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The temperature dependence of the ehectrical coa-kducti--:t:* 
arid thermal decomposition characteristics of several phcnoits- 
and silicone-based materials sf interest far fireset case 
housings have been measured to 600-700°C.  The materials arc 
phenolic or silicone resins reinforced with glass choppcd 5 3 b s -  : 
(;i rll.s"zh. The conductivity temperature d 3 p ~ n d e n c e  was r e a p  .;s# 
: j - ~ r i  aag decomposition in a nitrog~n atmosphere dt CI hcc~%knk> r d t ,  

~lOQC/minua;c. Applied electric fields wcrtz f r o m  4 x 30.' 
4 x l o 3  volts/cm. Thermal decrsmpmaition characteriutr::_; tdc:,c- 
investigated by mass spectroscopy in vacuum and thermal q T a 7 - l - -  
metric analysis in nitrogen and air, Nearly ohmkc v s l k ~ i ~ ~ e -  
cua- renk characteristics were obtained, except where delzoni~5 :it: 
dnd/or  outgassing was psonounced. For the silicone v a t e r i d t c ,  
t-ha conductivity increases n e a r l y  meanotowiglally with inex-rak- .,-- 
f;cmperature (to + ~ ~ 4 0 0 ~ ~ )  , approaching p b i . 1 ~ w 8  (ohm-cm) -I at 40f)--; 
Thc p h e n o l i c s  exhibit conductivity peaks a$ 2 5 0 ° C  ~ m d  4 00°C. 
Thc  peak  maqmitudes [maxiinurn vakkac a 3  x Inkm-ern) "I  1 c3:)2(1 
r~csa ik iorns  depend upon t h c  material fcarmulat ioa~,  aqr?, avaci ; s:-? 
care conditions. Postcurinq to 2 5 0 ° C  for 4. h e b ~ n ~ i n a t c : s  tl t~ 

comaductiviky peak at 250°C. The temperattars d e p e n d e n c ~ ~  cf 4, 

mdss loss and decomposition prodzcts correlates wi t 4 a  p r ~ r r c - ~ r  . 

changes (peaks)  in electrical conductivity. Results show d?-~a: 
the silicone materials have better thermal stability and ? r e  
better  high temperature electrical insulators than the p?i~naI: ;  
materials. Fur the rmare ,  the excellent correlation o b t a i r - r l  
hetwecn thermal and electrical properties suggests t b a t  Q;E-:.' 

con4uetiviky can be used as a thermal analytical tool m L  
c h a r a c t e r i z i n g  these materials. 
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I. INTRODUCTION 

Nuclear safety concerns over the possibility that a .,.aesc.:i 

may be subjected to an accidenk involving a f u e l  fire Z T , ~  t 5 z . i  

a high voltage source may be present indicaked the nee2 Zer 

information about the high temperature electrical inselzti:-~1. 

characteristics of fireset case materials. The materials cf 

interest included those based on phenolic and silicone r , s s i x s  

reinforced with glass chopped fabric or cloth which c ~ u l e  k e  

molded or formed into complex shapes s u i t a b l e  for f i r e s e t  :,as8<: 

housings. 

There is very little information in the literature o~ 

. ., .'. ,. i-1d~qt-1 temperature electrical propcrt.ies of these r n a k e ~  z ,,a. L:::. ;. 

data are available on changes in the dielectric: prucllpcrti..,,; - : . ,  ' 

r e s i n s  during the c u r i n g  process (to temperatures sf - 2!.9?'(:''. 

11-41 , and or. the properties of pyrolyzed polymers ( r ~ : t , z k ~ , : : ~  :.3 1 

obtained a f t e r  pyrolysis do temperatalres ~ < ~ B B o " c )  !5-.l f) l . 

f2xcept fo r  limited d a t a  on other  materials [11] , t:l~~c?rc 1 .:: 

practically ns information available on changes  in 

~:onu: iuck$sn characteristics d u r i n g  the d@csmghlasition 

[12,13] as t h e  temperature is increased to 6FDO-SO~°C,  Tk.8~: 

purpose of &he s t u d i e s  areported herein was to oi ; t~sl .n  

information sw t h e  materials of interest fa r  fircai::!. 

unde r  conditions that approximate those expected i r ,  ~2 

environment. 

Depending upon the fuel fire accident scenaric:, 

* 
for the temperature, voltage and time will v a r y .  $ - ? ~ ? -  r; ::: 

investigations, conductivity changes for ternperatlirc: 



to 608 -700QC at a rake of '~lBo@/miwuQe were examined, Wpglie2 

voltages were up to I000 V dc across f l a t  plate spcc%ze::s 
9 

?-3 rm in thickness (electric f i e l d s  up to x 10" vslss/zz- : .  

4ke electrical experiments were conducted in a n i t r c g e x  el-,+-- - r z  T- - 

aen t  since $he at~osphere cou ld  be oxygen deficient d u r i n ~ ;  

a f u e l  fire. I n  the materials examined, thermally-inCuccZ 

chen~cal artd structgral changes r e s u l t  in rnatcrlal deczm;:esft:3:: 

- - 
,s?r h i ~ h  temperature  [ 1 2 ,  E 4 j  . Consequently, t Be electrica, ca-;; 

~ - , ?  z~re  t a k e n  when t h e  material is in a s t a t e  of n s n - e q u t - A D ~ L L : ~ .  

r i ! f~ r , r l n~a t ion  ~n decospositisn p roduc t s  and materia: T J ~ S S  : ~ : e :  

. ,;a r. ~ 2 ~ t a i n c r i  a,ss-bng mass spectroscopy (i.n vacuum) am5 e i ~ e r : ~ _ i l  

(11- 8.r i r i c x r i c  analysis $f.n nitrogen and air) . Thc C , h ~ r r n ~ J  -167: : 

- 3 y  r .  ( : c ~ r r - c l : ~ t ~ ~ d  w i t h  t h e  c ~ a ~ d ~ c t i v ~ t y  T C S I . B $ ~ S  e%~"uT p t ~ : = : i d : ~  

: .  1 1  into rciationships between e lec t r ica l  condu: t r , ; ~ -  

L1-~-+ar:na1 dr.cornyaosi$ion. 

%I. !&9TEEIALS 

1 ' 5 * ~ 0  y j h ~ ~ " v r ~ % i ~  2nd t h r ~ e  oilicons basad mataria E s rsi: n t r <  A l 

* 1 $ 1  7 1 a ~ 3  c-i~<jp!~t:d f a h r i c  or a: lot11 emre aaxssni r 7 4 - % d  r,n tpii .:: 

i I 4 , 1 5 1  . The $>keraolic and silicone resins which aue h i q k s ; ~  

": 1->5sL i l i k e d  were c k a s e n  for t h e i r  h i g h  temperatu~e S E ~ L J  :.~t :CS 

I k G 1 .  The samples examined herein used Bhe same starz:n? 

; 1, i te r ra i s  and ms ld ing  or forming conditions as specif $& 5 r  

f i rt%-;et h o u s i n g s .  

We Phenolic Materials -- 
I*P1- 5 1 3 5 -- - - 

The s t a r t a n g  material, U. S. P o l p e r i c  FM-5135, ccn%a:r+s 

the? Ironside Chemical C o ,  phenolic resin syste~ 9LL3 78,rn 



a ckkobped half-by-half inch glass fiber reinforcing fF1Ler [:GI. 

The material is molded at Bendix  Corporation, Kansas City, at 

a cure temperature of approxig-ately B49"C,  pressure sf 3:E5 ~ s l  

for a period of 25 minutes. The material is a s i n g i z  seage 

phenolic which utilized a ~ m a o n i a  as a catalyst. ,?mmcnia rs 

rat- 2 Bibemrated during the curirag process. 1111s is orb C O ~ C Z ~ Z ~  iz 

utilizing this material for f i rese t  applicatiors b e c a ~ s e  2::~::: 

that may be liberated during l o ~ g  t e r n  storage may i n d s c ~  

compatibility problems with other fireset z o r n p o n ~ n t s ,  

MXB-71 

* ' 

The s t a r t i n g  mater ia l  is P i b e r i t e  Corp. ?"SB-71 wh:ziY :,$ 

a blend of two resins. It is formulated r:slyic? thbr* 'Ilir7n:;d1;&d 

resin system SC-1008,  a nylon modif icr i ~ c o r p ~ ~ r a t c b  f a r  

toughness, and chopped half-by-half lnch glass f d t y r i  L+ T ~ \ L T ? ~ > B C  7 

This material is a l s o  a one s t a g e  p h e n o l i c  anf! u t g l l l z e s  1 :-r c -  

p r t e t a r y  nmine as a catalysts The ma te r j a l  i s  rnf:jhrl~d 3 "  

Kansas C i t y p  under t h e  same c o t ~ d l t i a n s  cnw for the 1'"-51 .'; 

material (i,@. 1 4 9 " C ,  3185 psi, 2 5  msrmutc~ : ) .  ' 3  I . 1 

been detected as a ressbt of t h e  curing process [ h 7 9 .  

B. Silicone Plater ia ls  --- 

DC-382 

BOW-Corning DC-302 is a f ibe rg las s - f i l%c?8  i - i ~ q E ~  f , f ~ " k ~ i : ~ ~ '  * P 

silicone r e s i n .  The s t a r t i n g  material consil"sk,..; r>f ~ : F L ~ , , J ~ J ~ ~ , -  

glass  f ab r i c  coated with a pol yphenylmethysi ~ c J x & ! ~ ~ - ?  rK::,,. r~ , : 

which i s  dispersed  an iron-oxide/silicon-oxide filler I - . ? : .  

The composition is approximately 3 2 %  r e s i n ,  4 6 %  fiber, cE6 

22% p a r t i c u l a t e  [ P 9 ]  . The rflaterial is molded at E e ~ ~ d i x ,  



Xacsas City under approximately the same conditions as far 

t k g e  phenolics. 

2F.?-50201 --- 

This material is a Bendix, Kansas City forz&lak%on of 

a g l a s s  ma$ impregnated w i t h  a silicon r e s i n  E201, It 2s kase; 

o~-L Dow @orningqs OR-4-3i36 silicone r e s i n  and on a eantinacus 

strand fiberglass mat 9M-86x0) from &ens-Corning Fiberqlas 

Corpora t ion .  It consists of 5 3 %  glass ,  32% resin and 155 f:ll,---.s 

and additives. This material was developed by Bendix 5s a 

replacement f o r  DC-302, since DC-302 is being discontinued by 

DGW Corning as a comercial item. The molding process is tkc 

s d m e  a s  for  the phenolics and DC-302, 

1':5-4202 -" " .- 

T h i s  material is a silicone-glas9 composite whrch 2 L z l s z e : q  

!>re-prcgnated continuous glass  fiber cloth ,  The starti::? 

:qlltcrial i s  supplied hy Ferro Corp. and is a compssdkc o h  

; t l i colic scsiar formulated by Ferso Corp. (CS-4 282, Bfx~:";.cif "XI 

Lo::J Cok-r~ inq  DG-2106) w h i c h  is impregnated o n  a t z o n t r r i w S ~ ~ ! -  

b~n - f cn  fiber c k s t h  (7781E-glass from Corning) . Ths maker; J -  L T  

; u p i ~ l i e d  as a roll of pre-pregnated glass fabric. The cLot!: 

is calt $0 desired shape and parts are processed (at Eani~a 

N1i"s ioiral Laboratories in Albuque rque )  in an autacldTspe Lc G 

12 p l y  t h i c k n e s s .  The material is vacuum sealed jr- a ;,hsIX_-~f 

i!d.$ and  experiences a time, temperature, pressure Z - $ C ~ G  -!dr ,: r; 

191 as :css ing .  A two-stage processing operation in t b 6 0  aVA~ t~ - l ??%-c .  

' " 7 5 f -  - 3s used .  The first stage involves  150 p s i  press-sre, & n  - :or 

o n e  h o u r .  The material is then postcured in t h e  a ~ t w 2 % - : c  " *  



3 houks at 177°C. This is followed by a posecure u ~ S s r  

atmospheric pressure at 204°C for 2 hours ,  The rnater;af -2 

then fsrther postcured at 249°C for times which are s e : e r t ~ =  

to vary from 4 to 24 hours. This material was de-elac~< --;- 

K @ ~ i ? i  Hirschbeuhler in the Comr-o;~te Makerials Cevelcy:~s:-c 

Division at Sandia Nationah Labratorigs [ 2 h ] .  

I1 1. EXPERIMENTAL !*TETHOD 

A. Electrical Fleasurement Techwiaues 

Flat specimens, O ~ 0 . 3  crn thick i n  the shape sf s ~ ; z ? z - :  

'1~3 cm on a side were used, Electrodes for tell;o--t:err1;-.a7 --,- - s - 

tance (or resistance) measurements were circular [ -  1 .I 

r,il.~;9aeter) and were placed on opposite faces  of thc .,eii;'iL I A 

shown i n  Fig. Pa. The guard-ring electrode conf i q u r , a k  ir:r-,, :,?: 

F i g .  lb (outer  guard ring grounded] was used ko e ~ ~ ~ l ! ~ . ~ , t . ~ ~ : ~  

of surface currents. The f u l l y  eleetroded conf icl-ira&ir!!-! 

w a s  used to determine effects  of f r i n g e  f i e l d s  ~ S ~ C I  :; r > '  - . I  

the Figs La arrangement. 

Electrodes were prepared u s i n g  silver PV$  BIZ^ C L - f ~  r 

cgold, or aquadag (graphite) . There was no  s i g r ~ i f  ~ c . ~ a . r - k  

f " r dependence of the conductance on electrode rna te r i a i  . 7 q , - * - - - -  - 

the best adhesion was obtained with t h e  s i lver r = s ~ f 7 i r . t : - r r b r  - ,  

As a r e s u l t ,  s i l ve r  electrodes were used for ~ O S L  '9' " 

experiments reported h e r e i n .  There  is ara incl i .ca t i . i>~:  

vo lak i l e s  are partially trapped by t h e  electrodes bsw 

Appendix A). The configuration of Fig. la w a s  f r ; r i i k i  tc :i,c 

adequate for these experiments, in that there did not- 

to be any serious electrode problems r e l a t c d  ts "1r3:~1: - . " 



t - -  , d - L S a m p l e  and electrode cer~f iguratlon fa, r,alcctzlcui: 
conductivity measurements: a ]  stanGsut5 Te%F-dr+:-.-:9- 

arrangement, b) guard rirrg conf iguratio~ [ 3 * ~ t e r  

guard ring graundad t o  minimize surface ctarre:at 
e f f n s t ~ ) ,  and c) f u l l y  a lectroded (tn m e a ~ ~ r r :  
c f f e c t s  o f  frdra<je f i e l d s  asscc ia tad  wd k k a  
I R B J P I ~  in p a r h a )  . 

1 B 
PLATMUM 
LEADS P 

Ek.E@%RBGAL 
LEADS 

1 TMERMG6Q-4C;E 
/ LEADS 

SkaR1PlX SUPPORT THERMOCOUPLE 1 BEAD SUPPORT 
DB OCK (B.WVA) LEADS 1 BLOCK (LAVA) 

B 
I 
i 

HOT ZONE COLD ZONE 

*. 

: - x  2 Sample holder configuration. 



Elec t r ica l  contact  w a s  made to the electroded samples 

using platinum cylinders as ~ h o w n  in Fig .  2 .  T h e  bo t toa  

cylinder served to support the sample above the i n s u l s t i c q  

s~pport block. Pla t inum wires were used as electrical leads, 

These wires w e r e  encased in separate alumina t u b e s  passizcj f r r  

the high temperature zone of the f u r n a c e  to t h e  low t enpe rac . .~ r~  

region where they were supported by a n o t h e r  insulakinq hizck 

(lava or b ~ r o r  nitride) . This configuration m i n i m i  zed k ~ ~ k s , ~ s -  

c u r r e n t s  s i n c e  c u r r e n t  p a t h s  between the ciectredes ,.,rcrc sc-. 

i n  t h e  hot zone of the f u r n a c e .  Leakage  c : l J r sen t s  p..:erc.l; ;;el-"- 

amps at 1000 V f o r  tenperntures belox 4 0 Q c C .  r lk iirpi-42:. 

kemperatures the leakage currents increased aomewhak buV-*+::.r 

below amps (at 1000  V )  at 700°C. T h i s  is three '-.. In..:- 
o r d ~ r s  of magnitude less than conduction obtained frnm 

samples a% these temperatures. 

The temperature was measured U R  i n g  a ~ ; ! I ~ ~ ~ ~ I B C O ' U F : ~ . . Z  

i n  the sample suppo r t  block as  i n d i c a t ~ e d  i n  E ' i u : ~ .  2. TEai: 

temperature lag between t h e  saa.iag:>le s u p p o r t  blsfaek (where t3e 

recording thermocouple was Pszated)  and the si~rnpbc was 

measured (at $he lO0C/minute heating rate) and  was found  ?.T 

bc w i t h i n  10°C over the temperature range examined. 

For t h e  conductivity experiments, the sarnplc.~ hol,ii$."ic 

assembly (Fig. 2) was positioned i.n an open-crldcd q:.r.lr tz t..z!:;c: 

which facilitated load ing  and  p s s i t i a n i n . l y  i.2 t h e  f u r~ : . a c , ?  

assembly. T$qg f uraTBce a ~ ~ e m b l  y w a s  made by MarsP:;;a% 1 k7urr8:;.'," u ,, - - -, ?<>. 

and contained a tubular chamber which could be sealed 
- P 

contra1 the atmosphere. Separate thermocouples were user;i rcr 



the furnace con t ro l  and the sarnplz temperature. ID these 

ex$;eriments the ru rnace  assembly was flushed w n t h  r b i t ~ ~ a ~ e  a a .: 

 hen sealed at a gauge pressure of %BO psi. The possihiilty c-- 

leakage currents through the vapors emitted from the s a ~ p l e s  

axring decomposition was also explored and was found to he 

insignificant. After a series of tests were completed, soze 

of the chemicals in the heated gas condensed after cooPI~q 2:-L 

parts of the sample holder. After a number sf t e s t s  this c d u ~ s :  

-8 srsnae conduckion but generally in the 10 A range or less, 

37 baki~g out the sample holders and %he quartz tube at 

600-SOO°C after tests, this leakage was reduced to bc ' l ow  l G  -9 7 

T h e  elcc tr i e a l  measurement system schema% ic:  i :, :;havy(-: a ,  

-. . 
3 .  A 100 K ohm resistor w a s  placed i n  sex-irs w , L b  t t  

% ~ q h  j-,o%era%ial lead t o  l i m i t  shor t  c i r c u i t  curt-eaats ,  3-t; 

z2utomatic d a t a  acquisition system was u s e d ,  The  systPr-7 w:ts 

: J ~ - : ) ~ I Y C I R U ~ ~ ~ ~ ~ !  SO that several voltages ccauld be sccgraurat a ,i l lip 

O 1  < l j ' ! i L 4 ~ ' 3 r $  to %he s ~ s e e i m e n  at selected t i m c  i n t e r  % r , i l s .  " ! f ; l  t " - 

i :  * r c 3 i , . ;  sf 100, 300 ,  6 0 0  and  1.000 V were a;scd and wc3re  

%JY 2-6 seconds at each voltage setting as the tempa2saturc -*c 

increasing at a rate of 10°C per m i n u t e .  Temperature ~2r-k 

ey l r r en t  read ings  were taken at each voltage s e t t i n g .  

Possible effects associated with the time d u r n t i c n  ~f 

t h c  < lppl icd  voltage were examined. An experiment was c ~ r * d l : ~ - c c ~ 2  

i n  which t h e  voltage was applied continuously at 1000 :Z. T f n  

r e s u l t s  were compared wikh those from a sister sample c$+: f SV'? 

the same disk which was tested in the same system fcl;oxJr- %sr< 

normal time interval s t e p  sequence. The rcsuEts sk2c~zsF2 rx,,?- 



Piq j~s rc  3. J7lectrical measursn*en-nt sp:rt  cbn~ s c i ~ ~ ~ t . n  3 '  I i I O "  

the major compg-snerits : ProgriamrnL-ik,li~ f ' ~  I i a rL l  $ 5  r - 
(pelonroe Model 1.8801 , X Y  EPPs$;ter (81ew: n - 7 - t  r b ;  + 

Model 98"BA) , Operatioanal Power Supply I T *  IJ :  , . . 
Model OPS 200BB) , D i g i t a l  Picoal i~ '&let~~ ( I * ? J + , " " -  * 

Model 4 4 5 )  , D i g i t a l  ? 4 u k t i m e t e r  ( K e i t l ~ l c r ; ~  "5''- ! 
192A), Scanner (Keithley Mode1 "782) , 3:yr4: .; 
Temperature Ind ica to r  (Omega :4sdcl 199;. 



* 
the length of time for voltage application did no$ siqn;fzcantl~~~ 

effect the measurements. This has relevance to $he deterrni:;etiori 

s - 
cf possible polarization effects which is discussed In l a t e r  

. ' 
"C,"*? 

. < The electrical conductivity (reciprocal. of resisti~-;t:~g 

, . ? -  . .as  - d e t e r m i n e d  from 

-.;her? :, ' 
- ~ 

I S  %he sample thickness, A is the electrode area, n 1s: 

i ? i r >  :;aap%e cr i r rcnt ,  V i s  t h e  applied voltage, and k is 3 qk:c:-;zti::: : 

r:ci.r:rc-:ction f o r  fringing f i e l d s .  For the geometry of F i ~ q .  i.,?, 

".:rai-; d e t e r m i n e d  experimentally to have a value of , : : 0 . 7 2  (noki 

+, := E for t h ~  geometry of F i g .  le). 

"."- 
.! !-re accilr;kcy of the  ~ 0 n d u ~ t i ~ i t y  .8;cmpera$urc depcnc2c::ca:. 

;irik;i, c:sr;ti.mated from run-$0-run ~ : e p r o d u c i b i l % t y  f o r  a g l ~ - ' , ~ r . ~  ~ .-.. 

r,.? . ? > ( *a- 

. A (s.ist.er samp$.cs) , was found to be w i t h i n  64 f ac to r  cf 

. i . , ~ , ,  ,, *- of 1-1-ac! r n e a s u r ~ d  condue t i v i  t y  value. 

'Ths?r-mal g~ ropcuky  neasuremcnts were made using high 

I e:n?:;.Lrature mass spectroscopy and thermal gravimetrir arla;ys:e .  

~vass spe~tro~~~eter was a Bendix Model 3015 Time-cf - I ; l ic j :~z  

p ilss l Spcctrsrneter which was equipped with a h i g h  t~mr ;e ra t r . , z - r  

6 ' .  i i . ? : * t " i  i % l l t ? f -  ~ y s t e m ~  The spectra  were o k ~ t a i n c b  in 1JaCi~2T?A 

m .  

3 7  : 1sn:~i teanlperatenres with an e lec t ron  beam energy cjf 6 5  . 
I ' l T - ! ~ 3  ,a$, ternpee-ature was %30 m i n u t e s .  A heating rate r ,"b  -' A- J "'- 1 ' 

1811 n:ute was employed between temperature s e t t i n g s .  Data %;ere 

LLli;c3sa t r ~  4,400°C. No changes  in the spectra were obser-~e6 



between p0350 to 400°C  except  for a continuous increase in 

t o t a l  pressure and ion current. 

Two thermogravimetric analyses techniques were use2 ,  

In one method the samples were heated in both air anc5 FLC,~:::T 

nitrogen for one hour at 180°@ intervals up to 700°C. Tie 

heating and cooling rates were '.25 "C4minute. Percent tc,b.ei~!;z 

loss was determined folkswing each temperature c y c l e .  Tkc 

second method involved measuring weight loss w h i l e  h e a r i n q  

samples at 10°C/minute in nitrogen. A B u P s n t  ?kcdeL 990 Y h : r - ,  , 

Analyzer with a Model 951 Thermogravimetric A n a l y z ~ r  [ - ~ P T C I  L-: - .- 

for  these measurements. The precisio~ associated L n  th5-3-  

techniques was estimated to be -- +0.1 and + 0 . 5  -- w & . . Q l  r-cl-k. c . " c - - ~ . : ~ - .  

I V .  ELECTRICAL RESULTS 

A. Phenolic : la ter ia ls  -- 

Typical current versus tcnperatu9-e d a t a  ohtazrhcA ~ t t  1.) :r 

different applied voltages an as-molded pheno8ic FrtI-59.3'5 2 :  I' 

MXB-91 samples are slaown i r ~  I J i q s .  4 ,ind 5 , r o s y ~ c t ~ t . ~ * i c l  ',., 7 1 . 

results show t w o  peaks in t h e  C O P ) L ~ U C ~ ~ B " B , ' C  &18.. 2 5 D  i 6 2 t :  4 f d r (  ' 

The peak at ~ 4 0 0 ° C  is more prsnounded in MXR-7 1 thLt t i  I TL 

FM-5135 material. Analysis of the current-voltage d4t12 53r.;'; 

ohmic (or nearly ohmic) conduction characteristics, 1 r. ~ Y - L L * ?  

the sample c u r r e n t  scales nearly linearly wiBh c ~ p i . t i i ~ - r i ,  

Deviations from ohmic behavior occur gsr-irii;ipLally : . l r r *  

temperature regions below ~ 2 7 0 ° C  for FP,f-5%35 and be 1 ~ J * # J  i V'" 

for  MXB-71. Nan-ohmic behavior is most pronol;racs.r! i . 2  r , l - ~  - p,,; 

temperature insulating state (<BOO0C) ancd i r ;  t h ~  i"tr;"iit. ( - -  

the conductivity peak at 200-38QQC., In these ss4y1l;nis ?5r,34T:-- ' *-:' 



FM-5 135 
PHENOLIC-BASED MATERIAL 

I 0-9 I;.. , I I . . ,  U __i. I 
0 100 200 308 400 500 600 

TEMPERATURE ('C) 

Pigurs 4. Typical sample current v e r s u s  t e m p c r a t ; ~ r k  
for  FM-513% phenolic as a f u n c t i s r -  of 
voltage. This material had aged C L:; tS.Q B" 

ambien t  environment) for  2 - 3  years  cr::;r 
to these experiments, R e s u l t s  s h ~ ~ :  
conductivity peaks at r l j250 arid J $ O O ' & .  
Analysis of c u r r e n t - v a l t a g e  data indicate 
deviations from ohmic conduction beha=r: P Z  

i n  the region $ 2 7 0 0 ~ .  



MXB-7 1 '1 
PHENOLIC-BASED MATERIAL 3 

TEMPERATURE ("C) 

Figure 5. Sample c u r r e n t  ve r sus  temperature for '7%R--71 
phenolic as a function of v o l t a g e .  Tks-~.: n k * .  r 
had aged in the ambient environment Eel 2-A; 
years prior to these experiments. R e s ~ I k z  \: v,vo 

~ r coraduckiviey peaks at "~2'90 and r14000Fs.  A a 

of current-voltage data indicate d e v ~ i a 9  5rl- r r r -  
ohmic conduckion behavior in the r -egnr~r  3') r, "" 



values determined from the EOO and 1000 V data differed by 

a factor of at most 2, In plots of %he can~uctivity d a ~ a  

throughout this report, temperature regions where there z r e  

significant deviati~ns frsn ohmic behavior are i nd i cakes  by 

the dashed lines. 

The conductivity temperature dependence was measure5 

a number of samples from various lots of material. Res~~;:s 

3?~cwed good repeatability in conductivity ehalacteristizs 

fro- sample-to-sample within a given lot of material. LC;=- 

t r ~ - l ~ t  variations are shown in Figs. 6 and 7 and are muare 

gronounced in the FM-5135 phenolic than in TIXB-71. The  

to w h i s h  these differences are associated with startsng 

:n?ter ial s ( ~ o P - m u l i s t i o n  or age) , processia~g con-aditia.zn:q, rr--  

siriuple aqe is anst known. 

The cffects  of postcuring in a i r  on the electrical c=rd- 

%,:~~:kivi . t -y are aho~~n in Figs. 8-10. The data in Eigs .  -:? i * 

) a  r l  fo r  T'P"1--5% 7 5  material fr01-19 lots w i t h  different as-n:oB181~.:: 

- ~ , : ~ r i j t ( : ? . i ~ i t y  charaoa",ristizs. Thc  data in l7i .c~.  1 0  @ire ?cz 

"!:<C-71 material. Results show that in all of these matcrzsls 

~ m s t c u r e s  of 143°C for  16 hours followed by 200°C for one i c S : r  

.-educc the c o n d u c t i v i t ~ ~  in the Pow temperature region I - - 2 5 5 " C , ,  

r rd l~cz  somewhat the magnitude of the conductivity peak a? f5C5C, 

- r / r  
~ l l h c i  shif k the peak to a higher temperature. Postcures t.9 e :, J r :  

1.u.~ oaae hour  further reduce the conductivity in low terrll;er~Js"~~ri 

reqions  and e l i m i n a t e s  (or significantly reduces )  the c ~ r . 6 ~ ~ -  

t.hl--hty peak at 2250°C.  Note that ohmic conduction t?as obser-:~? 

ttlr-oughout a great.er temperature range for the material 





TEMPERATURE to C) 

I.' I yurt 6 .  Coaaductivity temperature dependence for F1:-5% 35 
phenolic showing lot-to-1st variations. 5 ~ 4 : : p l -  :%: 

starting makerial months old, kime sizce 
molding ~1 month. Sample B: starting maeeeddl 
qs2 years old, time since molding 0.1 ~ o r ~ t k . .  
Sample C: starting material age unknown, - i r e  
since molding 2-3 years. Conductivity kLffere-c:z 
may be due to starting material ( f o r m u 1 a t . G ~ ~ :  c r  - - 

$2 c k  LO age) , processing conditions or sample a7e - A , - ~ - . -  - -  
portion of curves indicates reg ions  of nc,x-c?-: - . .  
behavior. 



AS-MOLDED 

SAMPLES A,B,C 

TEMPERATURE GI 

Figure 7, Conductivity temperature dependence for :d?d~:P-7- - " phenolic showing lot-to-lot variatioru:;, :-, + Y E , .  .. - 
starting material months o l d  t l n ~ ~  s L R ~ I ~  

molding a1 month. Samp1.e B:  starti rig n ~ n t r ~ r  ' *  

9 ~ 3  years old, time since moldirmg r ~ %  a~~ontlia, 
Sample C: starting material age unknewr~ - l 7  6~ 

since molding 2-3 years. Conductivity u~rE.- .r :  + f  - 
may be due to starting material ( f o r m u l i t t ~ r j ; ~  fir- 
age), processing conditions, or sarnpEc aye. 
portion of curves indicates regions cf nf,~:-r;,t--t" - * 

behavior. 



1 ; l i t  8 .  Csraduct i.vj tg? dependence on pos tcu r i r ig  f ,.n a;+- 
far P b l - 5 1 3 5  p h e n o l i c ,  Data are fo r  sarcpaes 
k i r ~ p a r e d  with starting mate r i a l  " 1 5  rnorit5s c,f 
~ iqe  and  ~ e a s u r e d  p b l  month a f t e r  molding l s a ~ ~ e  
material as Sample W in Fig. 6 ) .  P o s t c u r c  
conditions are given in test. Dashed g a r t : ~ ~  
sf c u r v e s  denotes  non-ohmic regions. 



FM-5 135 PHENdLiC 
SAMPLE B 
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F i g u r e  9 .  Conduet i : : i ty  A~~u;.ildefir;le or, pc2stc:.it- i rig ( ;. 1.). 

prepared st;2rtira<; n - l a t e ~ i a : i  r j ~ t ? ~  :;d y~t::~i!-:.: 
o l d  and measured '.I m ~ n l h  raf ter  rfiolf'e i:!q (:=,:.:*,$- 

<A 7.; 1 ..- ,A conditions a r e  given in t . e x t .  %j- 'nor' 
of curves denot .es  nosn-ohmic regi.s'n. 



:."I bjurc 10. G o ~ 2 d u c t i v i t y  dependence on postcuring & in air, 
fo r  MXB-71 phenolic. Data are typical f a r  t h e s e  
materials (Lee., variations from lot-to-1st ware 
not as pronounced as for PM-5135, see Figs, 8 
and  9 ) .  P s s t c u r e  conditions are given i r a  text. 
Dashed p o r t i o n  of curves denotes  non-ohmic 
reg ion .  



Wstcab-ed to 2 5 Q ° C  (i.e. after elimination of the c s n d ~ ~ - , f ~ - : c - ~  - 

peak at %250°C). 

Visible changes in the coloration of the materials w e r e  

observed as a result of postcuring and cycling ka h i q h  t e ~ ~ r c z - ~  -r _ , 

Postcures to 2QOQC for one hour did not change the appeara- - 
" - of the phenolics in comparison with the az-molded materrz,. 

Postcures to 250°C for one hour caused a notable d a r k e n i r c  :,f L -  

material. For rapid heating and cooling rates ssmc dela~; : : ' j t -  - .  

occurred. Consequently, for postcuring to 250°C h e a t i R ?  rr.-.. 

were used which were comparable to those utilized in ",,c ::L % -  - _ - *  

experiments where no delamination occurred. 

Upon temperature cycling to 600°g3, the materadl f r r ~ t ! ~ - '  

gyralyzed, became porous, and devclopcd a blackm sh ~ ~ ; ~ J T ~ ~ ~ L J * , C  _ .  

The electrical contacts, made lasing silver paint, di;% K I ~ ~ I - O * : : ,  

intact a f t e r  cycling to 685°C. There wearc small rcgioris t : t  n:, 

the electrode which appeared porous. Tkli e j  eou B d haqrc r r  L:l~ 1 

from t h e  decomposition process. 

The temperature dependence of t h e  c o n d u c t i ~ ~ ~ t y  of ~3 

gyrslyzed FM-5135 sample was measured after it ads c;fcPcd 9- 

%61Q°C in nitrogen. The results are shown i n  F i q .  BI. T::c 

data are compared with those o b t a i n e d  on the sdn~p3c lr2 la- 'a"  

as-molded state. Results show that c o n d u c t i v i t y  y c , t b s  

completely eliminated after cycling t o  n ~ 6 1 0 ~ G ,  hut t h s *  

resulting material is fairly conductive. Upon k e a t i n f ;  Lc 

higher temperatures, the material continued to g ~ y r s k y z ~  

(carbonized) and the conductivity increased further. 7 % ~  

most pronounced changes (increases) were in thc % o - ~ ~ e r  



1.'; i?~ar.c 1 8 .  C B ~ I I ~ U C ~ ~ X ~ ~  t y  temperature dependence o9E F?f-512 5 
p h c ~ l o l i s :  as molded and a f t e r  teml2erature 
cs, .cl ing to " 5 ~ 6 l O ~ C .  Dashed portion of c u r v e  
denotes  non-ohmic r eg ion .  



temperature region. The carbonized material exhibited e h ~ i c  

conductance characteristics. 

Surf ace conduction did not appear to be sigr-if icarLt [zr 

pronounced) in these materials. Measurements made x s i n 3  

the three-terminal guard ring technique of Fig. 1b Bocter 

guard ring grounded) on pyrolyzed material (after A e a t i ~ q  ro 

q2600°C) showed that the measured conductivity was v ; % t b * ; ~  It; 

of that measured using the standard technique (no t2uar2 r:c?r 

Fig. la). Further evidence that surface conduction \-:2s ~ c t  

significant was seen in the results of fou r - t c rn i rba i  cxper-+- 

ments discussed in Appendix A .  

Polarization effects were also examined. As  rneEtzonpd L -  

* - See t ion  111, t h e  l e n g t h  of time fo r  application of va%ta?c e : : ~  

not significantly effect results during a heating wyckc. 

Furthermore, the voltage polarity was a190 reversed qevcr,!l 

times during same of the conductivity r u n s ,  p r o d u c i n c ~  ~ ~ r i l ~  

minor changes on the conductance  ( w i t h i n  O'P.1 . 7 5  a:i1;7 I:!:" 

l o  these r e su l t s ,  polarization experiments were cora~c~ksct~d . < *  

a fixed temperature sf 1 6 0 ° C .  The time degseadenlce of t I ~ c :  

sample current was measured after application of v o l t ~ ~ c : ~  

(I000 V). The voltage polarity was also reversed d:iri:--a 

these experiments. The initial experiments were on r n a t c : ~ : ~ ~ l -  

which had not been postcured. The resu l t s  were d i t f  l c u i -  ?-5 

intelpret since time dependent effects related to e - ~ r i n ~  LZE 

well as possible polarizatio~ phenomena orere obser-rr-6. 

Experiments at 160°G on materials which had been ~ c 3 4 ~ ~ : f ~ ~ ~  

- - A  to 200°C indicated that some polarization phenomena rfli:? r,(:,- 



but aga in  t h e  a f f e c t  on c o n d u c t a n c e  w a s  n o t  g r e a t e r  t h a n  s l O % ,  

Sinilar p o l a r i z a t i o n  e x p e r i m e n t s  w e r e  n o t  conduc ted  a t  hiql:ar 

t e m p e r a t u r e s  because  of c o m p l i c a t i n g  e f f e c t s  assoc ia tec :  w i t h  

m a t e r i a l  d e c o m p o s i t i o n ,  N o  s i g n i f i c a n t  p o l a r i z a t i o n  was 

observed i n  t h e  c a r b n i a e d  material.  These  r e s u l t s  s u g g e s t  t h a t  

c o n d u c t i o n  i s  p r i n c i p a l l y  e l e c t r o n i c  i n  c h a r a c t e r  i n  t h e  ca,- v ~ o r ~ l z e a  

m a t e r i a l  and i n  t h e  p o s t c u r e d  material below %200°C, 

B. Silicone Materials 

The t e m p e r a t u r e  dependence  of t h e  sample c u r r e n t  as 3 

f u n c t i o n  of applied voltage fo r  t h e  silicone m a t e r i a l s  i s   show^ 

i n  Figs .  12-14 .  Analyses of t h e s e  d a t a  show nearly s h i e  can- 

f l j ~ c t f o n ,  w i t h  d e v i a t i o n s  from ohmic b e h a v i o r  being n o t  ds 

pronounced as for t h e  phenolics. Some non-ohmic behavior 

qccurs t h r o u g h o u t  much of t h e  temperature range far these 

m a k c r i a l s  i n  the as-prepared stake and a f t e r  cycling t o  k i q R  

t-camperature. Ge r l c r a l l y  conductivity increases sf 2 50".wazre 

obsc r -~cd  over t h e  voltage ranqc 0 5  180  to 1800  V. Y o r ~  S B a F L i -  

ilcdnt: deviations f rom now-ohmic behavior (sirnildr hs those 

POI- the phenolics) occurred in t h e  l o w  temperature insulatinq 

stdte and a t  h i g h  t e m p e r a t u r e s  a 4 5 0 0 ~ .  These regions are  

* 

, I i  d m o t e d  by the dashed p o r t i o n s  o f  t h e  c o n d u c t i v i t y  curves  -b:nzr-L 

g i v e n  i n  F i g s .  15-17. The c o n d u c t i v i t y  t e m p e r a t u r e  depen- 

d c n c c  i s  consideraSPy d i f f e r e n t  for these materials thar-J f c r  

t h e  p h e n o l i c s .  S p e c i f i c a l l y ,  t h e  c o n d u c t i v i t y  i s  much reiucef! 

i n  the l o w e r  t e m p e r a t u r e  r e g i o n  and t h e  c o n d u c t i v i t y  ~ e a k s  

a re  less pronounced.  



DC-302 
SILICONE-BASED MATERiAL 

TEMPERATURE ("6) 

Figure 1%. Sample current temperature dependence as a 
function of applied voltage fo r  a typical 
D6-302 silicone sample. 
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SILICONE-BASED MATERIAL 

' r e  3 S ~ ~ m p l e  current temperature dependence as a 
function of applied voltage for a typical 
BRP-50201 silicone sample. 



-BASED MATERIAL 

Figure 1 4 .  Sample c u r r e n t  temperdture depcnderacc ( 3  

f u n c t i o n  of applied voltage for  a LypLz,dl 
silicone-glass composite, C S - 4 2 8 2 ,  sarrr d f - .  



&f / AFTER HEATNa 

I.'iqalr-c P L  Conductivity temperature dependence fo r  GC-3C2 
silicone material: as-molded and a f te r  
temperature c y c l i n g  ts 700gC,  Dashed p c r t i s ? ~  
sf curves  denotes non-ohmic regions. 



TEMPERATURE (" 

Figure 16. Conductivity temperature deperldcnca of E F T > - : ' i f !  
silicone material : as-molded and a f Ler t cr-;.{-:-,, 
cycling to 650°C. Dashed portion f ~ f  CIJE"YC.F ' b .  ' 

non-ohic regions. 



TEMPERATURE ($6) 

17igure  17 .  Conductivity temperature dependence f ~ r  s;2%zs::+ 
A , r 4  Li - qlass csmy~site~ CS-$202 maternal: as -pp@C?p~??  

and  after- temperatram cycling ts r 1 5 5 0 " ~ -  d::; r-; 
~ 7 5 0 ° C .  Dashed portion 0% curves dermtes :-F2n- 

ohmic r e g i o n s .  



yhe conductivity data for DC-302 (Fig. 1 5 )  show shiqkt 

irregularities (peaks) in the 6s-molded material a& t tn-,erat?res 

sf qd32BoC and %450°C. A f t e r  cycling to s700°C. the L z w -  

temperature conductivity is further reduced and coru.3actfl-rt-.- a zezks b 

are eliminated. Although the conduction above "-450°C E s  ~P;;~z;-7 

higher than for the as-molded materials, this material rczz:zs 

a f a i r l y  good insulator. Further pyrolysis, however, is expect& 

to increase the conductivity. 

T h e  conductivity temperature Gependence for WRP-%32z, 2:: 

the as-molded state and a f t e r  temperature c y c l i n g  "b -65CaC r- 

shown in Fig. 16. %n the as-molded material, ~snduc",*~it",.e..aks 

appear at %250°C and -263O0C. Th@oe peaks a r e  sPlghtly aorc .;PI-- 

mouncad t h a n  those for  t h e  Q B - ~ o I ~ E ~  DC-302, The penka a r e  

fsm~ved a f k s r  tamperature c y c l i n g  t o  p v 6 5 0 0 C .  A s  fok  @1T-_:"~t~ 

t h i s  material  remains f a l r b y  ~nsukatinq, dk least 1.17 t l : ~  l ~ r ~ a -  

temperature range a f t e r  c y c l y i n g  to ? u 6 5 Q 0 C .  

Data f o r  t h e  silicone g l a s s  composite, CS-4202 ,  ~ r :  :hPt 

as-prepared state and after tempcrataare cycling tw h5Fi'el l :  ;.. . 
r 1 ~ 9 5 0 8 C  are shown in Fsg. 8 7 .  In thc ds-prepar~d r n a t e r u i  tblc 

value of t h e  conductivity below " -250°C is the kcwes t  /r,,cc;r.*r;- 

for the as-prepared materials. However, there are t : z ~  : r  1 - 

d u c t i v i t y  peaks at *..3BO°C and 6.$50°C. Data almvc RCi'ip"" L * i - r , " - :  

c o n d u c t i v i t y  increases w i t h  t empe ra tu r e  which a rc  S L : = ~ J  u n ~ -  

those for t h e  pheno l i c s  above c ~ 5 0 Q 0 C  (see  F i g .  183 . A f t 6  v 

cycling to 6 5 0 e C I  t h e  conductivity is s i g m i f i e a n t l s ~  r c ~ ~ l u c : ~ f ~  

- .  indicating that $he material in this s take  is a 700': ; ' S L : - + - ~ : .  

After eyeling to ~ 7 5 0 ° C ~  however, the c s n d u c t i x ~ a t y  r a  



significantly enhanced, with resulting conductivity values much 

greater than for the as-prepared material. In this s ta te  t h e  

material is probably carbnized, 

The conductivity data for an as-prepared silicone [CS-4282: 

and phenolic (MXB-79) material are plotted in Fig. 18. Comparfc-j 

these results helps illustrate some of the differences &tween 

these two classes of materials, Specifically, the silico~es 

have Power conductances in the low temperature region ( b e P s i ~  

300-350°C) and exhibit less pronounced conductivity peaks and 

deviations from ohmic behavior than the phenolics. O t h e r  data 

h a v ~ c  shown that as the material pyrolyzes, w i t h  h e a t i n g  kc * 5r!'?r. 'C 

fo r  the phenolics and %65BoC for the silieoncs, Ihc conducr-?-:ty 

p e a k s  are eliminated and the low temperature condurtrvity is 

reduced Qi.e., the materials are better i n s u l a t o r s ) ,  A t  hSc;her 

t emperaturcs ,  however, $he material carbor~izes and a t:sndue$;*:c 

11* l i , r j t c r i a l  - is formed, For t k c  silicones th"g1 OOCCUTS at t e ~ " l ~ ~ ~ ~ ~ e t t i ~ ~ " ~  

100-150°C higher than for &he phenalicw, 

Thermal analysis experiments were performed on the say'c 

m a t e r i a l s  used i n  the electrical conductivity axpenimenks. ':Fae 

thcrmogravimetric results are presented in ternls of weight Lc5s 

cram heating i n  bo th  air and nitrogen environments an5 are ?:-re:; 

e - 
i n  Tab le  1. The two different t e c h n i q u e s  employed ga-ze sir-z,ar 

results. T h e  differences can be explained by measurenent 

$\ roc is ion  or time at temperature, 

The observed masses and relative intensities obtazsez E r s ~ .  

t h o  mass spectroscopy experiments are given i n  Appendix 9. 



TEMPERATURE &" C )  

Figu re  18. Conductivity temperature dcpcnderre :~  fr-r C J _ ; - ~ . , ~ ~  * 

phenolic (MXB-711 and s i l i c ~ l a e  ( G S - 4 2 f J k )  r ,' ' - 
Data are compiled from r e s u l t s  in ptro.=.~o~:: h 
and show that. the silicone mats,arialr; r 4 . r - f a  g , - = *  

h i g h  temperature i n s u b a t s r s  t h a n  the 1 - 5 1 6  T L r ,  . , . 



The spect ra presented were chosen to illustrate significant 

changes w i t h  temperatare, Other spectra were obtained bst 3re 

no% presented. In all of the mass spectra taken, kke lcx 

texperature spectra (5100~~) are dominated by backgroz~~d pepka 

particularly at masses 16 to 18, 28 and 32  due to the Frese-ce 

sf ii 0, N2, and O2 in the spectrometer. The intensities of 
2 

t he  peaks at hig5er temperature are one or two orders af 

~agnitude qreater than background. 

The weigh t  loss d a t a  on the phenolic FM-5135 S ~ Q W  ; T L ~ ; : L ~ : z - : ~ - ~  

z ~ % s a  losses above 1 0 0 5 C  with values npproaci-ling 10-14 wt.3 ~ 2 %  

6qg-700°C i n  nitrogen. A larger Boas occurs in a i r .  The :-25s 

t+pce"c.ra %or F?4-5134 (Table B-1, Appexldix B )  c o n t a i n s  k ~ t P r  v . ~ r  i - s  

f'r,.lsuqs 1 6  to 2 8 )  and amtnania (masses 1 4  %-c 1 4 )  belcw 317°C. 

Whla, ;,heny% groups (mass 97) and pos8ibl.y some a12cylamrK-,e 

fragments (masses around 4 5 )  are a l so  p r e s e n t ,  At hiaher 

tc.gip~:rat~,ar<?s the peaks from 30 ts 4 3  c ~ u Q d  be expbaxncd ky  Tf;';-- 

~ j r ~ s ~ , ~ r t c c  g f  methyl and dimethybarnine fregmcnts, The pct2k:, GA*, 

' 7 6 - 4 8 ,  9 0 %  94,  and 106 sndica te  t h e  prasenee af a C ~ G Z B O L ~  

A proposcd crosslinked phenolic structure is shown in TahEe 2 .  

Several possible msleeu%ar fragments are given in Tables 2 

'i:li-! 3 *  

T h e  MXB-71 phenolic a l s o  e x h i b i t s  significant, rass l?s%c:: 

c r l x l t r r ; ,  100°C,  a5pith the loss in a i r  greater than t h a t  in "" 
" 2  " 

'The :;lass spectra o f  b1XB-71 (Table B-2, Appendix B )  a re  

~!~n! i r la tcd  by water below 300°C. A l s o  important are k s t h  

yhcua)~1 g r o u p s  and possibly some ahkylamine fragments vkic?- c* 

explL1in  the large peaks around 3 1  and 45.  The presexse ~4 



TABLE 2 

Proposed Phenolic S t r u c t u r e  

PROPOSED 
FRAGMENT 

NH3 
CH3NH2 

CaH"(lp 
CHNG, C3H3 

CH29aDC 

eHZNCH 

(AMMONIA) 

QMEBHVLAMINE) 

MASS 



TABLE 3 

Proposed Mass Spectrometer Fragments for  FM-5135 Phenohiz 

? 7 7  
&a ter 

,Unrr!o n d a 

APkyIamines 

Phen:f k 

Z~hemo% 

C r e s e l  

Re la t ive  Intensitv 

TABLE 4 

Propaned P4ass Spectrometer Pragmon ts f ~r MXA-7 1 Pk ;~ -~ , (  : : c 

Water 

?$l ky lami rips 

Phs\ely l 

P h e n o l  

r r r?so l  



amine'groups is also indicated by the intensities frca :asz&s 

1 4  to 17. At higher temperatures the presence of peaks at 

masses 78, 93, 93 and 106 indicate the presence of a crest; 

(see Tables 2 and 4 ) .  Peaks observed at masses 38 em2 34 

could be explained by framentation of the phenyP g r o ~ ? ,  - ..- - 

was confirmed by taking a spectrum at a reduced e l e e t r ~ c  E z s r  

9 - energy of 30 eV. The intensities of the peaks at masses 2~ 

and 39 decreased relative to the intensities of the rass 1 - ~ 2 : ~ -  

at PO6 and 121, This indicates that the species at masses 101' 

and 121 are parent ions and %he ones at 3 8  and 39  are  f r s r - 7 - -  .-is - 

The thermal analysis for silicone-based DC-302 ::!-LL~;,; . - -  - 

s i m i l a r  behavior in air and f lowing N2 with a slightly LLc r  

mqss Loss in air. The weight loss is less t h a n  fo r  t l - c  

phenclics, especially below %50B°C. 'FI"kle mass s p ~ c & u n r t ~ L  * 

results (Table B - 3 #  Appendix BD i n d i c a t e  t h a t  helow 3 0 0 ° C  

major loss is due to water (mass 1 8 ) .  

Since toluene was used as a s o l v e n t  i n  t h e s t ;  l . c l s i r u ~  " "  

+ .  
p o s s i b l e  %&at the mass at 9 1  i s  d u e  i n  pnrt to C7iR7 ( 1  kl. 

The mass at 77 is due to a phenyl group. The rnas5c.s (.:t- ' r -  :- 

+- -4- 
1 0 7  are probably due to Si03CH3 and Si04Cd3 fragments. T:?;.:? 

from 26 to 29 are an indication of ethyl groups, The : > e ~ k z  

around 40 to 4% could be due to methyl-silicone groups h:nl.? 

C 
possible S i O  a% 44. At higher temperatures the p k z r ~ y l .  

dominates the spectra (with phenyP fragments at massec ? % #  , > ?  

and 49-55) . Heavier unidentified molecules with rnasscs '-L 

153 are also present at high temperatures. Tables  5 2 r . 4  C 

contain a proposed silico~e resin structure and s c - : ~ : : ~ ~ ~  *,, - - 
fragments. 

4 



TABLE 5 

Proposed Structure for Silicone Res ins  

PROPOSED 
FRAGMENT MASS 

43 



Ta%BEE 6 

Proposed Mass Spectrometer Fragments f o r  DC-362 Silizcne 

Water 

Relative Intensity 

117OC 230°C ~ ~ C Q C  -- 
100 100 " - 

I3 

28 25 8 4  

31 1 7  6 3 

18 29 380 

Toluene 1 
Si03CH3 ) 

S i 0 4 C H 3  

TABLE 7 

Prc~posed Mass Spectrometer Fragments f o r  BRP-50201 Sl lzco::k~ 

Water 

Toluene) 
SiO$H3) 

S i 0 4 C H j  

R e l a t i v e  

lPOQC -- 3 5 0 ° C  

6 2 

l a  2 



TABLE 8 

Proposed Mass Spectrometer Framents for @S-4202 Silicone 

Fragment 

Water 

Relative Intensity 

202OC 355°C 

12 1 

14 16 

8 - 

37 600 



!The BRP-50291 silicone material a l so  Loses *~:er-' _ . 

slowly until above 500°C with the largest loss in air ee:.-c~:: 

500-600°C. The mass spectra (Table B-4, Appendix 9) a-, LC.)- 

temperatures show very l i t t l e  water loss (see also T a b l e  7 , 

The largest peak, which occurs at 91, is probably Sue 53 

9 - S i Q 3 C H 3  or the toluene solvent [ 201 .  The h igh  t eq i~ra : : r~  

spectra are dominated by the phenyP peak at mass 77 a7.J 

fragments at 38, 39, and 50-52. The peaks at masses I 3  tc 

could be due to methyl-silicone groups. The spectra fcr 

BRP-50201 indicate the presence of barge rno lecudcs  P - i t h  

masses up to 280. 

The silicone-glass composite, CS-4202,  lost ordll- m f ~  - r- 

~ m n u n t s  of material up to ~ 5 0 0 ° C .  As with s t h e r  sanp:cz, 

more material was l o s t  in air than in N2. "Fhc mass spr- t : .  

(Tab le  B-5, Appendix B )  i nd i ca t e s  that o n l y  rnirzar J ~ . ~ ' : T I ~ . ;  - * 

water were lost (see also T a b l e  8). The peak at nasscf; : E ,  

39 ,  50-52 and 77 indicates t h e  presence of phenyl qrarI:>s. 

The peaks  for  masses 4 0  to 4 3  could be due  to methyl-4-r  l 1 - L  

e n t i t i e s .  

Several comparisons can be made between these  rna te r sa l : -  

The silicone-based materials ( a k l y b - p h e n y l - s i l i c a  corn5-,ce:Y-? 

had much better thermal stability than the phensli-s '<a:"' 

phenolic and arnine based constituents) . The s i l  ic~r.c?-::l -F-: 

composite CS-4202 was the most stable material G c z a ~ . s e  '- 

the least amount of weight at high temperatures. A11 tkc 

materials lost more igelght  in air when compared to thc * / ; C : ~ ; ? ~ -  

loss in N2. The MXB-71 and FM-5135 pheno l i c s  bere t k c  ;LL-: 

- - stable in air and N2. The mass spectra of MXB-71 a r L  . ,. / 

were similar. Both materials probably conta4n aminec <-.; 

r z  
2 



The FN-5135 spectra between 200-300°C were dominated by the 

loss of NH3- All of the mterials except the BW-50201 and 

CS-4202 silicones lost a large amunt of water. At the higher 

temperatures all the spctra indicated the presence of heavier 

mlecules but the spectra for BRP-50201 had moLecuHes with 

molecular weights that were 100 to 150 mass units larger than 

any of the other mterials. 

VI. CORmLWTION OF ELECTRICAL m D  TWEmm MSULTS 

Certain correlations can h mads batween the electrical 

and thermal charactsristic~. For the phenolicsr FM-5135 and 

&lXB-71, the mass loas which occur8 bstwcsn 200 and 3BOaC 

(water and/or amonia and mine.) csrreLates with the esnbuc- 

tivity peak at 258-270@C (rar FBgr. 19 and 201, A% th@ 

heapeeature is incr~ared and vsIatE9f%atian occur%, the @at@- 

rial exhibite a deergage in tha @~ndu~tance (above 258-270eC) 

which prsduce~ a peak i n  Lhe conductivity B@mpsraturs dspsndance, 

As the temperatur@ is further Encreamad the loss af ~ t h @ r  mass 

speclas occurs (phenolic and amina groups and highss molecular 

weight species) and results in a second peak in $he conductivity 

at %400°C. The position and magnitude of these peaks are 

expected to vary with heating rate. As the material pyrs lyzes  

with heating to %50O0C, the conductivity peaks are eliminated 

and the low temperature conductivity is reduced ( i -e . ,  the 

materials are better insulators). At higher temperatures, 

however, the material carbonizes and becomes conductive. 

The silicone materials DC-302, BRP-50201, and CS-4202 have 

much better stability and are better insulators than the ghenali@s. 



TEMPERATURE (@GI 

Figure 19. Correlation of temperature dependence sf 
electricah conductivity peaks and major. 
thermal decomposition products for FM-5935 
phenolic. 



TEMPERATURE ("C) 

P i q u r e  20. Correlation of temperature dependence sf 
e lec t r i ca l  conductivity peaks and ma;ar 
thermal decomposition products  for ~flX&-70 
phenolic. 



They &xhibit less mass loss, have lower conductivities rL tke 

Sow temperature region (behow 300-3%O°C), and exhibit Less 2rc- 

nounced conductivity peaks and deviations from ohmic beha~,-:~-r 

" - (see Figs. 21-23). The CS-4202 silicone is the most sraz-2 rf 

the materials examined and is the best insulator bePo;.; -23Cc:. 

At the higher temperatures, the silicones lose both alk-,-L-sil:cz:.e 

and pheny1 groups as we11 as high molecular weight pckyners, 

As for the phenolicsr the changes in conductivity csrrelatc  

with outgassing and/or decomposition of the material. C s n E ~ c r _ -  :ry 

peaks are eliminated after pyrolysis upon temperature c y r l ~ : - ~ -  - 

postcuring. The conductiviky decreases with pyrolysis G ~ C I Z  

laeat ing the silicones to 600-650°C (pheno l i c s  $0 - 5 0 8 " C i .  

h e a t i n g  to higher  temperatures the material earbonizcs a n ~ i  t : - I  

conductivity increases i n  a manner which is r c l a t i ~ s c l ~ ~  ~ z d c y / ~ - . , -  

d e n t  s f  the s t a r t i n g  material or previous postcure c o n d ~ t ~ ~ : - s  

if ,91 

Deviations from o h i c  behavior i n  a l l  of these wg*kui: : - l  

appear to be most pronounced when $he m d t ~ r i r ~ l  i s nr k p r .  ai 

state of equilibrium. A% low temperature in the i n s u l a t r r a ( 7  

stake nonobic behavior may be due to outgassing or s t h ~ r  

mkerial or contact properties. At higher temperatures, 

however, the nonohic behavior appears to be sssoci( i ted k::??' 

non-equilibrium effects related to decomposition ar~c~/c r  

outgassing. 



WENYL GROWS, 
ALKY L-SLCOQIES. 
m w  MASS s=eEs 

TEMPERATWE 

F i g u r e  21, Correlation of temperature d~pendence of 
~Bectrical conductivity peaks  and major 
thermal decomposition produets  far DC-302 
silicone material. 



F i g u r e  22 .  Correlation of ternpesaturo t"spasr~:lr rrciii ( z 
electrical c o n d u u t i s ~ i t ~ p  peaks ,xnd 3rd 1 1  t :, * -  , A 

decompositian products f u r  13RP-5QZO; I ; .  ' : b-f  . 
m r a t e r i a l  



f 7 i g u r e  2 3 .  Correlation sf electrical csnductivity +psIr:o 
and thermal decomposition products fcf  f:Cs 
silicone-glass composite, CS-4282, 



VIQ. CONCLUSIONS 

These experiments show a direct correlation betseez 

thermal stability and temperature dependent electrical 

conduction characteristics in silicone- and pheno;.ic-k~s-.E 

materials. Peaks in the conduc";~~hty arid dewiatio~s 5-2-* 

ohmic conduction correlate with decanposition and the Lcss cf 

volatiles Erc?m &he material. The excellent cosrreiatio: " r ,e t>c2-  

thermal and electLical properties suggests t h a t  clectr:cal 

conductivity can be used as a thermal a n a l y s i s  tack kr-. 

characterizing these materials, 

These studies have also shown $hdt thc c s n d u ~ 8 ~ : - ~ e ~ ~  .'- 
a. cldtively independent of electrode rncik.rri;al, s u r f  ~ ~ s t *  (:(--,= - 

d u c t i o n ,  polarization efgects, and  voltage pol 1 t-:* ;r ci 

magnitude. This suggests that in thcsc c x p t > r i m ~ ~ n t s  

p roper ty  of the material (conductivity) h d s  hccw nt tc t s t~r i i : .  

Furthermore, the nature of the conduci t iv i  ty rhE~,D''tdI : t (7 t j a  

principally electronic in character aspc t : i l~% %*; I tu: 9-Y 

d"ur$a_d ant? ca~bonized n~ater ld l .  It secms T C ~ ~ B S Y X ~ I ~ : ~ J B ~ ~ .  - 
to expec t  some ionic character ts the C O P Y ~ U C ~ ~ V ~ ~ ;  ( - c p . C  a 

during outgassing and/or  decomposition. 

The application of these materials to f i r - ~ s f l t ~  

iancleade consideration of structural as well as 6 * l i * ~ : ~  i L " A !  

charac te r i s t ics .  Whereas postcurj ng can f ~ ~ ; p r c ~ - ~ ~ ,  t o L C  

electrical insulating characteristics at law t c r ? p ~ r / * P - , + ~  - 
must be recognized t h a t  such postcures may a d - ~ q r s c - l y  (- 4 'L- f 

the structural properties. All of these factors nay: :,I- 

taken i n k o  account in selecting materials, prscc?5s r-/; 

and poskeure eondi t i o n s  fo r  h i g h  temperature f ~ p p l n ~ :  A" ? r 7  - . 
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X. APPENDIX W 

FOUR-TEIPMINAL CONDUCTIVITY EXPERHMENTS 

Four-terminal conductivity experiments were pursueE 2: 

the FM-5135 phenolic. . . The sample and e l e c t r o d e  conf i ~ l ~ z - ~ r : .  2:' 

is  shown i n  Fig. A - l .  The current e l e c t r o d e s  w e r e  acr(2ss ti:, 

ends of the sample, whereas the v o l t a g e  electrodes esntaztsZ 

o n l y  the surface regions surrounding the specimen near t5e 

- .  center of the sample. The samples were cut from t h e  sa:.;:? ~LL.:':.; 

as used for the two-terminal experiments. Current f l ~ ~  \,:as it-. 

the plane of the d i s k ,  in contrast to the two-ter~~inak - 

rnenks where c u r r e n t  flow was normal to this plane. In ~'r ' ; r . - - r  

;:.o ?."void e l ec t r i c a l  leakage th rough  t h e  sample holder, th,: 

:;ample and elect r ica l  leads  were suspended  w . i t h i n  t h f ?  

chambers as indicated i n  Fig. A-2 .  The samp:ke chamber 

as a thermal mass a round  t h e  specimen i n  which  a 

was mounted. The sample and thsrmoeoupbe ternparat-urk? 

t h e  same. The sample l eads  were ~qeilppcr t k ,  3 t . 2'. 

, , sf t h e  fu r t~ace .  The ~ i r ~ ~ i  t r y  used, fo r  t h e  ~ ~ r l d i g ~ + . . ~ ? !  t-7; 

men t s  is shown i n  Fig, A-3.  For these experiments the 

across the sample was 300 V. 

D u r i n g  $he first cycle to h i g h  temperature :-+:JI~,;;;*,,: 

d r o p  across the vsP taqe electrodes had an unaxpsctec.; '  i ;; 1; q , c =  

value and was nonohmic. Plowever, the current-vol tg+c.jfi:: 

character is t ics  obta ined  using the contacts at $he cwds 9 f  

specimen were very similar to those for the two-2crrni;r;al 

experiments 0% Fig. la in the text. An explanaticn f ~ j r  tL.1: :  

&ekavior can be given i n  t e r m s  of differences in ..;b;r-l,..:~:~;:: 



ELECTRICAL 

SAMPLE 

PLATINUM WIRES WRAPPED 
AROUND SAMPLE AND 
COVERED WBW WNAWROkV BAPJDS 

CONTAGT TQ ENDS OF SILVER PAINT 
OF SAMPLE 
(SILVER PAINT) 

F i g u r e  A-1, Four-terminal elect r ical  conductivity s&-;2;e L Z : , ~  

electrode configuration, 



CERAMIC TBlBES 
A~SUPBORTED IN COLD ZONE) 

SAMPLE (END VBEW) 

THERMO~OUPLE LEADS 
BORON Nlf RID 
HOUSING TH~RMOCOUPLE 

. - F i g ~ r e  A-2. Sample holder  config82rat ion f o r  four-terabKai 
elec t r ica l  conductivity experiments. 

SAMPLE 
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Figure A-3.  C i r c u i t  schematic fo r  four-terminal electriczl 
conductivity measurements. 



5 u l k  cbnduction. Specifically, during decomposition the surface 

--. become resistive at a more rapid rate than $he bulk sateriz- 
In this situation, the voltage contacts to the surface 62 n o t  

give an zceurate measurement of a bulk property. This s n g ~ e s l i c n  

is consistent with results obtained upon postcuring whers 

reductions in conduction are observed after volatile constituents 

are lost from the material. After the sample pyrolyzes uFon 

cycling to high temperatures (%600°C), the voltage meascre2 uslcs 

the voltage electrodes on the surface was as expected for a sax~lc 

-7hcb-e the surface and the bulk of the material were in e q s ~ i ~ i % r . e ~ ; * ~ ~  

Although more experiments need to be conducted in order tc f r ; l , ; ~  

l i ndc r s t and  these effects, it. does appear that d u r i n g  dc~ien-~g;s  _ + X I -  

. . 
t h a k  t h e  se~rface sf the material may become resistitpcl? II:C?C Y - J ~ , : ~ < L ; "  

t h d w  that sf the bulk material. This would imply that t & h  ~CL;~~chrodc 

~ r c d  of coverage and positioning on the sample is i r n p s ~ t ~ ~ ~ ~ t  :;L " L  ,,A ~a 

oxpa r i rncn t s .  I n  order to obtain the results observed L r i  the 

t91o-terminal  experiments of Fig. la, the loss of vsbatilcs i r t , ~  

i i a n  m t e r i a l  u n d e r  the electrodes d u r i n g  deeompositian pr~5~:!;1-- 

qccurred at a rate slower khan that from material in an 

unebectroded area. Thus, the electrode configuration n a y  

influence the rate dependence of the effects observed iri t k e ~ c  

t?sycr i rnents .  



XI. APPENDIX B 

m S S  SPECTM RESULTS 

Observed masses and relative intensities as a funcths: :f 
tem~erature from mass spectrometer experiments on phenolLc a*-- 
silicone materials. 

Table B-1: FM-5135 Phenolic 

78OC 
Mass Int 

P 

12 8 
1 3  2 
94 100 
95 9 
$6 39 
17 11 
18 3 5  
26 7 
3 7 94 
253 %00+ 
32 6 3 
37 4 
38 1.4 
39 11 
40 18 
4 1  8 
44. 11 
4 2.1 118 
4 4  2 
4 9  6 
50 9 
51 6 
52  4 
54 9 
55 8 
56 7 
57 4 
6 2  2 
66 3 
69  5 
7 3  2 
7 7  26  

Mass Int - 

350°C 
Mass - L I ; ~  - 

1 2  ii 2 

13 2 
14 - 
15 1. "i 
1 15 - .  

2' 

1 7  . ,., 
3 L 

18 1 1;. .,' ,A+ - 
2 5 

- - 2 6  i l 
2 7 - .  

.; i 

2 8 ,(I -\ 
81 r" .! ti 

2 9 2 ,$ 

3 11 -1 
37 * .  

I! , 
3 8  1 ,  

/ I 

39 "Lj 

4 0 ? 2 - .  

4 B 
42 
a% ; 
4 9 
5 0 
5 %  ., * 

L r 

52 ? ,- 
14 I,; 

5 3 I 

54 ;, '- 
lL ri 

pt z i S r ,  

56 
62 
64 
6 :  
-76 
74 
7 8  
90 
p "- 
9 .j 

136 
12 '1 4 3 

1- 33  



225°C 
Mass Bnt - 



T ~ b l a  B-3: EC-302 Silicone 

Mass - 

2 3 0 0 ~  
' lass In; - - 

12 3 
i z n 
14 9 
i 5 12 
re 4 9 
; 7 2 8 
h 8 lGq 
2 6 6 
2 9 1 W 
2q 5 9 
2 9 1 5  
3 1; 3 
3 1 d 

; 2 -7 

2 7 '3 
? Y 7 
2 0 2 2 
4 0 8 
4 1 : d 
4 2 P 1 
4 3  2 5 
9 4 1 7  
4 5 9 5 
5 9 8 
5 i 1 R 
6 2 19 
5 5 A 

5 7 1 
i 9 a. 

c 3 7 
64 7 
"7 7 2 Q 

1 4 1 
4 07 1 



Table B-4: BRP-502@1 Silicone 

- 110°C 
Y a s s  
P 

hnt - 



Table B-5: CS-4202 Silicone 

202°C 
Mass Hnt - 



B. L. SadPer, D814-1, BKC 
C, H .  Smith, D814-2, BKC 

31.31 L. ErPc%.:so~.1 ( 5 )  
3 1 5 1  W. E. G a r n e r  (3) 
3154-3  C. Dalin (25) 

(for I%OE,-'TIC) (unlimited release) 


