a
A3 | 416 | 64 | 2245 4074 | 8 a
A4 433 | 47 [ 4009 | 488 | 6 a
Conventional furnace black
Bl | 361 | 204 [2837 2978 | 3 c
B2 | 362 | 233 |18061 2017 | ¢

B3 [ 365 | 316 |e667.1] 2803 | 4 c
Acetviene Black
cl [ 373 ] 651 [42623] 4934 | 8 a
C2 379 | 722 [17181] 4873 | 8 a
C3 | 344 | 1981 671840, 3836 . 7 ' ¢

" ohm +cm. 2 PaR

3 tape rating: 8=excellent/1=mediocre dispersion @45X
4 Background: a=very smooth/g=very rough surface @ 45X

wEd Anel Bol gt ¥eRel J¥ nAA Fad A
o wEd A7, 5 ARZU 5ol v BEEEL Be
g ANZAS FRSAWL oF EEEE AT I
& MATE At & Bagel 88 49 Apude)
e HA e old A MR/ AAS AR FEERL
B bsAdel e ok ARBds PAS F7) A5t
NpzAE BT S Qot o] ABEAN E B G

10

Clean 3
furnace black 500 11 0.10

Acetylene black | 9 0.07

Conventional
furnace black ‘ 310 : 0.33

Clean 7000
furnace black 23 0.18

Acetylene black 40 0.14

|
g PAE RS FAT AL RonA 7hEa
o Q)

A WL EAF ok o)

oA FEL WARF F7HA7)
[}

Table 10. Suggested contamination levels for

super smooth and extra clean semi-
conductive shields

Contaminant (ppm)
Sulfur <20

Cations
Aluminum <1 3
Calcium <1
Copper <1
Iron <2
Magnesium <1 f
Phosphorous <1 !
Potassium <1
Sodium <5 1
Silicon <5 i
Zinc <1

Cations measured with ICP-AES on ashed '
materials

fe] ] AT =] =
ook #A3E F 107} 11> [EEEY ICC WG 6-247F A¢tst
wiedEe] BoE W EuAdel e Agkelot [15].
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Table 11. Suggested requirements for super
smooth and extra clean semicon-
ductive shields: surface imperfec-
tions

Measure imperfection diameter with a microscope
at 200x Inspect 1/2 m° of extruded tape.

Suggested quality limits:
> 500 micron diameter

250-500 micron diameter
125-250 micron diameter

0 per m?
3 max. per m¢
200 max. per m’

Surface Excellence Evaluation Device (SEED):

Measure protrusion height on 1 m? of extruded tape
at the high sensitivity setting

Suggested quality limits:

40 micron height or greater
30 micron height

20 micron height

0 per m*
8 max. per m°
200 max. per m°
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Super-smooth/super-clean Bt d A g9}k 7] FEe AE-3}
A vt AQgele] Awel £ 129 19 119 et gt
[15, 18 36, 37]. WA T 128 X9 super-smooth/super-clean 3%
= AL g ALY A 71E vEd Asers Al

£3 7o A5 A% FhE AL % & Aok

Table 12. Impulse breakdown strength (kV):
super smooth versus conventional
conductor shields

Super smooth Conventional
Unaged:
Test at 130T 540, 565 385, 385
Aged 14 Cycles,
Dry:
Test at 130T 465, 540 275, 275
TR XLPE Insutation

g 11& 9 F ved Ay SBiEAS vud 4y
d), o] Aol % super-smooth/super—clean ¥ AZE

=3

il

i

BESE H46% 3% 1997% 31

2100 b 3
5 : ,_;,,J@‘ 94
[ . Vb ¢
g . I N
< § : g
2 N R u
o S a
E 10 Q .
O o
2 Q -
3 . f i
10 100 1000

Days to Failure

Q Supersmooth Conductor Shield: GMTF = 300 Days
O Conventionat Conductor Shield: GMTF = 46 Days

Fig 11. Accelerated cable life time (ACLT) test
results for XLPE cables with super
smooth/extra clean versus conventional
conductor shields.

AC power
supply

<+—— Pt wire ——»

Z

N

NN
NN

DDW Specimen CaCl,

70 ¢
H,0

Fig 12. Experimental apparatus for the effect
of ions on AC breakdown strength
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Table 13. Effects of ions on AC breakdown
strength of XLPE
Thickness| BDY BDS
Com) | (kV) | (kV/om)
100 7 70
Distilled water 130 75 577
180 8 444
110 6.5 59.1
120 8 67
Deionized 180 9.5 52.7
distilled water
(DDW) 200 85 425
290 ! 9 31
320 95 29.9
130 4 30.8
140 4 28.6
0.1 M CaCl, 180 45 25
in DDW 200 45 25
270 B) 185
320 5.5 17.2

(1) 2559 Hol FF55E AT o ddg4a%E
7b XLPES AA M7=l 100-200 kV/mm Kt} €953
Sohs Ae o] ddaaPse & dFE vHSE
ofu) s},

(2) 0IM CaCly, 898 A3 A9 FHey gol2
Z2%4 Bu AdgnFnr) vt 31 oo XLPEY
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Initiation
PH—P* + H*

Propagation

+ O,— POO*
POO* + PH— POOH + P*
POOH— PO* + *OH
2POOH— POO* + PO* + H,O
PO* + PH—~ POH + P*
*OH + PH—H,0 + P*

Termination

2PO0*— POOP + O,

POO* + P*—~ POOP
P* + P*—PP

Fig 13. Mechanism of oxidative degradation in
polyolefins

2 A7 wgAde] e 2ldzE wEAdsA Y
3}517.——_}*‘ AAsE 98-8 s, 230 AbsRAs
& (hydroper- oxide)& ®3lsle] v]@AHe oig 3
J‘:” HEg grh 24 AstAAE F2 A5F
( synergistic effect)& 913l 12} 2balbx| A9} g7 A}
-g- ]——E‘— 73 o] 011:!1—7&10]1:}-.
NEHQ AshA] whgol 17 140 vhe} glov E 14
= XLPE®| o] Al&EE Ab3pidx|Ae] £Holt} [6].
SR Al AR W) Fodr Apghe mhizielel “%’“
blooming #7, 714 EAdole] Hd3g nede] Abgsjol

BoRtE a8 AAe 1A AAAA Zaldwa
Wel B4 EEol EASHH ofehel FHHANY sl
o] shel hydroperoxided] ¥l F43 £ A ATh=

7ol tH6).

POOH + Me' — PO* + M + OH
POOH + Me” — POOx + Me” + H'

2 POOH — PO+ + POOx + H.0

2 vhgaAl HAAE s WA =
ERE }91 01%01 HA nEAAEE FHoksd s o
: @o) wh we el oledyzd

-~

hia

BRBER $H46% 3% 1997F 38

HASU S0l A0 22 MO VA= HS

Primary A/O: chain terminating radical scavenger

P*+0, — POO*
POO* +AH — POOH +A*

active inactive

A: stabilization by resonance structure

Secondary A/O: hydroperoxide decomposer

P(OR); + POOH — OP(OR) ; + POH

(phosphite)

R, R,
POOH + S/ — POH +0S

R, \R1

Fig 14. Role of antioxidants
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Table 14. Antioxidants for XLPE-insulated power
cables

Name Struetqre

(H3C)sC. (H3C)3C

HO S—@— OH

Santonox R
22" thiodiethyl-bis- [3-35-di-
tert-butyl-4-hydroyphenol)

propionate . HsC HaC

Irganox 1035 {H5CYG Q

(22" thiodiethyl-bis— _3~(3,5-di- HO O—(CH3)2-C—O0—(CHy)z | S
tert-butyl-4-hydroxyphenol) (HsChC 2
propionate

DSTDP O

(disteary! thiodipropionate) [ CHy— (CH2)17-0-C-(CHz)2 ]28

DLPDP

(]
51
(dilauryl thiodipropionate) | (Ciztes) ~0~C-{CH2)2 ]28

Q)] O
It 1]
C—C
\\
HN NH
| |
N-. N

Fig 15. Metal complex formed by metal
deactivator
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Table 15. Influence of copper on thermal oxidative
degradation of LDPE, Effect of copper

deactivators in LDPE

Influence of copper on thermal oxidative degradation of LDPE

Test method Oven aging life at 150 (hours)
copper dish method 150
Aluminum dish method 540

Antioxidant: 0.1 phr

Effect of copper deactivator in LDPE

-Qven agin
Copper ~ Chemical | Wfe at 12‘0'2
deactivator - struoture 1 (hours)
CONHNH,
CONHKNH,
Phthaly! 230
dihydrazide
CONHNH,
Isophthalyl 460
dihydrazide CONHNH,
CONHNH,
Terephthalyl 170
dihydrazide
ONHNH;

Antioxidant: 0.1 phr, Copper deactivator: 0.1 phr
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5 Additive in insulation
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Additive in shields

Conductor Insulaton
shield shield

Fig 16. Concentration profile of additives in insul-
ation and shields
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