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Butyl Rubbers are Used for Numerous Applications

= Butyl rubbers are used for numerous
applications including rubber products, tire
inner tubes, curing bladders, and protective
clothing.

=  Butyl rubbers are used for o-ring seals
where low permeation rates are important
for long-term aging of high-reliability
devices

=  Oxidation reduces the overall lifetime of
high-reliability materials potentially altering
performance

O-RINGS

Q%?g @ £

= Understanding degradation mechanisms is
the gateway for sensor development to
identify unique volatile degradation
products for condition monitoring

= Early warning system
= Providing potential monitoring markers

= Understand unique chemical signatures
from gas samples
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O-ring Material Influences Permeability
-Piston/actuators

-Environmental Seals

Material Water permeability
ccSTP/cm/s/cmHg
Butyl ~1.9x 10
EPDM ~3.5x 108
Silicone ~1.8 x 106
Fluorosilicone (LS-53) ~1.5x 10

Gillen, K. T.; Green, P. F. "Moisture Permeation of Environmental Seals Used in Weapons," SAND92-2651, 1993.
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Butyl Rubber Structure and Formulations

)J\ ™ ' AN N
+ X — m (~2%)
isobutylene ) n (~98%)
(2-methylprop-1-ene) 1soprene B N
butyl rubbe
Butyl #
Purpose Ingredient 6 10 21
PHRY PHR PHR
Polymer Exxon Exxpro 3433 100
Polymer Exxon chlorobutyl HT1066 100
Polymer Lanxess bromobutyl 2030 100
Antioxidant CYANOX 2246 1.5
Reinforcing filler N550 carbon black 65 65 33
Reinforcing filler N330 carbon black 33
Processing aid (internal lubricant)  Polyethylene AC-617 5 5
Accelerator Advance 5364 ZDMC Pellets-80 1.88
Activator Stearic acid 0.5
Activator/Vulcanizer Zinc oxide (French process) 2 5 5
Cure co-agent HVA-2 or Vanax MBM 5
Activator/Vulcanizer SP 1045 resin 5

“ PHR = parts per hundred rubber
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O-rings Background

Ubiquitous in high reliability devices
Used as environmental seals or other seals

Most high reliability devices are
filled with inert gases to protect
interior components from oxidation,
hydrolysis, contaminants
(environmental or chemical)

NG CROSS-SECTIONS

'_GED 15 yr in field

It is of critical importance to know how o-rings age and degrade

Need to determine realistic lifetimes to ensure intended performance
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O-ring Published Documentation

Bernstein, R.; Gillen, K. T. Polymer Degradation and Stability, Predicting the Lifetime
of Fluorosilicone O-rings 2009, 94, 2107-2133.

Bernstein, R.; Gillen, K. T. "Fluorosilicone and Silicone O-Ring Aging Study,"
SAND2007-6781, Sandia National Laboratories, 2007.

Chavez, S. L.; Domeier, L. A. "Laboratory Component Test Program
(LCTP), Stockpile O-Rings," BB1A3964, 2004.

Gillen, K. T.; Bernstein, R.; Wilson, M. H. Polymer Degradation and Stability,
Predicting and Confirming the Lifetime of O-rings 2005, 87, 257-270.

Gillen, K. T.; Celina, M.; Bernstein, R. In Polymer Degradation and Stability

Validation of Improved Methods for Predicting Long-Term Elastomeric Seal

Lifetimes from Compression Stress-Relaxation and Oxygen Consumption
Techniques, 2003; Vol. 82, pp 25-35.
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Thermal Exposure

Thermal-Oxidation

Polymer + O, > Oxidized Polymer

Quantify amount of oxygen consumed

*Simple in theory
*Difficult in practice
Amazingly sensitive
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CSR vs Oxygen Consumption Predictions

Prediction to
Material ~50% F/Fo at
23 °C, years
. Oxygen
High T E, Consumption
Butyl #6 ~160 ~26
Butyl #10 ~13,000 ~1,700
Butyl #21 ~170 ~34

Prediction in years at 23 °C to reach ~50% force
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Experimental Methods and Test Matrix

= Synthesis of Butyl Rubber using labeled starting materials (polymer or an additive)
= Very expensive
=  Aging experiment
= Butyl Rubber were placed into 10 cc steel vessels and aged for various times
(several days to 130 days) at 109°C under ambient pressures of air and Oxygen-18

=  GC/MS analyses used to identify thermal-oxidative products
= jdentify the specific origin of each degradation product of the base materials
= Locate mass shifts

= Piece puzzle together to understand degradation mechanisms and rates

. Amounts . Agin Aging Times
Material Aged (mg) Aging Gas Temper%ttu%‘e °0) (tgotagl days)
Butyl #6 153 & 119 Air 109 30 & 61
a . 30, 60, 106, &
Butyl #10 116 & 113 Air 109 & 124 216, & 413
123 & 125 O-18 109 30 & 61
Butyl #21 130 & 156 Air 109 30 & 61
Laxness bromobutyl 2030 175 & 108 Air 109 30 & 61
Polyethylene AC-617 42 & 39 Air 109 31 & 63
Vanax MBM 50 & 38 Air 109 31 & 63

“ Butyl #10 was aged at 109 °C for up to 216 total days then at 124 °C for 166 total days before a
final aging time of 31 total days at 109 °C (i.e., 247 total days at 109 °C and 166 total days at
124 °C for a total of 413 total days of aging), as described in the text.
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Headspace gas analysis:

Sample Preparation | e e
- cryofocusing gas chromatography

Monomers Polymer
)k + \/K m (~2%)
isobutylene isoprene n (~98%)

butyl rubbe

MS (cryo-GC/MS)

(2-methylprop-1-ene)

JEOL GCMate i

Intensity

Locate isotopically labeled atoms:
- Monitor mass spectra for shifts and
compare to ion fragmentation pathway

+1 Da: 3C
+1 Da: °N
| +2 Da: 0 |
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Butyl #6 Total lon Chromatogram

PN

. o . i
3-methyl-2-but 10, 2,2,4-trimethyl-pent: 11 2,4 ,4-trimethyl-1-pents 12
L CHaBr —OH P Ps M o s T G raa0e b g 2
2-methyl-1-propene {1} bromomethane {2} methyl alcohol {3} 3-methyl-1-butene {4} acetone {5} o
(CaHs, 56.0626) (CHsBr, 93.9418) (CH40, 32.0262) (CsHio, 70.0783) (CsHs0, 58.0419) % M \/W)L
(e}
o
)\\ - )L - CeH1z ~ )LH 3,3-dimethyl-2-butanone {13} 2,4,4-trimethyl-2-pentene {14} 2,3-dimethyl-1-hexene {15}
o - ‘ (CeH120, 100.0888) (CeHre, 112.1252) (CsHre, 112.1252)
2-methyl-2-butene {6} methyl acetate {7} CsH12 {8} 2,2-dimethyl propanal {9} Ie)
(CsH1o, 70.0783) (CsHs02, 74.0368) (CeH1z, 84.0939) (CsH100, 86.0732) X M
3,4,4-trimethyl-2-pentene {16} 4,4-dimethyl-2-pentanone {17}
(CsHie, 112.1252f (CH10, 114.1045)
(a) 30 days
+
1.0E+7 456 78 9 1011 12 1415 16 17
6.0E+6 |. |13 |
£ 6.0E+6 |
5 | |
£ 4.0E+6
= | |
2 0E+6 | |
A i
D.UE"’U |r:“'|||||||||||||_|nT|J|||||||IJTI| T T T 1
(b) 61 days
6.0E+6 4
1 1 2 3 456 T8 9 1011 12 1415 1617
1 ' I 13
4 5E+6 | | |
G ] |
£ 3.0E+6 ] |
=] - |
E ] !
15E+6 ] | I
] | :
D.UE"‘U T T B S s |._lni T T L T 1

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Time (min)
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Butyl #10 Total lon Chromatogram

(a) 30 days
1.3E+6 56 7 9 101115 1718 2122 23 26
1.0E+6 24 27
275645 2
g
E 5.0E45
25E+5 0
(=N [ e — S ——————— e e A S S M )k )J\H CHgBr —OH AN
(b) 60 days 2-methyl-1-propene {1} acetaldehyde {2} bromomethane {3} methyl alcohol {4}  1-pentene {5}
15846 (C4Hs, 56.0626) (C2H40, 44.0262) (CH3Br, 93.9418) (CH,0, 32.0262) (CsHho, 70.0783)
1.2E+6 0 OH
.i-g"s_nas S NN s=c=s O%/k
2 6.0E+5 acetone {6} 2-pentene {7}  carbon disulfide {8} tert-butyl alcohol {9} 2-methyl propanal {10}
- 3.0E+5 (C3HeO, 58.0419) (CsHio, 70.0783)° (CS2, 75.9441) (CsH100, 74.0732) (C4HgO, 72.0575)
NS
(c) 106 days 3-methyl pentane {11} methylacrolein {12} 1-hexene {13} butanal {14}
2 5E+6 1 34 567 9101115 1718 2122 2 26 (CeH1a, 86. 1096 (C4Hg0, 70.0419) (CeH1z, 84.0939) (C4Hg0, 72.0575)

T i O PN
4 |
-'E' 1.6E+6 20 5 >HLH \)J\
£ 1.0E+6 2,2-dimethyl propanal {15} 2-butanone {16} methyl cyclopentane {17} 2,4-dimethyl-1-pentene {18}
- (CsH100, 86.0732) (C4H3O, 72.0575) (CeH1z, 84.0939) (C7Hia, 98.1096)
5.0E+5
(d) 216 days 2,4-dimethyl-2-pentene {19}  2,4-dimethyl 1,4-pentadiene {20} 2,4 ,4-trimethyl-1-pentene {21}
A 0E+5 567 9 10 13 1718 122 23 % (C7H1a, 98.1096) (C7H12, 96.0939) (CgHie, 112 1252)
3.2E45 I 14 19 24 27 M
15 I, | M
£ 4E45 20 5 Z
g 1 6E+5 2,4,4-trimethyl-2-pentene {22} ~ 4,4-dimethyl-2-pentanone {23}  2,4-dimethyl-3-pentanone {24}
= (CsHis, 112.1252)° (C7H10, 114.1045) (C7H10, 114.1045)

0.0E+0

A I i Lo L Sl N
[9)4-‘13day8 T

P tetrahydro-2,2,4,4-tetramethyl-furan {25} 3,5,5-trimethyl-2-hexene {26} 2,4,4-trimethyl-1-hexene {27}

6 8 10 1516 18 21 22 24 (CgH160, 128.1201) (CoHys, 126.1409)d (CoH1g, 126.1409)
2.0E+6 12 19
215646 20
=
~_2 1.0E+6

L) \

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Time (min)
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Butyl #21 Total lon Chromatogram

JL | —H ﬁ | s-C-s ‘yi\v,lx :JxV/L\ ;J\w/ﬂ\

2.methvi1-propanet ety alzoho acetone carbon disulfid 2,4-dimethyl 1,4pentadiens{9) 2,2, 4trimsthylpantane{10} 2,4 4trimethyk1-pentene{11)
(ry: A CA2A] 0 (GHIO %2 n;ﬁ%z} (C:H FR n{g}q) ‘G TR 9441]44} (Crbhz, 36 0938) (CeH- 114 1408) Cabhe 1121267]

o ﬁ l H\ /\/T)J\ T ,J

>r7n T T L T

tert butyl alcohof5} 2,2- dlmetthFPro?aal {6} 2 4—d|methyl1 pentenn-(T} 2 4—d|methyl2 pentene{&} 3.3dir‘r('|éhh‘,/[k]2-1lglu.ltuagr;g)ne{12} 2"1‘4tri?g9£h‘/t,zipggzt)9n9{13}
740757 0,100, He, 172,

(a) 30 days
50E+6 b 789 10 1113

12

—
P
9]
—=
|55}

4 DE+b |

D0E+0 +——T—r—r——T =TT T
(b) 61 days
T.5E+6 1 2 3 4 6 789 10 1113

| ' 12

\ o

U.DE+U T 1 T I I I I 1 T 1 T I I I T 1 T I |hir-| 1 T 1 T T I T 1 T I I I T I T 1 T I I I T 1
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Time (min)

6.0E+6
£ | 5E+6

Intens

J.0E+6

1.5E+6
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Lanxess Bromobutyl 2030 Total lon Chromatogram
i 5 2 L. A UG U

' -dimethyl-1-pentene {13} 2,4-dimethyl-2-pentene {14} cyclohexane {15} 2,2,4-trimethyl-pentane {16}

2-methyl-1-propene {1} acetaldehyde {2} bromomethane {3} acetone {4} (C7Hy,, 98.1096) (C7H44, 98.1096) (CeHiz, 84.0939) (CgHyg, 114.1409)
(C4Hg, 56.0626) (C4H,40, 44.0262) (CH3Br, 93.9418) (CsHeO, 58.0419) o
Br A)K &O
bromoethane {5} 2-methyl pentane {6} 3-methyl pentane {7} hexane {8} . . .
(C,HsBr, 107.9575) (CeH1a, 86.1096) (CeH1a, 86.1096) (CeH1a, 86.1096) 2-pentanone {17} 2,4 4-trimethyl-1-pentene {18} 3,3-dimethyl-2-butanone {19} 1,4-dioxane {20}
o (CsH100, 86.0732) (CgHie, 112.1252) (CgH1;0, 100.0888) (C4H3gO,, 88.0524) ¢

}/MH \)OK /\)< Q/ M %/ B

2,2-di(r(r:15el_|t1t:gI’ é)srg?;r;al 19 2{8;%?32%5{715?} 2'2_di?g76152',vl1£1e12t5627”e 1 methyl(é:glleyt)&eogtsgr;e 12} 4,4-dimethyl-2-pentanone {21}  2,4-dimethyl-3-pentanone {22} 1-bromo-pentane {33}
(C7H140, 114.1045) _ (CsH140, 114.1045) _ (CsH11Br, 150.0044)
(a) 30 days
{1 123 45 6 7 891012 1415 1617 20 2122 23
2 15E46 1 ‘ 19
2 ' |
2 1.0E46 -
eyl
H.0E+5 fkl \L ‘
U.DE+D ] T ] T I\¥I 1 I_Il T 1 T 1 T 1 T 1 T I‘_l.ll'."lh-‘l“:l 1 T 1 T 1 I‘_I T 1 T 1 T‘- 1 T 1
(b) 61 days
10E+7 123 45 6 7 891012 1415 16 1718 20 21122 23
| ||| (13 19
= 7.5E+6 o |
-
3 5.0E+6
£
25E+6
0.0E+0 e o e
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Time (min)
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Polyethylene AC-617 Total lon Chromatogram

~
butane {1 acetaldehyde {2 methyl alcohol {3 1-pentene {4
(Gl 58_é7gs) (GO, 42_026%) chio Sz_omf } - 70_07{83? 2-butanone {13} 3-methyl hexane {14}  3-ethyl pentane {15} 1-heptene {16}
H (C4H3s0, 72.0575) (C7H16, 100.1252) (C7H12, 96.0939) (C7H14 98.1096)°
(6] $
P )k \)\/ O o L/
'/\/\\ AN C7H14 /\ -
pentane {5} acetone {6} tert-butyl alcohol {7} 3-methyl pentane {8} /\)k \)k/ ‘
(CsH1z, 72.0939) (C3Hs0, 58.0419) (C4H100, 74.0732) (CeH14, 86.1096) heptane {17} 2-pentanone {18} C;H;,{19} 3-pentanone {20} 3-methyl-4-methylene -hexane {21}
o (C7Hig, 100.1252)  (CsHio0, 86.0732)  (C7H14, 98.1096f  (CsHicO, 86.0732) (CsHig, 112.1252F
P e N CgH 0
o /\)LH \/\)\/ M\/Hw TN M
1-hexene {9 hexane {10 methyl-pentene {11 butanal {12
(CeHz, 84_09{39)) (CeHia, 86_{1 0923) (c}; HZ. 84‘0939; } (CaH:O, 72_{057)5) 3-methyl heptane {22} 3-methylene heptane {23} octane {24} 2-hexanone {25}
(CeHis, 114.1409) (CgHip, 112.1252) (CgHis, 114.1409) (CeH120, 100.0888)
(a) 31 days
1.6E+7 12 356 789 12 141517 20 2122 23 25
/ 1013 | | 24
12E+7 19
= | 16 |
= |
c g 0E+b é
@ 1
-
= |
4 0E+6 |
0.0E+0
(b) 63 days
+
1.0E+ 356 78912 14151720 122 23 25
8 OE+6 4 1013 | he 24
= | 16
=6 0E+6 4
=
g |
= 4.0E+6
- |
2 0E+6 M ‘
D.U E+|:I T T T T T T T T T T T T T T ‘;Jl T T 1 T T T 1 I_'_le:-‘_?‘_‘l_| T 1 T 1 T 1 T T T T T T T T T 1

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Time (min)
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Vanax MBM Total lon Chromatogram

)J\ )OLH s )\/ )(L

2-methyl-1-propene {1} acetaldehyde {2} 1-pentene {3} 2-methyl-2-butene {4}  acetone {5}

(C4Hs, 56.0626) (C:HiO, 44.0262)  (CsHio, 70.0783) (CsHyo, 70.0783)° (CsHs0, 58.0419)
OH 0
NN
© \)k /\)J\
tert-butyl alcohol {6} butanal {7} 2-butanone {8} 2-pentanone {9}
(C4H100, 74.0732) (C4Hs0, 72.0575) (C4Hs0, 72.0575) (CsH1s0, 86.0732)
(a) 31 days
25B+6 3 92 5 6 7 8
2.0E+6
o |
7 1.0E+6
s
£ 1.0E+6
5 0E+5
U.UE+U 1 T ] I.‘Ik"‘l‘----l_l T ] T 1 T ] T 1 |d-l-.-|‘_:- T 1 T 1 T 1 T I‘""Ih_I 1 T 1 T 1 T ] T ] Iﬂ\I- T ] T 1 T 1
(b) 63 days
T.5E+6 35 6 78 9
6.0E+6 4 '
£ 4 5E+6 |
3 |
+ 30E+6
1.6E+6
U.DE+U T T T T T 1 T T 1 T T T -I.- T T 1 T T 1 T I-ﬂ-‘|_.'‘I.'..i‘-‘-“T.r.;"‘\_‘iI‘lk..)-l\\_I 1 T I-.- T 1 T I.--I 1 1 T T 1 T 1 T 1
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Time (min)
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Butyl #10 O-18 Enriched Total lon Chromatogram

2-methyl -1-propene {1} acetaldehyde {2} bromomethane {3} methyl alcohol {4} acetone {5} 2,4,4-trimethyl-1-pentene {13} 2,4,4-trimethyl -2-pentene {14} 4,4-dimethyl -2-pentanone {15}

(C4Hs, 56.0626 (C2H4O, 44.0262 (CHsBr, 93.9418 (CH:O, 32.0262 (CsHeO, 58.0419 (CsHts, 112.1252) (CsHie, 112.1252f (C7H140, 114.1049
18y 18 - o8 o8-
:F» 0 g)\ H \/ﬁ\ W)H/ M
tert-butyl alcohol {6} 2-methyl propanal {7} 2,2-dimethyl propanal {8} 2-butanone {9} 2,4-dimethyl -3-pentanone {16} tetrahydro -2,2,4,4 -tetramethyl -furan {17}
(CaH0O, 74.072) (C:Hs0, 72.0575 (CsH100, 86.0732) (C:Hs0, 72.0575 (C7Hw0, 114.1045 (CsH1s0, 128.1201)
18
. . . 3,5,5-trimethyl-2-hexene {18} 2,4,4-trimethyl -1-hexene {19}
2,4-dimethyl -1-pentene {10} 2,4-dimethyl 1,4-pentadiene {11} 2-pentanone {12}
(C7Hus, 98.1096) (CrH1z, 96.0939 (CsH10, 86.0732) (Cott, 126.1409) : (Cobhe, 126.1409
(a) 30 days
J0E+6 4 12 34 5 67 a9 10 12 14 15 117 19
] 11 13 16 | 18
220E+6
= ]
g i
2 ]
= 1.0E+6
U.UE'I'U i T T T T T T T 1 T T T Inl_l T Jlnl\/l. 1 I.NIL“_I 1 T 1 T T T r' T T T T T T |n'_|{\'i'ﬁ| T T T T T 1
(b) 61 days
4046 7 12314 5 67 89 10 12 15 17 19
I 11 13 16 | 18
J.0E+6
7]
E 2 0E+6
£
1.0E+6
U.U E+[] T T T T T T T T T T T T T T 1 T J|FK7'|_| 'ﬁ?""n 1 T 1 T T T T T T T 1 T T T T = T

13 14 15 16 17 18 19 20 29 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Time (min)
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Mass Shifts Observed for Acetone

(a) NIST library match [acetonz] ?L (c) Butyl #10 (C-18) le
13 £3 -~
130 - A 104} - LT
a0 58 hz-;:}
%‘ 61 A &1
| - =
2] . £49{ 1 45 58
"o ] 23 | | | |E-D
D'- 1 1l a1, A [:I' T :.'!. ™ !I:'uu T |':I| ! Tt !
10 20 30 40 50 €0 10 20 20 40 =G 6C
miz m'z
(D) Bulyl #10 (air) ﬁ (d) 5 0
43 T —_— I +  CHy
130 5 58 /J\ P
}-BD C3H60+ BEHED+
’E 60 m/z 58 m/z 43
W] 45 l -CO
21} -
IIIIIII !I:II L] L] L] :IIII ! L] L] 1 L] 1 L] 1 1 | CH'_ I‘
"o 20 30 10 50 €0 ” CHg
iz 2) -CO m/z 15
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Mass Shifts for tetrahydro-2,2,4,4,-tetramethy-furan

(a2) NIST library match (d)
[tetrahydro-2.2 4 4-tetramethyl-furan] . . R
43 0 O O 0
w0 7Q< A - % )T N
.80 1 N N
260 ] CgH150™ CsHig™
240 ] 22 113 [m/z 128 CCH, , 270
=0 1 27 70 83
20 1 9 95 . -CoH,
0 CaHr" o *CoH,
10 30 50 70 a0 110 _ m/z 55 /e 97
m/z - CH3 N
(b) Butyl #10 (air) 0 0— 1)-CHO CoHirt
43 ' - /7 83
100 v 2)- CHy V2

o]
o=
P
+
+

[=)

|

o
o0
L

Intensity
]
(]
(9]
(W]
(==Y
H
L

?

E ;O

@]

=]

I

(=]

@

s 27I l " 9 Crt30° \Hzo \CsHm
] L . miz 113
10 30 50 70 a0 110 o co .
m/z -CiHg  CrHa ) - CHs
(c) Butyl #10 (0-18) 80 m/z 95 + m/'z 15
45 7@( H .+ CyH30"
100 4 |O
30 4 115 /L\
Bgg | 55
g‘i“ . o C3H,0"
2401 9
20 {45 27 | 61 | |
llllllll Illlllllll!|lll||||.||Illl|I|||||ll|||||||ll||||||lll|
10 30 50 70 a0 110
m/z
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Butyl #10 Aged in Argon Environment

)L o) OH
CH4Br )k
2-methyl-1-propene {1} bromomethane {2} acetone {3} tert-butyl alcohol {4}
(CsHe, 56.0626) (CH3Br, 93.9418) (CsHsO, 58.0419) (C4H100, 74.0732)
M H,0 *O=C- 0=0
2,4,4-trimethyl-1-pentene {5} water carbon monoxide oxygen
(CeHig, 112.1252) (H20, 18.0106) (CO, 27.9949) (02, 31.9898)
(a) 30 days
P e 3 4 g
1EE+6 ‘
.ﬁ‘tEE-nE !
water (H:0)
i B.UE+E carbon monoxide [CO)
S oxygen {C1)
4.0E+5 \ i
""'H-.______ e
'ﬂ.I:'E'l'ﬂu-u- | L | T s r{ior. .l

13 14 1E TE T.'l" HI 1921}21 22 23 24 26 36 2T 28 29 30 37 32 33 34 Gk
(o) 92 days

'ﬂt&!‘t:ll""

4 (E+3

J0C+3

2.0E+3

waler [H;0)

1.CE+3

0.0E+0 ‘ e e WY
‘1314 E'EE 'h'l' 18 19 20 271 22 23 24 28 26 2T 78 29 30 37 32 33 34 35
Time (min)
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Conclusions

= Physical properties explored for various formulations of butyl rubber
including tensile, compression set, thermal oxidation

= Butyl #10 clearly out performs other formulations

Studies predict very long lifetime for material

= Mass spectrometry used to evaluate the evolution of decomposition
products

Accelerated aging studies were performed

All materials showed significant decomposition products under
thermal oxidative aging

Changes in compound distribution was observed but generally all
compounds increased in concentration with time

Starting materials were investigated to understand origin of
decomposition products

O-18 used to identify products that form from atmospheric oxygen

=  Material aged in inert environment showed essentially no degradation
product formation
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Future Directions

= Further development of embedded
chemical sensors

0]

=  New materials of interest including
Poly(ethylene-co-vinyl acetate) (EVA)
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