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BE LA RECHERCHE A L'INDUSTRIE

Caden INTRODUCTION

Polymers in nuclear industry

B A wide variety of polymers

B Even if used amounts are smaller than others engineering materials (concrete, steel,
zirconium, etc...), they play a crucial role as

Hot cell sleeve Seals Paints Cable sheath Adhesive

Seals Seals . Insulation

Protection sheet Insulation Coating Gloves tape

=» To maintain a safe and cost efficient operation of nuclear power plants, an understanding of the
ageing and degradation phenomena of these components is required
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INTERACTION OF RADIATION WITH ORGANIC MATTER

B Polymers (organic molecules) + radionuclides (emitters a and 3/y) o
=> Interaction of radiation with organic matter /%:L,w
=> Irradiation induces chemical reactions in the material A
P
Y WJ\:’\
B Mechanism under oxidative conditions (radiation, heat or light) el A
== |nitiation:
PH - P*+H°
== Propagation: B Crosslinking: 2 Mw =» X solubility to
P°+0, » POO insolubility =» hardness

POO* + P’'H — POOH + P’
POOH — PO" + HO" ‘
PO* +PH — POH + P*
HO*+ PH — HOH + P*
== l€rmination: recombinaison
P*+ P’ — P-P’ (crosslinking) or P
PH + >C=C< (dismutation)
P*+ POO* - PO-OP or
POOH +>C=C<
POO® + POO® - Inactive products + O,

L

R
y

Scission: N Mw =» A solubility = viscous
material 2 MGy 10 MGy
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Atmospheric Solids Analysis Probe (ASAP)

B Chemical and structural identification of unknown component analytes comprising a complex

mixture =2 Direct solid analysis

== Sample deposited onto glass tube
- Direct use of the sample
- No solvent required
== Desorption using a hot N, flux
== lONization from plasma generated by
a corona discharge

Heated gas

Corona discharge

M Tlar Sample loaded onto

melting point caplliary

Charles N. McEwen, et al., Anal. Chem. 2005, 77, 7826-7831

B Charge transfer (M*")

N, + e~ > N,” + 2e
N,* +2N, > N,* +N,
N,™ (or N,**) + M - M* + xN,

B Proton transfer (MH+)

N,* +H,0 > H,0* +N,

H,0* +H,0 - H;0" +HO’

H,0* + n(H,0) + N, > H*(H,0),, + N,
H*(H,0),, + M = MH* + n(H,0)
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POLYURETHANE ANALYSIS




POLYURETHANE ANALYSIS

Polyurethane synthesis

B Polyaddition of a diisocyanate to a polyol in the presence of additives

Hard Segment Soft Segment
ijh% Polyols (polyester or polyether)

Yo Diisocyanate -
O3, c\N/\/\/\/N\ e, ‘\ / R o-¢- oﬂ—ERfofcfofRfof(‘c)‘ﬁ
C\ . ﬁ *ﬁROCOROCj\><f B
/; foo ”
Additives 1

B Complex composition and different structures
B Copolymer - difficult to characterize directly by MS without sample treatment:
== preliminary dissociation of each segment from the copolymer (e.g. pyrolysis or chemical
dissociation)
== Py-GC/MS and/or MALDI/MS
= Aim: direct analysis of PU by mass spectrometry
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POLYURETHANE ANALYSIS

Polyurethane synthesis

B Polyaddition of a diisocyanate to a polyol in the presence of additives

Polyols (polyester or polyether)

0 Diisocyanate -
¢ N/\/\/\/N\ Cog R o- ﬁ O%R,o,ﬁ,o,,{,o,ﬁﬁ
N ROCOROCj‘* °

R O*ﬁ*O

Methylene diphenyl diisocyanate / 1 Poly(tetramethylene ether) glycol

(MDI)
Additives (PTMEG)

ij Hard Segment Soft Segment

2 MGy 10 MGy

Non irradiated

Electric cable Dose rate: 0.6 a 0.75 kGy/il

sheath

Oxidative conditions

CEA | EuroAnalysis 2017 | PAGE 7



BE LA RECHERCHE A L'INDUSTRIE

Cadaden AsAP ANALYSIS: NON IRRADIATED MATERIAL

ASAP: thermal plasma desorption Non irradiated

=» analysis of sample at different temperatures

o_ o
T° <300 °C T°=300 °C T°=600 °C TOF MS AP+
TOF MS AP+ TOF MS AP+ 100, 2771 9.26e3
100, 327.0 1.28e3 100 \ 327.0 6.81e3
225.0
\ 279.1
303.0
132.0 328.0
399.3
250.0 307.1
S 527.2
e S 328.2 A
2854 250.2
326.0)
285.2
663.3
1400.3
436.4
201.1283'2 5204 |664.3
562.5
HM” ( T
m/z
ol L. . miz 1000 1500
200 400 600 800 1000

B Low m/zrange B higher m/zrange

W Low m/zrange B Different m/z than < 300 °C B polymeric profile

9 Desorption of compounds with temperature
CEA | Nuclear Chemistry 2016 | PAGE 8



BE LA RECHERCHE A L'INDUSTRIE

CCaden ASAP ANALYSIS OF A CABLE SHEATH (PU)

Analysis at low temperature (T° < 300°C) Non irradiated

B TOF analyzer — exact mass measurements — additives identification

Triphenylphosphate (flame retardant and plastizer)

©\ Q /© TOF MS AP+
327.0 _P. 1.28e3

(@]
Stearic acid

(lubricant) ?

o 399.3
\M)J\OH i
16 o/P\\o
285.4
285.2

Oxidized Irganox 168 (anti-oxidant)

%

328.0
663.3
286.2 400.3
380.3 436.4 464.4
2294 283345 5204 664.3
1141 177.1
111.1] 127.1 L 5625 6623

o Ll | .Mh{ Jﬂu L " N m/z

100 200 300 400 500 600 700 800 900 1000

B At low desorption temperature =» detection of additives of the polymer

CEA | EuroAnalysis 2017 | PAGE 9



BE LA RECHERCHE A L'INDUSTRIE

CCaden ASAP ANALYSIS OF A CABLE SHEATH (PU)

Analysis at 300°C

Non irradiated

TOF MS AP+ —
225.0 7062 M= MDI
100q
HZCZC>:N¥C:O
+QNEC:O
132.0
@z@ \
+eo
196.0
208.0 2240 M
7261 250.0
:‘\CO 180.0 223.2 '
c.a 195.1
132.2 161.1163-0 208.2 226.2 250.2
+
199.1
HZC:@NII 182.1
106.0 133.0 251.2
209.0
104.0 166.0 235.1
149,052 178.0 249.0
115.0 194.0 219.1 BIL sy 2680
128.0 169.0 183.1 2971
146.0 I 239.0 267.0
ot 280 il bl .. l |
i NI J“ | l‘\” min \“Hl‘ll ‘H H H i JH“IH“ 1 .JJ‘HIII‘ “\ n ”Ihl‘lllll‘ll‘\‘ miz
140 150 160 170 180 190 200 210 220 230 240 0 260 270

80 90 100 110 120 130

the PU Hard Segment

Robert P. Lattimer et al., ) Anal Appl Pyrol 17(3):237-249

Detection of molecular ion M** for MDI
Detection of characteristic thermal degradation products of MDI = Structural identification of

CEA | EuroAnalysis 2017 | PAGE 10



1007

0
600

=» Desorption of the copolymer components can be controlled by temperature

Analysis at high temperature (T°= 600°C)

Detection of a characteristic polymeric profile

9.
.4
5.4

703.3

700 800

919.

900

Q0
99’ 10635 1136

1000 1100 1200

A 12076

1281.6

1300 1400

Non irradiated

Am =72 u: PTMEG

® Poly(tetramethyleneglycol) *{/\/VO\}*

2 CH, -CH,-CH,-CH, - (PTMEG), -0
56 +72*n  H,C=CH-CH,-CH,-(PTMEG),-H
112 +72*n  H,C=CH-CH,-CH,-(PTMEG), ,-O-CH,-CH=CH,
24 +72*n Not identified
18+72*n  HO-(PTMEG) -H
f000¢4

1900 2000 2100

Am =72 u: PTMEG - detection of Soft Segment
Thermal degradation products =2 Structural identification of Soft Segment of PU

V2
2200 2300

| PAGE 11



BE LA RECHERCHE A L'INDUSTRIE

ceaden ASAP ANALYSIS OF A CABLE SHEATH (PU) AFTER

IRRADIATION

Analysis at low temperature = Hard Segment degradation

Irradiated

:®:N c=0 ’
HN +eo TOF MS-AP+

o . 2242225.3
Non irradiated 1320 195156 0, roo1
o 180.0 2210 :
s * 165.0 Lap1 |196.2 2262 2502
104.;)060 . 1330 ooy ﬁ66.0 {194.0 220190.01 2351 v 1 2650 285.4
0 100 | g | z01] S
e o0 wee [ amo il il 2ol e )P0 4
TOF MS AP+
4.05e4
o 132.0 o
—_— 250.0
2 MGy 132.2 196.0 208.0555 ¢ 251.0
§ 104.0 180.1 208.2 239.0 2650  ,oaq
~ 133.2 165.0 196.2 [200.0 ||(226:1 |249.0/(0501 | 268.0
L 1o 1460 \1661 181.1 E%?’ sgo1 | 2931
106.1 [[ . : : W 253.1 ” © 300.1
o) I ?Z:q IO I (E—— | { S J(‘!‘MH . ‘ﬁ\q . J‘n;gsxlﬁJ‘ M ‘M PR 111} . ‘|‘Ln‘ l ( |\ H \\‘ JL
TOF MS AP+
3.47e4
o 132.0 e
225.1 250.0
132.2
146.0
166.0
135.0| 148.0 180.1  196.0

M m/z
60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310

B Very similar mass spectra with the dose: detection of characteristic ions fragments of MDI
=» Impact on Hard Segment seems low

CEA | EuroAnalysis 2017 | PAGE 12



BE LA RECHERCHE A L'INDUSTRIE

ceaden ASAP ANALYSIS OF A CABLE SHEATH (PU) AFTER

IRRADIATION

Analysis at low temperature = Hard Segment degradation

Irradiated
A
o 225.0
. . 224.2/225.3 +.
Non irradiated 1320 195156'0 208.0 226.1 M
- s 1650 8007 1062 | 2210 |[[226.2 2502
182.1 :
104.0 133.0 1660 | o 209.0 2351 285.4
106.0 128.0 1490 { ’ ' L ‘ (210.1 1 252.1 268.0 ‘
N S O I RN R I o TH\ 1 ‘\‘IJ “_n‘\ ” Ll ‘ ‘r23§1 \ﬂ ‘ \ . “ —
TOF MS AP+
4.05e4
; 132.0 o
— 250.0
2 MGy 132.2 196.0 208.0555 41" * 251.0* *
: 104.0 * 180.1 208.2 239.0 2650 &8
- 133.2 165.0 o1q 19622090 (|[12261 loagolosyy | 268.0
77.0 U%oe.l* ﬁ134.0 [146'0 Eiﬁ-l [193',1 | * LZ253 1 253.1 ”269.1 29‘3'1 309.1
o) A ‘f‘ NS 1 (. A SR | | N M%L R . J‘\“ .1\J‘lh ‘\ bt _Lw‘ ‘ju Lo l ( AHMH‘L bt Hh“
TOF MS AP+
3.47e4
; 132.0 e
10 M Yy 225.1 * 250.0
132.2* 224.1 239.0 * *
8 106.1 * * 208.0 250.2
146.0 3111226.1 283.0
104.0 120.0 303 265.0
} 106.1 | 1220 1350 1480 ’ 801 6* : l [2361 hz521 \ 279.1 ’ 2931 3101
o et AL \“H Ly ‘ u\ Ll AL lm il H.‘nul vt
60 70 80 90 100 110 120 130 140 150 160 170 180 190

200 210 220 230 240 250 260 270 280 290 300 310

B Very similar mass spectra with the dose: detection of characteristic ions fragments of MDI
=» impact of radiolysis on Hard Segment seems low

% B However some new signals are detected CEA | EuroAnalysis 2017 | PAGE 13



ASAP ANALYSIS OF A CABLE SHEATH (PU) AFTER

IRRADIATION

Identification of hard segment degradation molecules QERUEEELL

2M 10M
Fragments S”UC”e Radio-oxidationat 10 MGy
100 132.0 2.15e4
120 CLNCO X 4
O+

Z
~z

c
146 Q X X e
OCN 250.0
;o x
132.2 259"
164 OH X 224.1
OCN 208.0 250.2
H 106.1
199 | X * %
HN NH, 266, .
0 |H+
104.0
213 X X 12% 180.1 1960 293.1
H,N NH, ' 16610 q
i ) “
77.0
ocN NH, 75 100 125 150 175 200 225 250 275 300

0 _‘ H+
0 OCNNCO
283 OCNNi:l ) X X
H

%

>
>

=>» carbonyl and carboxylic acid
functions =» oxidation reaction

CEA | EuroAnalysis 2017 | PAGE 14



” " den PROPOSED MECHANISM OF HARD SEGMENT
—— DEGRADATION

H ‘ H
+ POO
B Departure of H* on methylene (CH,) ? " .
B O, attack on methylene 1 O N0
L. Ketone function . ﬁ)\ O O i o N H
B N-Curethane scissions O™N N0 H C.0 urethane
. H H dissociation
[ C-O urethane scissions N-C urethane C-O urethane ©
dissociation dissociation
H
o} o \©\
o] o] o ‘ ‘ Q ~ N
gl L+ Crgon “OMN O O NE m/z 120
H H

0
/@AOH
N
a
0
/@AOH
_N

Y, + CO O O m/z 164
oy NH ’ o'y N

Co -H20

o
m O)L
C/ Carboxylic acid function

deshydration

+

o) (0]
SRS “ o
H,N NH, —,C"N NH, _N O O N OCN
m/z 213 © Peod Cs miz 146
m/z 239 o” m/z 265 S
Primary amine function Isocyanate function

CEA | EuroAnalysis 2017 | PAGE 15
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ASAP ANALYSIS OF A CABLE SHEATH (PUR) AFTER

IRRADIATION

Analysis at high temperature =2 Soft Segment degradation

- Tor us 2+ Irradiated
1 2771 | ® PTMEG . ]
2191 | |307.1 Non irradiated
s 331.2 527.2 731.2 787.3
471.1 675.2 :
203.1 365.1 583.2 919 9‘ 1("5 ‘37'6 1!.7 Q53.7 &
18,8 Qeg.s ﬂ
1889
n
TOF MS AP+
9.90e3
2 MGy
TOF MS AP+
8.81e3
oot 10 MGy
364.1
158.1| [251.1 4550
81511 37g1/456.25352
611.2
T 400 500 700 800 900 1000 100 12001300 100 1300 1600 1700 1ao  1s00 M

B Very different mass spectra with the dose

=>» Important impact on Soft Segment of the irradiation
CEA | EuroAnalysis 2017 | PAGE 16



BE LA RECHERCHE A L'INDUSTRIE

Ceaden ASAP ANALYSIS OF A CABLE SHEATH (PUR) AFTER

IRRADIATION

Identification of degraded polymers families after irradiatiog

Irradiated
B 1 of the number of signals between repeating units after irradiation

B Several signals separated of 2 u =» characteristic of presence of unsaturation or crosslinking

. . TOF MS AP+ ’
100, . 10655 . 3393
. 1137.6

TOF MS AP+
3.29e

609.3 3
9935 .
10635 12096 ‘ 100+
9 -;214 1135.6
- 12817 —
1049.5 1207.6 ‘ . AI n= 72 u ‘
9775 11216 13537
1066.5 1138.6 11936 1279.6 :ﬁls
1047.5 12106
9755 1119.6| 12657 [1282.7 - 2 u
994.5 - -
11016 13517
1337.7)11354.7
N o n 8 [o225 1263.7 599.2
1335.7
. . 1130.6
irradiated
923.5 955.6 10336 11056 ’ 1385.7
- 1177.7 671.2
1099.6 1249.7 -
o334 11756 13217
: 1068.6 1212.6 1393.7
1319.7) 13567 2
11416 12136 1285.7 - u
1357.7
610.3
0 " ' LS
950 1000 1050 1100 1150 1200 1250 1300 1350
‘ 682.3
. TOF MS AP+ 607.3 v
2.74e3

679.3

465.2
100 . 609.3
454.1]
537.2 ‘

2
5-5# 695.3
681.3 613. 645.3 655.3
’ 663. 683.3
50.2
2 MGy g 6213 | 624.3 637.3

(e 111711111

933.5

0
450 475 500 525 550 575|600 625 680 6o 00 725 750 775 800 825 850 875 900 925 950 "

CEA | EuroAnalysis 2017 | PAGE 17



ASAP ANALYSIS OF A CABLE SHEATH (PUR) AFTER

IRRADIATION

Identification of degraded polymers families after irradiatiog

Irradiated
B 1 of the number of signals between repeating units after irradiation

B Several signals separated of 2 u =» characteristic of presence of unsaturation or crosslinking

oy [miz | swoeres [l o
(1) 36 +72*n  Non identified ® Am=72u o@s
(2)  46+72*n  HO-(PTMEG),-CHO 599.2
(3)  60+72*n  HO-CH,-(PTMEG) -CHO 18)
(4)  68+72*n  H,C-CH=CH,-(PTMEG) -CH=CH, |
(5)  74+72*n  H,C-CH,-CH,-CH, O-(PTMEG) -H d . oo 2 s
(6)  78+72*n  HO-CH,-O-CH(OH)-(PTMEG) -OH (1) 6232 @ © 6(;}3 679.3 -
(7)  88+72*n  HO-(CH,);-CH(OH)-(PTMEG),-H p18.2 . 6(33;)3645_3( 6)55;5-23_3 coaa
(8) 94+72*n  HO-CH,-O-CH(OH)-(PTMEG) -OH A L JI A 6211 ﬂ A ‘ﬂg-z A n A G%EM A
9) 104 +72*n HOOC-(CH,),-(PTMEG),-OH
Z TS i

o m/z

600 610 620 630 640 650 660 670 680 690

= Oxidized functions: alcohol, hemiacetal, carboxylic acid and aldehyde
= Unsaturation function: alkenes CEA | EuroAnalysis 2017| PAGE 18



BE LA RECHERCHE A L'INDUSTRIE

Ceaden

IRRADIATION

ASAP ANALYSIS OF A CABLE SHEATH (PUR) AFTER

Proposed mechanism of Soft Segment degradation

alkyl radical

He abstraction on Ca

00.

Wo)\/\/ow

B H° abstraction
= alkyl radical

= crosslinking/scission
B alkyl radical + O,

= ROO°,

= ROOH,RO°,* OH

OOH
W«/\/\o)\/\/ow

B RO decomposition Ho'
= ROCHO, CH,=CHR S
B ROC(OH)R decomposition
= ROOR BscissionJ
= ROH, RC(=0)OH, o
A0

Alkene

Gardette, J. L., et al. Macromol. Symp. 143 (1999), 95-109
Dannoux, A., et al. J. Polym. Sci.: Part B. 46 (2008), 861-878

+ WOkH

Aldehyde

KO/C'\/\J,:
mom Crosslinking
WO O\l1 Am=2u
Peroxyle
Hydroperoxyle
Hemiacetal Ester
HO" OH O

Wo)\/\/om M S Mow

/
+ HOJL/\/ .,

Carboxylic acid

P 0H

Alcohol

CEA | EuroAnalysis 2017 | PAGE 19



POLYETHYLENE ANALYSIS




BE LA RECHERCHE A L'INDUSTRIE

CZaden  POLYETHYLENE (PE) ANALYSIS

Structural composition

*
*M
B Saturated, aliphatic hydrocarbons

B Difficulty of mass spectrometry analysis: large saturated polymer without heteroatoms

ASAP-MS analysis of non irradiated PE

Non irradiated

T°=300°C T°= 500 °C

Oxidized Irgafos 168 TOF MS AP+

0 + 100, 219.1 4.82e3

H
100, JJ\ 663.4 7.60e3
285.2 450.3

35H17C OH 0=P—0 323.1 4223 . 475?).24
. . —P— 394.3 i
Stearic acid Am= 28 u: PE and fragments
oy . 3 562.4 )
Palmitic acid 664.4 ions (-14 u=-CH,)
oy seot o = Structural identification
1150 of polyethylene
31H15C OH 128.0 646.5 p y y
5 257.2 s 674.5
662.4} 209.1 702.5
665.4

607.3

0.4 47.4
596.5 666.4
568.5 l

o el II WAL I 1
100 150 200 250 300 350 400 450 500 550 600 650 700 750

miz 800 1000 200"
wLm uILv/MALal (o] s VA W N Ry ) PAGE 21
| y |



BE LA RECHERCHE A L'INDUSTRIE

Cadaden ASAP ANALYSIS OF PE AFTER IRRADIATION

Irradiated PE analyzed at same T°

527.1 Non irradiated

0% |
i b L y

100,

99.3 ‘.. — PEE

W&’%w =

299.2323.1
0
2 MG TOF MS AP+
879.7 921.7949.7 y 1.20e4
823.6
100, 515.4543.4 613.5697.5 767.6 1005.8
1063.8
A
TOF MS AP+
459.3515.4 543, 9.88e3
431.3 543.4599 4 7095 7516 g496 go1 7 10 MGy

375.3
319.2

0 IR0 /
200 300 400 500 600 700 800 900 1000 ‘

m
1300 1400 1500 1600

1100 1200

B Very different mass spectra after irradiation at 2 and 10 Mgy = Important impact of radio-
oxidation

B Similar mass spectra after irradiation at 2 and 10 MGy CEA | EuroAnalysis 2017 | PAGE 22



A

Cadaden ASAP ANALYSIS OF PE AFTER IRRADIATION

PE after irradiation at 2 MGy

Irradiated

B Mainly Am=2u =» unsaturation and/or crosslinking

@-23u -14 u =-CH, -14u=-CH,

(—\ /(}7@: MS AP+
100 86365656 877.7507 fﬂ').? ! 1.17e4 :
' olymer

3
8616 8751 ggg)? (1)  44+28*n  H,C-CO-(PE),-H

(2)  46+28*n  H,C-CH(OH)-(PE) -H
HOOC-(PE), -H

o wsoq ||||] eeer worb2)| |[||[emer (3)  48+28*n  HO-H,C-(PE)-OH
oo i 1) wo7.7 (4)  78+28*n  HO-COO-(PE),-OH
8577 8717 885.7 899.7 (5) 52 +28*n Non identified
l (6)  54+28*n  H,C=CH-(PE) -CH=CH,
JUEUTD

m/z
860 865 870 875 880 885 890 895 900

=>» Oxidized functions: alcohol, carboxylic acid and aldehyde
=» Unsaturation function: alkenes CEA | EuroAnalysis 2017 | PAGE 23



Caden ASAP ANALYSIS OF PE AFTER IRRADIATION

Proposed mechanism of PE degradation

M NF ™ Unsaturation

Pl

NG, He abstraction %‘“\/\C/\W

m Crosslinking

oo

j+H.

W

OOH
l B3 scission
Aldehyde / © Carboxylic acid
WH / \ OH
5 Y

\

Ketone Alcohol

Torikai, A., et al. Polym Degrad Stabil 16 (1986) 199-212

CEA | EuroAnalysis 2017 | PAGE 24



CONCLUSIONS AND PERSPECTIVES

ASAP-MS for analysis of degradated polymers

B Fast analysis (< 1 min)

B Nosample preparation
B Complete characterization of polymer and copolymer

== Detection of additives
== Temporal separation of molecules in function of their volatilization and/or degradation

temperature
== ldentification of degraded products after irradiation

=>» Sensibility of different segment to irradiation

=» Mechanisms of degradation could be proposed
=> In one analysis: same results observed as those obtained with several techniques

(FTIR, MS, UV, TGA, etc...)

Perspectives

B Semi-quantification of degradated products with the doses

B Analysis at lower doses to explore impact of additives

CEA | EuroAnalysis 2017 | PAGE 25
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