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Abbreviations and symbols list

Abbreviation Significance
ATR-FTIR Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy
DSC Differential Scanning Calorimetry
D Irradiation dose
D, Dose rate
Dy Maximum supportable dose
Ea Activation energy

EPR (or EPDM)

Ethylene-propylene rubber

EVA

Ethylene-vinyl acetate copolymer

FR Flame Retardants

Gy Gray (dose unit)

HDPE High Density Polyethylene

LDPE Low Density Polyethylene

PE Polyethylene

PP Polypropylene

R Gas constant

RI Radiation index

ty Life-time in specific conditions

XPE Crosslinked polyethylene

DSC terms

B Heating rate (non-isothermal)

oIT Oxidation induction time

tmax Time to reach the maximum of the heat flow value (tmax) (iISothermal DSC)
ooT Oxidation induction temperature (non-isothermal)
OTn Oxidation peak temperature (non-isothermal)

DOT Decomposition onset temperature (non-isothermal)
DT Decomposition peak temperature

AH Enthalpy of a chemical or physical process (isothermal & non-isothermal )
AHp Decomposition enthalpy (non-isothermal)

AH, Melting enthalpy (non-isothermal)

AH oy Oxidation enthalpy (isothermal & non-isothermal )
Tm Melting temperature peak (non-isothermal DSC)




Introduction

This second part of the Report on Radiation Induced Aging Effects in Polymeric Cable
Insulators at CERN [1] summarizes in a tabulated form all the experimental DSC results
obtained in this work, concerning the life-time evaluation of the selected CERN cables irradiated
in different conditions. Several examples of DSC curves and ATR-FTIR spectra were included
to support the future polymeric materials analysis.

Information on the experimental conditions, the instruments, the basic concept of life-
time evaluation using the DSC data, as well as the examples of data processing and interpretation
are presented and discussed in reference [1].

Explanation of tables columns

Column title Signification
Type/ CERN cable type. For the unknown types, the usual CERN name is indicated (e.qg.
Lab. code/ EPR cable) /
Function Each cable has a code-number; similar cables, differing by the production date,
received different code numbers/
Function: the role of the material: e.g. insulation, jacket
Supplier/ The name of the producer (supplier) company/

Production date

production year as indicated on the cable jacket

Material Type of the polymeric material
Radiation/ Radiation: radiation type, e.g. y**'Cs, y*°Co or CERN accelerators radiations (e.g.
Sample form SPE-ZS, LSS-2)/

Sample form:

- strap - obtained by lathering from large diameter insulation and jacket; used to
prove the effect of air on the materials

- bulk-air: cable fragment exposed to irradiation without sealing of the extremities

- bulk-enc: cable fragment wax sealed (encapsulated) prior irradiation, to reduce
the air access

Dose rate (kGy/h)

0.4 kGy/h: y*¥'Cs, ICPE-CA, Bucharest, RO
1.5 kGy/h: y*°Co, lonisos, Dagneaux, FR
21.1 kGy/h: v*°Co, BGS, Wiehl, DE

Dose (kGy) The doses in kGy used for cables irradiation in controlled conditions (at ICPE-CA,
Bucharest, RO, lonisos-Dagneaux, FR, BGS, Wiehl, DE)
The doses indicated for PB-300 cable (aged in CERN service) were measured by
a RPL dosimeter

OIT (min.) OIT (Oxidation Induction Time), in minutes, is obtained directly from isothermal

measurement, according to CERN TE/VSC/CSA Chemistry Laboratory Procedure
[2] and the reference standards [3, 4].

For non-isothermal measurements, OOT (Oxidation Onset Temperature) was
determined for 4 different heating rates, according to CERN TE/VSC/CSA
Chemistry Laboratory Procedure [5] and reference standards [6]; the activation
energy of oxidation was calculated with Kissinger's equation [7, 8] and OIT was
calculated with the Gimzewski's equation [9, 10].




Column title

Signification

k (kGy™, ory™)

is the kinetic constant of the OIT decrease as a function of the irradiation dose (D)
or, respectively, irradiation time (t)

OITp =0ITy ~e_kD where OIT, and OITp, are, respectively, the OIT at 0 kGy
(as received, unaged, cable) and the OIT of the material irradiated at the dose D;

OIT; =0ITj e ™M where OIT, is the OIT of the material irradiated for a time t [1,
14]

Maximum
supportable dose

(kGy)

The dose corresponding to the evaluated life-end of the material (when OIT
becomes zero and the material is no longer protected against the oxidation) in the
specific conditions; the exponential model is used for evaluation [1, 14]

Life-time (rounded)

The irradiation time to the life-end of the material (when OIT becomes zero) in the
specific conditions; the exponential model is used for evaluation [1, 14]

RI

Radiation index = logo (maximum supportable dose, in Gy).

The radiation index is defined in IEC 60544-4 [11] as the logarithm, base 10, of the
absorbed dose in gray (rounded to two significant digits) at which the elongation at
break is reduced to 50 % of its initial value, in specified conditions of irradiation and
tests [11, 12].

In present case, the radiation index is calculated from the maximum supportable
dose, i.e. the dose corresponding to zero OIT. As the mechanical properties fail
after the moment of OIT reaches zero value, it is reasonable to assume that RI can
be evaluated in this manner from OIT measurements [1, 14]

DSC parameters/
remarks

a) The mode of DSC measurement (isothermal or non-isothermal) and the
temperature (for isothermal OIT) are specified; for non-isothermal measurements,
the OIT was evaluated for a certain specified temperature, using the OOT values
from 4 measurements at 4 different heating rates [5-10].

b) For the thick insulator cables, such as Silec, HV Septa, PB-300 or CLP-50, three
reference positions on the transversal section were defined for the in depth
degradation state characterization: S3 - on the outer side of insulator; S2 - in the
central part of the insulator; S1 - on the inner side of the insulator, after the
removal of the sheath between the central conductor and insulator. In each case,
layers of ca. 0.3 mm were used for DSC measurements [1, 2].




1. EPR (Ethylene-propylene rubber)



1.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Radiation/ | Dose Dose oIT k’ gﬂuaXI?rLtjz;?ne Life-time DSC parameters/
Lab. code/ | production| Material | Sample rate (min.) (kGy™) PP RI remarks
: (kGy) dose, (rounded)
Function date form kGy/h
D (kGy)
- 0 372
y*¥ Cs/ 0.4 9.6/ 308 [1.36.107 567 1400 h 58 isothermal, 200 °C,
Cortaillod strap 0.4 28.8| 258 ' air
Cables 0.4 96 101
EPR/ S.A, CH/ - o 372
2/ unknown; EPR 50 co/ . isoth |
; vy Co 3 isothermal,
insulation | received in bulk-air 1.5 310 143 2.36-10 3266 2200 h 6.5 200 °C. air
lab. July 15 630 94
2007
y** Cof 15 318 2;2 21910° | 3520 2350 h 65 |Sothermal,
bulk-N, : = ' 200 °C, air
1.5 630 90
- 0| 424
137 .
v Csl 0.4 9.6/ 361 102 isothermal,
strap 04 288 301 1.55.10 506 1250 h 5.7 200 °C, air
as above, 0.4 96 96
EPR/ . :
iy rtTCEIVJeoll i Epr [ L%0co - 0| 424 , isothermal
. ab. Ju 10 ,'
jacket b y bulK-air 15 310/ 112 [3.43.10° | 2286 1500 h 64 |500°C. air
1.5 630 63
%0 Co/ - 0| 424 isothermal
'Y -3 1
bulk-N, 1.5 310| 265 1.52.10 5158 3450 h 6.7 200 °C, air
15 630 170
EPR/ as above, SPE-ZS - 0 246 (6.40~10-3)* 1140)* 6.1)* isothermal
68/ received EPR run 2007/ " 0.27 year™ ( ) ~27 years ©.1) '200 °C. ai r’
insulation | in lab. bulk n.a. (42) | 188 ’
EPR/ | JUne 20081 ppp | gpE-zS ] ol 55 |@78410%) | (325)* (5.5)* isothermal, 200 °C,




Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Radiation/ | Dose Dose oIT Kk’ g/luach:\rttjgg)le Life-time DSC parameters/
Lab. code/ | production| Material | Sample rate (min.) (kGy™) P RI remarks
: (kGy) dose, (rounded)
Function date form kGy/h D, (kGy)
X
68/ run 2007/ | o na 26 0.749 ~ 8 years air
jacket bulk years
- 0 513 | (4.746:10%)*| (1692)* (6.2) isothermal, 200 °C,
EPR/ 1yearin n.a. (70)* 368 |0.37year” ~ 22 years ar
85/ as above, EPR LSS-2/ -
insulation | received in bulk - 0 246 |(4.703-10%) | (1551)* (6.2) isothermal,
lab. Feb 0.33 vear - ~ 22 years 190 °C, air
az.oog . n.a. (70)* 177 S0y
EPR/ 1yearin - 0 55 |(7.30-10%) | (794) (5.9) isothermal,
85/ EPR LSS-2/ 0.511 ~ 11 years 200 °C, air
jacket bulk n.a. (70)* 33 years

* Dose estimated (see reference [1])




1.2 Non-isothermal DSC curves
(B =5 K/min., air)
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1.2.1 - Non-isothermal DSC curve of EPR cable (Lab. code 2) insulation

system

4+
~
(=2
2
S
N—r
% 2 = not assigned
—
)
©
D
I

de-equilibration?

- rrr 1T 1 Tt 1T T
°c

OTm“ =367.5
OT,, = 269.0 °C |
AHqy = -490 J/g
oxidation Il
, —
- - ,
oxidation|

0 T, =154.2°C _
m 260.7 °C

L1 ng T i |

40 80 120 160 200 240 280 320 360

1.2.2 - Non-isothermal

Temperature (°C)
DSC curve of EPR cable (Lab. code 2) jacket



1.3 ATR-FTIR spectra
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1.3.1 - ATR-FTIR spectrum of EPR insulation of EPR cable (Lab. code: 2)
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1.3.2 - ATR-FTIR spectrum of EPR jacket of EPR cable (Lab. code 2)
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2. EVA (Ethylene-vinyl acetate
copolymer)
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2.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Radiation/ | Dose , Maximum S, DSC parameters/
Lab. code/ | production Material Sample rate (DkoGS(a) (?r:-irn) l(<kG ) supportable I(_rlchirtllcrine%) RI remarks
Function date form kGy/h y ) y dose, D, (kGy)
17 - 0 460
v Csl/ 0.4 9.6 490 103 683 1700 h isothermal,
silec/ | strap 0.4 288 | 301 | -1610 >8 1190 °C, air
1/ ilec Cable, |EVA type | 04 9% 164
. FR/ ~1995 |(black) :
Jacket v*° Co/ - 0| 460 3 isothermal
bulk-air 1.5 310 82 5.47.10 1448 950 h 6.2 190 °C, air
1.5 630 18
. - 0 343
v~ Csl/ 0.4 9.6 | 240 102 isothermal,
bulk-air 04 288 566 1.06-10 720 1800 h 5.9 210 °C, air
NG-18/ |Draka 0.4 96 | 201
9/ Comteq, EVA type | 60 - 0 343 .
jacket  |DE/ (white) R 15 310| 8 |9.4210° |810 2000 h 59 | Somermal
2006w19 wear 15 630 1.9 ’
60 - 0 343 .
L [1s 310 [ 21 |82710° | 922 2300 h 60 | Somermal
' 1.5 630 2.8 ’
60 50 - 0 369 isothermal,
Eulk-enc 1.5 310 12 9.28.10°° 830 550 h 5.9 210 °C, air
CC-50/ Draka ' 1.5 630 1.3
EVA type |
22/ Comteq, ] o| 152 OIT at 210 °C as
jacket DE/ 2002 | (PTOWN) v Co/ 3 calculated from
bulk-enc. 15 310 55 |8.96-10 760 500 h 59 non-isothermal
1.5 630 0.7 measurements
CBH-50/ Draka 60 - 0| 706 .
23/ Comteq, |VAtypel 1y=Col 15 310 | 101 |2.949.10° | 2831 1900 h 6.5 |isothermal,
; (red) bulk-enc. 210 °C, air
jacket DE/ 2006 15 630 161
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Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Radiation/ | Dose , Maximum T, DSC parameters/
Lab. code/ | production Material Sample rate (Dk%se) E?TI]T” ) I((kG ) supportable (Lr';i;'(;r;z) RI remarks
Function date form kGy/h y ) y dose, Dy (kGy)
w49
60 _ 0 5834 OIT at 210 °C as
y" Col 10110° | 10352 6900 h 70  |Calculated from
bulk-air 15 3000 278 non-isothermal
measurements
] ol| 5834 OIT at 210 °C as
SVAR-3/ 60
EVA typell |y Cof 104 calculated from
38bk/ t Raydex (red) bulkeair | 211 10000 | 573 | 1.4310 19919 950 h 73 |non-isothermal
jacke 21.1 20000 473 measurements
% - 0| 5834 OIT at 210 °C as
v col 15510% | 18377 850 h 7.3 |calculated from
bulk-enc. 21.1 10000 1213 non-isothermal
measurements
TEA-3/ Draka 0 ol 2475 OIT at 210 °C as
Multimedia |EVA type I vy Cof 103 calculated from
f:clket DE 1998  |(orange) bulk-air 1.5 310 [ 790 |2.995-10 3212 2150 h 6.5 e et
(J98-0535) 15 630 398 measurements
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2.2 Non-isothermal DSC curves

HeatFlow [miy)

(B =5 K/min., air)

L= L M A @ e
1 Silec (Lab. code 3) 0 kGy jacket i v 1 E
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2.2.1 - Non-isothermal DSC curve of Silec cable (Lab. code 1) jacket
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HeatFlaw ()
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2.2.2 - Non-isothermal DSC curve of SPA-6 cable (Lab. code 17) jacket of red coaxial
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3B B e 28.10 2008
: SVAR-3 (Lah. code 38b) 0 kGy jacket
RAMP & K/min. T = 30-380 *C, air (10 Lth)
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2.2.3 - Non-isothermal DSC curve of SVAR-3 cable (Lab. code 38b) jacket
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2.3 ATR-FTIR spectra
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2.3.1 - ATR-FTIR spectra of different EVA jacket materials: 1 - inner part; 2 - outer part, weathered (yellowish)
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2.3.2 - ATR-FTIR spectra of different EVA jacket materials: 1 - cable CC-50 (Lab. code 22, EVA type 1)); 2 - cable
TFA-3 (Lab. code 39, EVA type Il); 3 - cable SVAR-3 (Lab. code 38b, radiation resistant, EVA type II)
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2.3.3 - ATR-FTIR spectra of ELVAX 3182 (28 % vinyl acetate, DuPont; from TE/VSC Laboratory polymer samples
collection), spectrum 1; for comparison, the ATR-FTIR spectrum of the jacketing material of cable CC-50
(Lab. code 22, spectrum 2)
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3. LDPE (Low density polyethylene)
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3.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Dose oy RO DS
Lab. code/ production Material Radiation/ rate Dose (min.) k . supportable | Life-time RI parameters/
. Sample form (kGy) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
137 _ 0 45
v~ Csl/ 0.4 9.6 34 102 isothermal,
strap 0.4 28.8 8.7 4.27:10 130 325h 51 190 °C, air
Silec/ 0.4 96 0.8
Silec Cable 60 - 0 45 .
1/ LDPE v Col/ bulk- 3 isothermal,
insulation FR/ ~1995 air 1.5 310 23.5 1.22.10 4587 3050 h 6.7 190 °C. air
15 630 26
60 - 0 45 ;
vy Col bulk- 3 isothermal,
enc. 15 310 29 1.08-10 5182 3450 h 6.7 190 °C, air
15 630 25
- 0| 296
v~ Csl/ 0.4 9.6/ 111 102 isothermal,
strap 04 8.8 o4 8.87-10 84 210 h 4.9 190 °C, air
0.4 96 0
- 0 206 isothermal,
HV Septa/ | Draka 50 ~o/bulk- o I
Y O/ bu 1073 1903 1250 h 6.3 190 C, a.|r,/ pos.
o3 Comteq DE/ LDPE air 15 630 08 3.93:10 : S1, S2. in pos.
insulation 2006 S3, D, < 300 kGy
- 0 206 isothermal,
60 . 6.3 190 °C, air/
YenCCO/ bulk 3.7110° | 2016 1350 h bos. S1. S2: in
- 15 630 32 pos. S3, Dy < 300
kGy
- 0| 283 1 isothermal,
HV Septa/ | Draka run 2007 in n.a. na.l 28 231y - ~ 3 years - 190 °C, air/ pos.
66/ Comteq DE/ LDPE PS Section S3
insulation 20067 31/ bulk - 0| 283 1 isothermal,
n.a. n.a.| 111 0.94y ~8 years 190 °C, air/ pos.
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Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Dose ol B DEle
yp pplier . Radiation/ Dose (min.) k' supportable | Life-time parameters/
Lab. code/ production Material rate -1 RI
. Sample form (kGy) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
S1, S2
- 0| 283 1 isothermal,
HV ;e/pta/ Draka run 2007in | N-a. na.| 17 2.81y - ~2.5years |- égo °C, ait/ pos.
insulation Comteq DE/ LDPE SPS-ZS/ -
20067 bulk - 0| 283 1 |sothermql,
n.a. na.| 27 235y - ~ 3 years - 190 °C, air/ pos.
S1, S2
0| 269 1 - - isothermal,
HV Septa/ | Draka , n.a. na.| 145 292y ~2.5years 190 °C, air/ pos.
lyinLSS-2/ S3
86/ Comteq, DE/ | LDPE bulk 5 <oth i
insulation | unknown - 0] 269 1 - - Isothermal,
n.a. na.l 19 265y ~ 3 years 190 °C, air/ pos.
S1, S2
157 - 0] 104
v ' Csl/ 0.4 9.6/ 76 102 isothermal,
strap 04 588 33 4.04-10 159 400 h 5.2 190 °C, air
unknown/ 0.4 96 0
PB:/))OO stored in LDPE v*° Col bulk- = 0| 104 isothermal
- -3 ’
insulation )C/?eilfsl\l ~ 30 air 12 gég :;; 3.6.10 1787 1200 h 6.3 190 °C, air
60 - 0| 104 .
v Cof bulk- 3 isothermal,
enc. ig gég ﬁ 4.05-10 1589 1050 h 6.2 190 °C, air
‘ ; - 0! 104 isothoermal,
PB-300/ ggrggv}/: PS Septum unknown 190°°C, allr/
5/ CERN ~30 | LDPE SEH 23R/ 2.60-10% | 247 iradiation | 5.4 | =RSETEY
insulation bulk n.a. 0.748 | 102 time smaill aose ",
years as it was
communicated
PB-300/ “t”"”gV.V”’ PS Septum | - 0| 104 unknown |1s§<))(t)h°eéma}l,/
6/ storediin LDPE SEH 23T/ 3.96:10"0 |16 irradiation | 4.2 o
insulation | CERN~30 bulk n.a. 0726 | 78 time excessively
years small dose (1),
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Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Dose O B DEle
yp pplier . Radiation/ Dose (min.) k' supportable | Life-time parameters/
Lab. code/ production Material rate -1 RI
. Sample form (kGy) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
as it was
communicated
- 0| 104 isothermal,
PB-300/ gg)krggvm/ PS Septum unknown 190 OCZ allr/
71 CERN ~30 | LDPE SEH 31 R/ 8.71.10° |74 irradiation 4.9 excelfzwey |
insulation ~ bulk n.a. 0.800 | 97 time small dose (!),
years as it was
communicate
known/
PB-300/ | UNKNow PS Septum | - 0| 104 .
8/ stored in LDPE SEH 31T/ unknown dose and irradiation time |1s$)(t)h°eém:ilr,
insulation | CERN~30 bulk n.a. na.| 93 '
years
- 0| 229
137 .
v~ Csl/ 0.4 9.6 | 216 102 isothermal,
pB.300, | Unknown/ LDPE strap 04 588 | 105 2.69-10 269 670 h 54 |10 °C. air
stored in
4/ CERN ~ 30 0.4 96 17
Jacket years v Col bulk- | - 0| 229 2 isothermal
LDPE air, inner 1.5 310 10 7.74.10 933 620 h 6.0 o .
190 °C, air
part 1.5 630 3.3
NG-18/ Draka LDPE . - 0| 148
9/ Comteq DE/ v Csl/ 0.4 9.6 40 -1 isothermal,
insulation | 2006w19 bulk-air 0.4 28| 4 | 27100 |53 130h 47 1190 °C, air
(white) 0.4 96 0
- - 0] 148
v~ Csl/ 0.4 9.6 46 102 isothermal,
bulk-enc. | 0.4 288 19 | 63107 |8 220h 49 l190°C, air
0.4 96 11
60 - 0| 148 .
v Col bulk- i i isothermal,
air 1.5 310 0 <310 <200 h 190 °C, air
1.5 630 0
v*° Col bulk- | - 0] 148 - <310 <200 h - isothermal,
15 310 0 190 °C, air
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Cable data

Irradiation conditions

Laboratory measurements and results

Type/ Supplier/ Dose ol B e
yp pplier . Radiation/ Dose (min.) k' supportable | Life-time parameters/
Lab. code/ production Material rate -1 RI
. Sample form (kGy) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
enc. 1.5 630 0
Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ L Dose Maximum e pSC
. . Radiation/ Dose oIT k' supportable | Life-time parameters/
Lab. code/ production Material S rate ; 1 RI
] ample form (kGy) (min.) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
- - 0| 157
v~ Csl/ 0.4 9.6/ 31 101 isothermal,
bulk-air 0.4 288 22 | 1O%10 |H 110h 47 1190 °C, air
0.4 96 0
- 0| 157
NG-18/ v¥' Cs/ 0.4 9.6/ 31 102 isothermal,
of Draka Comteq bulk-enc. | 0.4 88| o |o40100 81 200h 49 1190 °C, air
; : DE/ LDPE
insulation 0.4 96 4.5
(brown) 2006w19 " : 0 157
v~ Col bulk- i i isothermal,
air 15 310 0 <300 <750 h 190 °C, air
15 630 0
60 - 0| 157 .
v Col bulk- i i isothermal,
enc. 1.5 310 0 <300 <750 h 190 °C, air
1.5 630 0
CLP-50/ Draka Comteq | LDPE - - 0| 124 isothermal,
16/ DE/ v~ Csl/ 0.4 9.6 33 2 190 °C, air/
insulation 2003 strap 0.4 28.8 16 73510 90 225N 5.0 heterogeneous
0.4 96 0 material*
. - 0| 124 isothermal,
vy Cs/ 0.4 9.6 11.6 1oL 190 °C, air/
bulk-air; S3 | 0.4 28.8 5.9 1.109-10 60 150h 4.8 heterogeneous
0.4 96 0 material*
v Cs/ - 0| 124 ]1.785.10° | 370 925 h 5.6 |isothermal,
bulk-air, S2 | 0.4 9.6 68 190 °C, air/
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Cable data

Irradiation conditions

Laboratory measurements and results

Type/ Supplier/ i Dose RN I DEC
. . Radiation/ Dose oIT k' supportable | Life-time parameters/
Lab. code/ production Material rate ; -1 RI
. Sample form (kGy) (min.) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
0.4 28.8 57 heterogeneous
0.4 96 0 material*
- 0| 124 isothermal,
137 o .
v ' Csl/ 0.4 9.6 84 102 190 °C, air/
bulk-air, S1 | 0.4 28.8 12 3.296-10 201 500h 53 heterogeneous
0.4 26 8 material*
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Cable data

Irradiation conditions

Laboratory measurements and results

. Maximum DSC
Type/ Suppher/ : Radiation/ Dose Dose oIT k' supportable | Life-time parameters/
Lab. code/ production Material rate : -1 RI
: Sample form (kGy) (min.) (kGy™) dose, (rounded) remarks
Function date kGy/h
Dx(kGy)
y137 Cs/ - 0 124 isothermql,
bulk-enc., [0 96 | 26 15754107 |115 300 h 51 |190°C ai
0.4 28.8 35 heterogeneous
CLP-50/ Draka Comteq S3 material*
16/ DE/ LDPE 04 20 0 -
insulation 2003 ¥ Cs/ 0 7 (9) 5 132 'fgéhfémal’/
. . -2 , air
g;lk-enc., 04 288 55 1.895-10 377 950 h 5.6 heterogeneous
0.4 96 34 material*
SPA-6/ - 0 96 _
17/ 10) isothermal,
insulation | Draka Comteq y*¥ Cs/ 0.4 9.6 2 190 °C, air/
of blue- DE/ 2004 w23 LDPE bulk-air 0.4 28.8 21 331910 191 480 h 53 heterogeneous
jacketed : : material
coaxial 0.4 96 4.7
. - 0 68 isothermal,
v ' Csl 0.4 9.6 25 102 190 °C, air/
bulk-air 0.4 28.8 10.6 2.282:10 263 650 h 5.4 heterogeneous
SPA-6/ 0.4 96 9.9 material
17/ - - 0 68 isothermal,
insulation Draka Comteq ' Cs/ 04 9.6 42 P 190 °C, air/
of red- DE/ 2004 w23 LDPE bulk-enc. 0.4 28.8 24 2.226:10 275 675h 54 heterogeneous
jacke_ted 0.4 926 12 material
coaxial 6 - 0 68 isothermal,
v Colbulk- 115 310 @ _ 1639.10° | 940 630 h 6.0 [190°C,air
enc. 15 630 10.6 heterogeneous
material
60 - 0 51 .
cC.50/ Z\ir Colbulk- == 310 0 n.a. <300 n.a. n.a. fgéhfémglr’
23/ Draka Comteq | DPE 1.5 630 0 '
. . DE/ 2006 w49 - 0 51 .
insulation v Co/ 3 isothermal
bulk-enc 1.5 310 7.4 |3.259.10 1756 1200 h 6.2 190 °C air,
' 15 630 10 '
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Cable data

Irradiation conditions

Laboratory measurements and results

Type/ Supplier/ Dose RN DS
yp Pplier . Radiation/ Dose oIT k' supportable | Life-time parameters/
Lab. code/ production Material rate : -1 RI
. Sample form (kGy) (min.) (kGy™) dose, (rounded) remarks
Function date kGy/h
) D.(KGy)
PH-5SJ/ - 0 713
35/ Nexans CH/ v Co/bulk- [ 1.5 310 8.4 2 isothermal,
insulation 2004 w37 LDPE enc. 15 630 0 1.183-10 707 480 h 58 1190 °C, air
(blue) 15 630 0.6
PH-5SJ/ . - 0 584
35/ Nexans CH/ LDPE v Co/bulk- 3 isothermal,
hsulation 2004 W37 enc. 15 310 5.9 |8.472.10 963 650 h 6.1 |100°C, air
(black) 1.5 630 7.4

* antioxidant lost during the storage of both un-irradiated (r.t., no light) and irradiated material (refrigerator, ~ 4 °C) or inhomogeneous antioxidant distribution
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3.2 Non-isothermal DSC curves
(B =5 K/min., air)

I 04.02 2008
: H\ Septa (Lab. code 3) 0 kGy LOPE insulation
RAMF & Kimin. T = 30-400 °C., air (10 Lih) ;

g

£ :

2 Welting enthalpy - 103 (Jig)

% i Top of Peak (Tm): 1118 (°C)

. Odsse=rg O 5 ) B vt i i AR e L G
I

8LC)

fpeak (OTm): 249.3 (°C)
Cnset (00T 2438 (°C)

50 100 150 200 250

300 30
Ternperature (*C)

3.2.1 - DSC non-isothermal curve of HV Septa (Lab. code 3) insulation; LDPE (LE6006)
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08.02.2008
NG-18 (Lab. code 8) 0 kGy brown insulation
RAMP & Kimin. T = 30-400 *C, air (10 Lih) |Ol'd m T3 ‘t' |
m=4.0 mg »idation and decarmposition
o T
4_ .............................................................................................................................................................
z
é Qoo e e e e S e e e e e e e e e e e
z
A=)
L
[
15}
T
Meling enthaply: 81 (Jfg)
o4 Topof Peak (OTm): 110.2¢°Cy |+ o W NG
Onset (OOT): 103.8 (")
R .+ Top of Peak (OTm) . 241
eat: -0.6 (o) Onset (OOT): 233274
| L Top of Peak: 1684 0 (*C) i ' ;
i i St L St S ri sy it COnset: 1525 (°C) i N e i St e St
a0 100 150 200 240 300 350

Temperature (°C)

3.2.2 - DSC non-isothermal curve of NG-18 (Lab. code 9) brown insulation; LDPE (LE6006 + masterbatch)

I ! I ! I ! I ! I ! I ! I
- OT,, = 242.8°C .
8 |- .
~
=)
~~
; - Oxidation _
E N
s 4+ -
o
—
-}
s melting ]
I
1 | 1 | 8-0]102-3n11

250 300 350

Temperature (°C)

3.2.3 - DSC non-isothermal curve of Silec (Lab. code 1) insulation; crosslinked PE (XPE)
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8-20062

10 I T I T I T I T T I T
OT,y=232.8°C;

sl A Hgy = -307 J/g

OT, = 246.8 °C |
HOXlI =-993 J/g

oxidation

= 6 -
= \

E 4} \ _
=

3

5

I

melting

Temperature (°C)

3.2.4 - DSC non-isothermal curve of CBH-50 (Lab. code 23) insulation; crosslinked PE (XPE)
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~wo[ T T T T T T T[02i03008 o
PE (Goofellow) film 125 um

RAMP & Kimin. T = 30-380 *C, air (10 L/h)

m=15mg

HeatFlow |s (mW\)

3
Onset (OOT): 2005 (°C) _

Melting enthalpy : 79 (Ng)
Top of Peak (Tm): 109.4 (*C)
Onset: 83.1(°C)

20 30 40 50 B0 70 B0 90 100110120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 230 300 310 320 330 340 350 360
Temperature (°C)

3.2.5 - DSC non-isothermal curve of pure (unstabilised) LDPE Goodfellow film 125 um (Lab. code 87)
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3.3 ATR-FTIR spectra

C T T T T T T T ]
05k Silec (No. 1) insulation
’:? L 4
E 04 -
3
2 L 4
I
2 03F _
o
8 L 4
I
= 02| |
2
o
© 01
0
4000 3000 2000 1000
Wavenumber (cm'l)
3.3.1 - ATR-FTIR spectra of cable Silec (Lab. code 1) LDPE insulation
C T T T T T T T ]
05k PB 300 (No. 1) insulation & jacket
’:? L 4
E 04+ -
% oxidized groups
2 03F
3
.% " oxidized groups (OH)
= 02 \
2
- -
© o1 /
OfF 1 1 1 1 1 | 290-2.5mp ]
4000 3000 2000 1000

Wavenumber (cm™)

3.3.2- ATR-FTIR spectra of LDPE materials in PB 300 cable (Lab. code:4): 1 - jacket (outer part), oxidation traces
(storage effect); 2 - jacket (inner part); 3 - insulation
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Optical abzorbance (a.u.)

=
P
I

=
]
1

0.0

2915

|

LDPE Lupolen 2614 (BASF AG)

2850

1467
720

B R

4000

T 1
3500 3000

1 1 | 1 T
2500 2000 14800 1000 a00

" -1
Wavenumber (cm )

3.3.3 - ATR-FTIR spectrum of LDPE (Lupolen 261A, BASF AG) [2]
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4. HDPE (High density polyethylene)
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4.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
Type/ Supplier/ Dose AU e
yp PDliEl . Radiation/ Dose oIT k' supportable | Life-time parameters/
Lab. code/ production Material rate . o4 RI
. Sample form (kGy) (min.) (kGy™) dose, (rounded) remarks
Function date kGy/h
D«(kGy)
17 - 0| 757
v ' Csl/ 0.4 9.6 | 464 102 isothermal,
bulk-air 04 588 | 225 3.152-10 267 668 h 54 200 °C, air
0.4 96 41
a7 - 0| 757
SPA-6/ v="Csl/ 0.4 9.6 | 459 2 isothermal,
:_L7/ Draka bulk-enc. 04 8.8 | 347 1.789-10 471 1178 h 5.7 200 °C, air
t"g';trgd Comteq/ 2004 | HDPE 0.4 96 | 152
. . w23 60 - 0| 757 :
insulation v Colbulk g 310 | 24 | 1.85610% | 454 303 h 57 |lSothermal
(blue) air 15 630 o 200 °C, air
- 0| 757
60 % .
vy Col bulk- 0 3 isothermal,
enc. 1.5 310 19 4.973:10 1693 1129 h 6.2 200 °C, air
15 630 | 33
- - 0| 516
SPA-6/ vy~ Cs/ 0.4 9.6 | 344 102 isothermal,
17/ Sraka bulk-air 0.4 288 | 232 | 2826107 | 284 710h 55 | 500 °C. i
twisted | o teq/ 2004 | HDPE 0.4 %6 | 34
_ pelurs_ w23 - - 0| 516
insulation Cs/ 0.4 96 | 366 i isothermal
'Y S . . 2 I
(black) bulk-enc.  [0.4 288 | 256 | 405107 |57 1430h 58 |200°C, air
0.4 96 | 145

brittle material
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4.2 Non-isothermal DSC curves
(B =5 K/min., air)

12 I T I T I T I T I T I T I
10 - —
e 8 — =
(o)) N
E oxidation |
= -
S
N
% 4 melting oxidation I
=
= 2
(<5)
T 0
7100T|=257.4°C
-2 =127.6°C | Ao =-3080g |
m = . ’
A H,, =+120 J/g
4 - -
| 1 | 1 | 1 | 1 | 1 | 1 | 1

50 100 150 200 250 300 350
Temperature (°C)

4.2.1 - DSC non-isothermal curve of SPA-6 (Lab. code 17) HDPE insulation of twisted pairs
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4.3 ATR-FTIR spectra

[}.3 T T | T | T
SPAB (Lab. code 17)

. I insulation of twisted pairs [white) |
8 02F -
=
3 I |
:_:’:-
=
S 01 -
5 |

0 L | L | L | L

4000 3000 2000 1000

- -1
Wavenumber (¢ )

4.3.1 - ATR-FTIR spectra of cable SPA-6 (Lab. code 17) HDPE insulation of white twisted pairs

SPA-B (Lab. code 17)

- insulation of twisted pairs (red)

= 02k _
= U=

il

)

]

=

= L .
el

S

=)

:_-_r’:'

= 01} —
p—

=1

]

= p—

'

[ L |
—

t

| |
2000 1000

. -1
Wavenumber (cm )

|
4000 3000

4.3.2 - ATR-FTIR spectra of cable SPA-6 (Lab. code 17) HDPE insulation of red twisted pairs
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Optical abzorbance (a.u.)

=
=
L

L
[N
L

HDPE - Hostalen GU 7746 (Hoechst AG)

2315
2950

720

1467

JVL | /

0.0
4000

T I T | [ |
35800 3000 2500 2000 15800 1000 aan

. -1
Wavenumber (cm )

4.3.3 - ATR-FTIR spectrum of HDPE (Hostalen GU 7746, Hoechst AG) [2]
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5. Bimodal polyethylene
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5.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
. L Maximum
Type/ Supplle_r/ . RenlEHoR DS Dose oIT k' supportable | Life-time DSC parameters/
Lab. code/ production Material sample rate g 4l RI
. (kGy) (min.) (kGy ™) |dose, (rounded) remarks
Function date form kGy/h
D.(kGY)
60 - 0] 870 .
PJ-5SJ/ A 310 | 45 |1.698.102 | 504 340 57 | omermal
36/ Technikabel IT/| bimodal 1.5 630 0 '
insulation |2005 w39 PE 60 - 0 | 870 )
(blue) Eulif’én . |15 310 | 3.9 | 1744107 |491 330 5.7 'fgéhoeém;'r'
"~ |15 630 O ’
% Cof - 0 | o34 isothermal
0155/ Ll | L5 30| 3 |1348107 |61l 400 58  |iooee o
36/ Technikabel IT/| bimodal 15 630 0.23
insulation | 2005 w39 PE i 0 | 634
(black) v*° Col 2 isothermal,
bulk-enc. 15 310 5.6 1.266-10 651 430 5.8 190 °C, air
1.5 630 | 0.32
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5.2 Non-isothermal DSC curves
(B =5 K/min., air)

~ Exo 1 22 07 2008

: PJ-55J(Lah. code 36) 0 kGy hlue insulation
FAMP & Kimin. T = 30-380 °C, air (10 L)
m=30mg

25 e — R — e e e e -

20 e e e e e -

HeatFlow (mvy)

=
t

£l

i

--------------- -S| Oxiddation (ll) |----ero-eeeomdeeeo-

Crxidation enthalpy . -44 (Jig)
Top of Peak (OTmll) - 3283 (°C)
Onset (OOT ) 317.0 (°C)

Top of'F"eak”OT' © 258,
Onset (OOT) 2555 (°

ol [g] e

Melting gatfialpy - 115 (82 + 53) (J/) | Hytroperoxides decomposition |
Melting'termperature peak 1: 1044 (°C) :
Meltifig termperature peak 2: 1229 (°C) Heat: -7.0 (J/g) !
gt 11528 Top of Peak: 215806 (*C) i
! | Onset: 184.783 (°C) ]

150 200 350

Ternperature (*C)

5.2.1 - DSC non-isothermal curve of bimodal blue insulation in PJ-5SJ cable (Lab. code 36)
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HeatFlow (mv)

o
!

I
I

20.01.2009
; WA-40 (Lah. code 24) 0 kGy white insulation of
T small diameter conductar

! RAMP & K/min. T = 30-350 °C, air (10 L/h}

* Osidation (1)

B e ot A * (Caation enthalpy - 28 (Jig)
: ] ; Top of Peak (OTm): 3284 (*C)

Onset (00T): 3184 (°C)

. Tup'of Peak (CTm): 2490 (°C
,,,,,,,,,,,,,,,,,,,,,, — Onset (OOT). 2458 (°C)

Melting enthalpy . 1124 (0.0 + 82.4) (Jfg)
Melting temperature peak 1: 110.2 (*C)

Melting temperature pe . 9(°C)
Cnset: 11898 ¢(°

Hydroperoxides
decomposition

Heat: -64 (Jig)

Top of Peak: 173.7(°C)
Onset: 171.0(°C)

150 200 250 300 350
Ternperature (*C)

5.2.2 - DSC non-isothermal curve of bimodal white insulation in VA-24 cable (Lab. code 40)
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5.3 ATR-FTIR spectra

C

)ptical absorbance (au.)

(

)ptical absorbance (au.)

T T | T | T
L FJ-251 (Lah. code 38) insulation (hlue) i

| |
4000 3000 2000 1000

. 1
Wavenumber (cm )

5.3.1 - ATR-FTIR spectrum of bimodal PE insulation (blue) in PJ-5SJ cable (Lab. code 36)

0.

h

. W24 (Lab. code 40) insulation {white) g

| |
4000 3000 2000 1000
Wavenumber (cm’l)

5.3.2 - ATR-FTIR spectrum of bimodal PE insulation (white) in VA-24 cable (Lab. code 40)
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6. PE foam (PE cell)
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6.1 Compilation of the DSC life-time evaluation data

Cable data Irradiation conditions Laboratory measurements and results
. _ Maximum
Type/ Suppller/ . RERlEieny | [Dos Dose oIT k' supportable | Life-time DSC parameters/
Lab. code/ production Material | sample rate ; 4l RI
. (kGy) (min.) (kGy™) |dose, (rounded) remarks
Function date form kGy/h
D«(kGy)
60 - 0| 336 .
v~ Col 3 isothermal,
bulk_alr 1.5 310 6.1 7-072'10 1076 700 h 60 200 OC, alr
1.5 630 9.5
60 - 0| 336 .
v Cof 15 310 | 18 5.996.10° | 1269 850 h 6.1 |sothermal,
bulk-enc. 200 °C, air
CC-50/ Draka 1.5 630 13
22/ Comteq DE/ | PE foam o - 0] 335 OIT at 200 °C as
Insulation 2002 v Col 15 310 95 6.606-10° | 1151 770 h 6.1 calculated from
bulk-air 1.5 630 11 ' ' non-isothermal
measurements
. - 0| 335 OIT at 200 °C as
v Col 1.5 310 | 22 6.320-10° | 1203 800 h 6.1 calculated from
bulk-enc. 15 630 9.1 ' ' non-isothermal
measurements

44




6.2 Non-isothermal DSC curves
(B =5 K/min., air)

o~ Exa § 19.06.2008(3)
! CC-80 (Lab. code 22) 0 kGy insulation

I B RAMP & Kimin. T = 30-350 *C, air (10 Lih) ! !

T , Oxidation (1) ; i
S e s e Ce Oidlation enthaly © -68 (Jig) :

Top of Peak (OTm): 331.3(°C) '

Dnset (OOT): 31680 (°C)

S T A D S S S S S R S R e b e LR b e p R e ek e e LR et (PRt (e et e
it s s e o s
o N SN SRS SONORSOUNRRUUO (RUUIURRIOR | SO s
LT peomomeann s U IIIET ] [ L e e

= :

E

E 28 ST, TR IO | IO N S

% j : Top of Peak (OTm): 2544 (°C)

T ogedo R | Top of Peak 2 (OTm2) . 2718 (°C) N A
: : |Onset (OOT): 2475 (°C) 5 5
& e TRkl e T

‘Melting temperature peak : 108.1 (*C) ‘ : :
e Onset: 99.3 PCl"" i ;
L I i s I Hydroperoxides | el e e T CoTTT g
decomposition '
T RS ________ [ I | Residual blowing 4
=l : | Heat: -2.4 (Jfg) | agent decomposition
Top of Feak: 162.1 (°C) h Yo 4 !
Onset: 14149 (°C) Decomposition enthalpy: 14 (Jfg) :
T A Top of Peak (DTm) : 234 6 (°C)
! Onset (OOT): 218.5 (°C) , !
. S-SR SO R

50 100 150 200 250 300 350
Temperatura (°C)

6.2.1 - DSC non-isothermal curve of PE foam insulation in CC-50 cable (Lab. code 22)
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6.3 ATR-FTIR spectra

0'24 B T I T I T I l—
/:? 02kL CC-50 (Lab. code 22) insulation
I, L 4
8 016 .
_‘é’ _ i
3 012 —
o
] L 4
S oo0sf
o
o) L
0.04 |-
0 1
4000 3000 2000 1000

Wavenumber (cm™)

6.3.1 - ATR-FTIR spectrum of PE foam insulation in CC-50 cable (Lab. code 22)
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