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ABSTRACT

The temperature dependence of the electrical conductivity
and thermal decomposition characteristics of several fb@n@’*ﬂ-
and silicone-based materials of interest for fireset case
nousings have been measured to 600-700°C. The materials are
phenolic or silicone resins reinforced with glass chopped f
or cloth. The conductivity temperature dapendence was mea
during decomposition in a nitrogen atmosphere at a h@@tingﬁ;a
of ~10°C/minute. Applied electric fields were from 4 x 10¢
4 % 103 volts/cm. Thermal decomposition characteristics w
investigated by mass spectroscopy in vacuum and thermal gravi
metric analysis in nitrogen and air. Nearly ohmic voltage-
current characteristics were obtained, except where decomp
and/or outgassing was pronounced. For the silicone materia
the conductivity increases nearly monotonically with incre
temperature (to 400°C), approaching %la“a(ohmwcm)“l at 400
The phenolics exhibit conductivity peaks at 250°C and +400°C
The peak magnitudes [maximum value %3 x 1078 (ohm=em) =1}
positions depend upon the material formulation, age, ar
cure conditions. Postcuring to 250°C for 1 h eliminate
conductivity peak at 250°C. The temperature dependence o
mass loss and decomposition products correlates with prono
changes (peaks) in electrical conductivity. Results show the
the silicone materials have better thermal stability and a:
better high temperature electricazl insulators than the p
materials., Furthermore, the excellent correlation obtail
between thermal and electrical properties sugges tf fra@
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conductivity can be used as a thermal analytical tool in
characterizing these materials.
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I. INTRODUCTIOH

Nuclear safety concerns over the possibility that

o
.
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may be subjected to an accident involving a fuel fire angd that

a high voltage source may be present indicated the nesd fo

#

information about the high temperature electrical insulatinc

characteristics of fireset case materials. The materials of

interest included those based on phenolic and silicone resin

h

reinforced with glass chopped fabric or cloth which could be w
molded or formed into complex shapes suitable for fiveset case
housings.

There is very little information in the literature on thr

high temperature electrical properties of these materials.

data are available on changes in the dielectric propert

3

resins during the curing process (to temperatures of 21670}
{1-4], and on the properties of pyrolyzed polymers [(matorial .
obtained after pyrolysis to temperatures R400°C) 15-10].

Except for limited data on other materialsg [11], there iz

practically no information available on changes in elect:

conduction characteristics during the decompnsition pro

{12,13] as the temperature is increased to 600-700°C. The
purpose of the studies reported herein was to obtain szu.h

information on the materials of interest for fir

under conditions that approximate those expected in 2 fucl
environment.
Depending upon the fuel fire accident scenario, va.ut:

for the temperature, voltage and time will vary. YFor our

investigations, conductivity changes for temperaturc Ino:e




to 600-700°C at a rate of V10°C/minute were examined. Applied

voltages were up to 1000 V dc across flat plate specimens

e

K .
~3 mm in thickness {electric fields up to 4 x 107 volis,

The electrical experiments were conducted in a nitrogen environ

nent since the atmosphere could be oxygen deficient during

-

a fuel fire. In the materials examined, thermallv-induced
chemical and structural changes result in material decomposition
at high temperature [12,131. Consequently, te electrical data

ive taken when the material is in a state of non=-egquilibrium.

~
|N\

Information on decomposition products and material mass loss

was obtained using mass spectroscopy (in wvacuum; and thermal

gravimetric analysis (in nitrogen and air). The thermal

are correlated with the conductivity results and provide

sight into relationships between electrical conduction

thermal decompogition.

II. MATERIALS

Two phenolic znd three silicone based materials

with glass chopped fabric or cloth were examined in this

{14,151, 7The phenolic and silicone resins which are highly

crosslinked were chosen for their high temperature
115]1. The samples examined herein used the same starting
materials and molding or forming conditions as specified for
fireset housings.

A. Phenolic Materials

The starting material, U. §. Polymeric FM=5135,

the Ironside Chemical Co. phenclic resin system 91LD with

i
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a chopped half-by-half inch glass fiber reinforcing filler [15].

The material is meolded at Bendix Ccrporation, Kansas City, at

@

a cure temperature of approximately 149°C, pressure of 3185 psi

for a period of 25 minutes. The material is a single stace

phenclic which utilized ammonia as a catalyst. Ammonia is

liberated during the curing process. This is of concern in
utilizing this material for fireset applications because ammonia

that may be liberated during long term storage may inducs
compatibility problems with other fireset components.
MXB=71

The starting material is Fiberite Corp. MXB-71 which is
a blend of two resins. 1t is formulated using the Monsanto
resin system SC-1008, a nylon modifier incorporated for
toughness, and chopped half-by-half inch glass fabric reinforcins.

This material is also a one stage phenolic and utilizes a pro-

prietary amine as a catalyst. The material is molded at Benc

Kansas City, under the same conditions as for the FM-

material (i.e. 149°C, 3185 psi, 25 minutes). HNo ammonia
been detected as a result of the curing process [17].

B. S8Silicone Materials

DC-302

Dow=Corning DC=302 is a fiberglass-filled high temg

silicone resin. The starting material consists of che

glass fabric coated with a polyphenylmethysiloxane resin

which is dispersed an iron-oxide/silicon-oxide filler |

The composition is approximately 32% resin, 46% fiber, and

22% particulate [19]. The material is molded at Bendizx,

¢




Xansas City under approximately the same conditions as for
the phenolics.

BRP-50201

This material is a Bendix, Kansas City formulation of
a glass mat impregnated with a2 silicon resin [20]. It 13 based
on Dow Corning's QR-4-3136 silicone resin and on a continucus

strand fiberglass mat {(M-8610) from Owens-Corning Fiberglas

8]
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Corporation. It consists of 53% glass, 32% resin and 1i°

&,

and additives. This material was developed by Bendix as a

~

b

replacement for DC=302, since DC-302 is being discontinued by
Dow Corning as a commercial item. The molding process is the

same as for the phenolics and DC=-302.

This material is a silicone-glass composite which uvutilizes .
a pre-pregnated continuous glass fiber cloth. The starting

material is supplied by Ferro Corp. and is a composite of a
silicone resin formulated by Ferro Corp. (C5-4202, based on

Dow Corning PDC-2106) which is impregnated on a continuous

woven fiber cloth (778lE-glass from Corning). The material
supplied as a roll of pre-pregnated glass fabric. The cloth

is cut to desired shape and parts are processed {(at Sandia

2/

National Laboratories in Albuquerque) in an autoclave to a

12 ply thickness. The material is vacuum sealed in &

bag and experiences a time, temperature, pressure cycle
processing. A two-stage processing operation in the autoclave

is used. The first stage involves 150 psi pressure, 177°

one hour., The material is then postcured in the autoclave




3 hours at 177°C. This is followed by a postcure under

atmospheric pressure at 204°C for 2 hours. The material iz
then further postcured at 249°C for times which are selacied
to vary from 4 to 24 hours. This material was develapsd oo

Kevin Hirschbeuhler in the Compesite Materials Develcpment

Division at Sandia National Laboratories [21].
ITT1. EXPERIMENTAL METHOD

A. Electrical Measurement Techniques

Flat specimens, 0.3 cm thick in the shape of sguares ‘
“3 om on a side were used. Electrodes for two-terminal oconduco-
tance (or resistance) measurements were circular (~1.1 or
ciameter) and were placed on opposite faces of the sar ;
shown in Fig. la. The guard-ring electrode conficuration of :

Fig. 1b (outer guard ring grounded) was used to evaluate

of surface currents. The fully electroded configuration

the Fig. la arrangement.
Electrodes were prepared using silver paint, evaporatod

gold, or agquadag (graphite). There was no significant

dependence of the conductance on electrode material.

the best adhesion was obtained with the silver elect

AS a result, silver electrodes were used for most of thco

experiments reported herein. There is an indication tl
volatiles are partially trapped by the electrodes (sec

Appendix A). The configuration of Fig. la was found to bo

adequate for these experiments, in that there did not

to be any serious electrode problems related to wvolatllizotil o
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Electrical contact was made to the electroded samples
using platinum cylinders as chown in FPig. 2. The bottom
cylinder served to support the sample above the insulating
support block. Platinum wires were used as electrical leads.
These wires were encased in separate alumina tubes passing from
the high temperature zone of the furnace to the low temperature
region where they were supported by ancther insulating block
{lava or boror nitride). This configuration minimized lsakags

currents gsince current paths between the electrodes

in the hot zone of the furnace. Leakage currents were helow

10“9 amps at 1000 Vv for temperatures below 400°C. At higher

temperatures the leakage currents increased somewhat but
below 10_7 amps (at 1000 V) at 700°C. This is three to four
orders of magnitude lesgs than conduction obtained from the

samples at these temperatures.

The temperature was measured using a thermocouple
in the sample support block as indicated in Fig. 2. The
temperature lag between the sample support block (where the
recording thermocouple was located) and the sample was
measured {(at the 10°C/minute heating rate) and was found to

be within 10°C éver the temperature range examined.

For the conductivity experiments, the sample he

assembly (Fig. 2) was positioned in an open-ended guart:

which facilitated loading and positioning ia the
assembly. The furance assembly was made by Marshall Furnace Co.
and contained a tubular chamber which could he sealed o

control the atmosphere. Separate thermocouples were used for




the furnace control and the sample temperature. In these

experiments the furnace assembly was flushed with nitrogen

then sealed at a gauge pressure of 10 psi. The possibilitv of

f during decomposition was alsoc explored and was found to be
insignificant. After a seriec of tests were completed, some
of the chemicals in the heated gas condensed after cooling on
parts of the sample holder. After a number of tests this caused
some conduction but generally in the 10m8 A range or less.
By baking out the sample holders and the guartz tube at
600-700°C after tests, this leakage was reduced to helow l@pg .

The electrical measurement system schematic is shown

ig. 3. A 100 K ohm resistor was placed in series with the
high potential lead to limit short circuit currents. An
automatic data acquisition system was used. The system was
vrogramnable so that several voltages could be seguentiaily

applied to the specimen at selected time intervals., Volt

levels of 100, 300, 600 and 1000 V were used and were applied

for 2-6 seconds at each voltage setting as the temperaturec

increasing at a rate of 10°C per minute. Temperature and
current readings were taken at each voltage setting.

Possible effects associated with the time duration of

the applied voltage were examined. An experiment was

in which the voltage was applied continuously at 1000 V.
results were compared with those from a sister sample cut from
the same disk which was tested in the same system followinz the

normal time interval step sequence. The results showed that

12




HIGH VOLTAGE PROGRAMMABLE
POWER SUPPLY CALCULATOR

Figure
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{Monroe Model 1880), XY Plotter (Hewlebt
Model 9872A), Operational Power Supply (F
Model OPS 2000B), Digital Picoammeter
Model 445), Digital Multimeter (Keithley =
1722), Scanner (Keithley Model 702), Digi

Temperature Indicator (Omega Model 199).




the length of time for voltage application did not

effect the measurements. This has relevance to the determi:

of possible polarization effects which is discussed in later

zzctions.
The electrical conductivity (reciprocal of resistivity!
was determined from
s o= 2 L
k 7
where ¢ is the sample thickness, A is the electrode area, I is
the sample current, V is the applied voltage, and k iz a
for fringing fields. For the geometry of Fic. la,
» was determined experimentally to have a value of ~0.72 (note
that &k = 1 for the geometry of Fig. lc).
The accuracy of the conductivity temperature depend
iata, estimated from run-to-run reproducibility for a gi
material (sister samples), was found to be within a
i of the measured conductivity value.
:j B, Thermal Analysis Techniques

Thermal property measurements were made using high
temperature mass spectroscopy and thermal gravimetric

R
(SRR

e mass spectrometer was a Bendix Model 3015 Time-of-Ff

Mags Spectrometer which was equipped with a high temperature

Knudsen inlet system. The spectra were obtained in vacu

-

4t fixed temperatures with an electron beam energy of £5

Time at temperature was 30 minutes. A heating rate of ~.10%2/
minute was employed between temperature settings. Data were

taken to A400°C. No changes in the spectra were ocbserved

14




between 350 to 400°C except for a continuocus increase in
total pressure and ion current,

Two thermogravimetric analyses techniques were usged.
In one method the samples were heated in both air and flocwing
nitrogen for one hour at 100°C intervals up to 700°C. The
heating and cooling rates were ~25°C/minute. Percent weight
loss was determined follcowing each temperature cycle. The
second method involved measuring weight loss while heating
samples at 10°C/minute in nitrogen. A DuPont Model 990 Thermal

Analyzer with a Model 951 Thermogravimetric Analyzer were us

for these measurements. The precisior associated with thesze

techniques was estimated to be +0.1 and +0.5 el
IV. ELECTRICAL RESULTS -
A. Phenolic Materials
Typical current versus temperature data obtained at f
different applied voltages on as-molded phenclic FM=5135 &
MXB-71 samples are shown in Figs. 4 and 5, respect: T
results show two peaks in the conductance at ~250 ana 40070,
The peak at 400°C is more pronounded in MXB-71 than in the
FM-5135 material. Analysis cf the current-voltage date shows
ohmic (or nearly ohmic) conduction characteristics, in that
the sample current scales nearly linearly with applied vold .
Deviations from ohmic behavior occur principally in the
temperature regions below ~270°C for FM=5135 and below 30070
for MXB-71. Non-ohmic behavior is most pronounced in the Low
temperature insulating state (<100°C) and in the region of

the conductivity peak at 200-300°C. In these regions oon

b
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valueé determined from the 100 and 1000 V data differed by
a factor of at most 2. In plots of the conductivity data
throughout this report, temperature regions where there are
significant deviations from chmic behavior are indicated by
the dashed lines.

The conductivity temperature dependence was measured on
a number of samples from various lots of material. Results
showed good repeatability in conductivity characteristics
from sample-to-sample within a given lot of material. Lot~

to-lot variations are shown in Figs. 6 and 7 and are more

pronounced ih the FM=5135 phenolic than in MXB-71.
to which these differences are associated with starting
materials (formulation or age), processing conditions, or
simple age is not known.

The effects of postcuring in air on the electrical con-

ductivity are shown in Figs, 8-10. The data in Figs. B8

arne for PM=5135 material from lots with different ag-mold
conductivity characteristics. The data in Fig. 10 are for

MYB-71 material. Results show that in all of these materials

postcures of 143°C for 16 hours followed by 200°C for one
reduce the conductivityv in the low temperature region (250°
reduce somewhat the magnitude of the conductivity peak at

and shift the peak to a higher temperature. Postcures to

for one hour further reduce the conductivity in low temper

regions and eliminates (or significantly reduces) the conduc-

tivity peak at v250°C. Note that ohmic conducticn was obsers

throughout a greater temperature range for the material

18
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postcured to 250°C (i.e. after elimination of the conductivity

peak at ~n250°C).

Visible changes in the coloration of the materials v
observed as a result of postcuring and cycling to high tempe
Postcures to 200°C for one hour did not change the appearancs
of the phenolics in comparison with the as-molded material.
Postcures to 250°C for one hour caused a notable darkening
material. For rapid heating and cooling rates some
occurred. Consequently, for postcuring to 250°C heating raioe.
were used which were comparable to those utilized in the
experiments where no delamination occurred.

Upon temperature cycling to 600°C, the material furthey
pyrolyzed, became porous, and developed a blackish appearance.
The electrical contacts, made using silver paint, did remain
intact after cycling to 600°C. There were small regions w:
the electrode which appeared porous. This could have resulted
from the decomposition process.

The temperature dependence of the conductivity of a
pyrolyzed FM-5135 sample was measured after it was cycled to
~6l0°C in nitrogen. The results are shown in Fig. 11. 7T
data are compared with those obtained on the sample in
as-molded state. Results show that conductivity pecaks are
completely eliminated after cycling to ~610°C, but the
resulting material is fairly conductive. Upon heating to
higher temperatures, the material continued to pyrolyze
(carbonized) and the cenductivity increased further.

most pronounced changes (increases) were in the lower
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temperature region. The carbonized material exhibited ohmic

conductance characteristics.

h
ot
Q
o
Ft
o
3}

Surface conduction did not appear to be signifi
proncunced) in these materials. Measurements made usint
the three-terminal guard ring technique of Fig. 1b {(outer
guard ring grounded) on pyrolyzed material (after heating %o
~500°C) showed that the measured conductivity was within 10%
of that measured using the standard technique (no gquard rinc,
Fig. la). Further evidence that surface conduction was nc:
significant was seen in the results of four-terminal experi-
ments discussed in Appendix A.

Polarization effects were alsy examined. As mentioned in

Section III, the length of time for application of voltage d

not significantly effect results during a heating cycle.

Furthermore, the voltage polarity was also reversed
times during some of the conductivity runs, producing only
minor changes on the conductance (within ~10%). In addition
to these results, polarization experiments were conducted at
a fixed temperature of 160°C. The time dependence of the
sample current was measured after application of voltage
{1000 V). The voltage polarity was also reversed durindg
these experiments. The initial experiments were on material
which had not been postcured. The results were difficult to
interpret since time dependent effects related to curing as

well as possible polarization phenomena were observed.

Experiments at 160°C on materials which had been postcur

to 200°C indicated that some polarization phenomena may <CCur,




but adain the affect on conductance was not greater than ~10%.
Similar polarization experiments were not conducted at higher
temperatures because of complicating effects associated with
material decomposition. No significant polarization was

cbserved in the carbonized material. These results suggaest that
conduction is principally electronic in character in the carbonized

material and in the postcured material below 200°C.

B. &ilicone Materials

The temperature dependence of the sample current as a
function of applied voltage for the silicone materials is shown
in Figs. 12-14. Analyses of these data show nearly chmic con-
duction, with deviations from ohmic behavior being not as
pronounced as for the phenclics. Some non-ohmic bhehavior
occurs throughout much of the temperature range for these
materials in the as-prepared state and after cycling to high
temperature. Generally conductivity increases of +50% were
observed over the voltage range of 100 to 1000 V. More signi-
ficant deviations from non-ochmic behavior (similar to those
for the phenolics) occurred in the low temperature insulating

state and at high temperatures 2450°C. These regions are

denoted by the dashed porticns of the conductivity curves which
are given in Figs. 15-17. The conductivity temperature depen-
dence is considerably different for these materials than for

the phenolics. Specifically, the conductivity is much reduced

in the lower temperature region and the conductivity peaks

are less pronounced.
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The conductivity data for DC-302 (Fig. 15) show slicht

irregularities (peaks) in the as-molded material at temperature

47}

of ~320°C and 450°C. After cycling to ~700°C the low-

temperature conductivity is further reduced and conductivity peaks
are eliminated. Although the conduction above ~430°C i1s slightliv

higher than for the as-mclded materials, this material remains
a fairly good insulator. Further pyrolysis, however, is expecied
to increase the conductivity.

The conductivity temperature dependence for BRP-50201 in
the as-molded state and after temperature cycling to ~650°C is
shown in Fig. 16. 1In the as-molded material, conductivity peaks

appear at 250°C and ~430°C. These peaks are slightly more

mounced than those for the as=molded DC-302. The peaks are
removed after temperature cycling to 650°C. As for DC=-302,
this material remains fairly insulating, at least in the low

temperature range after cyclying to 650°C.

Data for the silicone glass compogite, C8~4202, in the

as-prepared state and after temperature cycling to -650°C
w750°%C are shown in Fig. 17. In the as-prepared material the
value of the conductivity below 250°C is the lowest observe:

for the as-prepared materials. However, there are two Ccon-

ductivity peaks at ~380°C and ~450°C. Data above 600°C show
conductivity increases with temperature which are similar to

b

those for the phenolics above ~500°C (see Fig. 18). Atter
cycling to 650°C, the conductivity is significantly reduced

indicating that the material in this state is a good insu

After cycling to ~750°C, however, the conductivity :is
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significantly enhanced, with resulting conductivity wvalues much
greater than for the as-prepared material. In this state thes
material is probably carbonized.

The conductivity data for an as-prepared silicone ({S-4202)
and phenoclic (MXB-71) material are plotted in Fig. 18. Comparing
these results helps illustrate some of the differences between
these two classes of materials. Specifically, the silicones
have lower conductances in the low temperature region (below
3008-350°C) and exhibit less pronounced conductivity peaks and
deviations from ohmic behavior than the phenolics. Other data
have shown that as the material pyrolyzes, with heating to ~500°C
for the phenolics and v650°C for the silicones, the conductivity
peaks are eliminated and the low temperature conductivity is
reduced (i.e., the materials are better insulatorsj. At hiche
temperatures, however, the material carbonizes and a conductive
material is formed. For the silicones this occurs at temperatures

100-150°C higher than for the phenolics.
V. THERMAL RESULTS

Thermal analysis experiments were performed on the same

materials used in the electrical conductivity experiments. The

thermogravimetric results are presented in terms of weicht Icss

%J

{rom heating in both air and nitrogen environments and are 41

in Table 1. The two different techniques employed gave similar
results. The differences can be explained by measurement

rrecision or time at temperature.

Vil

The observed masses and relative intensities obtained from

the mass spectroscopy experiments are given in Appendix B.
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The spectra presented were chosen to illustrate significant
changes with temperature. Other spectra were obtained but are

not presented. In all of the mass spectra taken, the low

particularly at masses 16 to 18, 28 and 32 due to the presence

nf H.O, B and O, in the spectrometer. The intensities of

) 2’ 2
the peaks at higher temperature are one or two orders of
magnitude greater than background.

The weight loss data on the phenolic FM=5135 show
mass losses above 100°C with values approaching 10-14 wt.% at

6500=-700°C in nitrogen. A larger loss occurs in air. The mass

spectra for FM=5133 (Table B=1, Appendix B} contains both waf

-
!

magses 16 to 18) and ammonia {(masses 14 to 17) below 317°C.
Both phenyl groups (mass 77) and possibly some alkylamine

fragments (masses around 45) are also present, At higher

temperatures the peaks from 30 to 43 could bhe explained by t
vresence of methyl and dimethylamine fragments. The peaks at
76-78, 90, 93, and 106 indicate the presence of a crescl.

A proposed crosslinked phenoclic structure is shown in Table 2.
Several possible molecular fragments are given in Tables 2

and 3,

The MXB-71 phenolic also exhibits significant, mass
above 100°C, with the loss in air greater than that in =
The mass spectra of MXB-71 (Table B-2, Appendix B} are

dominated by water below 300°C. Also important are both

B

rhenyl groups and possibly some alkylamine fragments which caon

&

explain the large peaks around 31 and 45. The presence of

L




TABLE 2

Proposed Phenclic Structure

_ or - ~
¢S
—t—] ey
NS
- \\\ ~nt /// ~n
CHa-(NH)-CHy
-{0)-
PROPOSED
FRAGMENT MASS
NH, (AMMONIA) r
CHSNHQ (METHYLAMINE) 31
CaHs 38
CHNC, C3Hg 39
CHoNG 40
CHoNCH 41
CHoNCH4 a3
CHSNHCHa (DIMETHYLAMINE) 45
CeHs (PHENYL) 77
CgHg (BENZENE) 78
CgHsCHa  (BENZYL) 90
CgHg0 (PHENOXY) 03

CeH4CHoO  (CRESOL) 106

@




TABLE 3

Proposed Mass Spectrometer Fragments for FM-5135 Phenclic

Fragment Relative Intensity

78°C 317°C 3548°C
Water 35 80 ic0 f:
Ammonia 100 80 57
Alkylamines 18 13 60 |
Phenvl 26 4 28
Phenol - - 51 f
Cresol - - 100

TABLE 4

Proposed Mass Spectrometer Fragments for MAB-71 Phenolic

Relative Intensity

Water 160 51 64
Alkylamines 11 106 A4
Phenyl 11 2 4%
Phenol - 2 e
Cresol - 2 160

40




amine ' groups is also indicated by the intensities from masz=s
14 toc 17. At higher temperatures the presence of peaks at
masses 78, 93, 93 and 106 indicate the presence of a crescl
{see Tables 2 and 4). Peaks observed at masses 38 and 3%

could be explained by fragmentation of the phenyl grouns. =iri=
was confirmed by taking a spectrum at a reduced electrcn bheanm
energy of 30 eV. The intensities of the peaks at masses 3%

and 39 decreased relative to the intensities of the mass Deawns

The thermal analysis for silicone-based DC=302 shows ver:
similar behavior in air and flowing N, with a slightly larcer
mass loss in air. The weight loss is less than for the
phenclics, especially below v500°C. The mass spectrometric
results (Table B-3, Appendix B) indicate that below 200°C the
major loss is due to water (mass 18).

Since toluene was used as a solvent in these resins 1t
possible that the mass at 91 is due in part to C7H; (187,

The mass at 77 is due to a phenyl group. The masses at 9.

. + ﬂ .
107 are probably due to Si0 CH; and SiO CHB fragments. The poavs

3 4
from 26 to 29 are an indication of ethyl groups. The

around 40 to 45 could be due to methyl=silicone groups and
. .+ . . .

possible Si0 at 44. At higher temperatures the phenyl pear

dominates the spectra (with phenyl fragments at masses 2%,

and 49-55). Heavier unidentified molecules with masses up Lo

[\eh

153 are also present at high temperatures. Tables 3 and

contain a proposed silicone resin structure and severz. DOEs.000

i fragments.




TABLE 5

Proposed Structure for Silicone Resins

O

|
HaC_’Si"‘—'O"
|

CHg

—Si—0 H

0O

o

CeHs

~8i Q0 10 ~—S8i—0

CHg

PROPOSED
FRAGMENT

SiCH2
SiO
CgHg
Si0O3CHg
Si04CH2a

CHg
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TABLE 6

Proposed Mass Spectrometer Fragments for DC-302 Siliceone

Fragment Relative Intensity
117¢°¢C 230°C 360°C

Water 100 100 13
SiCH3 28 25 84
Si0 31 17 43
Phenyl 11 29 100
Toluene ) e

: 33 41 15
SlO3CH3 )
SlOQCH3 13 1 1

TABLE 7

Proposed Mass Spectrometer Fragments for BRP-50201 Silicone

Fragment Relative Intensity
110°C 350°C

Water 6 2
SiCH3 11 2
Si0 - 1
Phenyl 3 100
Toluene) 5

: 100 2
SlO3CH3)
Si0,CH 3 4

4773

4
=




TABLE 8

Proposed Mass Spectrometer Fragments for CS-4202 Silicone

Fragment Relative Intensity

202°C 375°C
Water 12 1
SiCH, 14 16 :
Si0 8 -
Phenyl 37 100 i 
Tgluene} _ 3 |
5i0;CH;) :
SiOQCH3 - 2

44
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The BRP-50201 silicone material also losas wa
slowly until above 500°C with the largest loss in air baiween
500-600°C. The mass spectra (Table B-4, Appendix B} at low
temperatures show very little water loss (see alsoc Table 75.
The largest peak, which occurs at 91, is probakly due to
SiO3CH§ or the toluene solvent [20]. The high temperature
spectra are dominated by the phenyl peak at mass 77 and
fragments at 38, 39, and 50-52. The peaks at masses 40 to 44
could be due to methyl-silicone groups. The spectra for
BRP-~50201 indicate the presence of large molecules with ;T§

masses up to 280.

The silicone~glass composite, (CS5=4202, lost only miror

5

amounts of material up to 500°C. As with other samples,

¢

more material was lost in air than in N,. The mass spectra
(Table B~=5, Appendix B) indicates that only minor amounts of
water were lost (see also Table 8). The peak at masses IE, r5”
39, 50=-52 and 77 indicates the presence of phenyl grouoss.
The peaks for masses 40 to 43 could be due to methyl-silicons
entities.

Several comparisons can be made between these materials.
The silicone-based materials (aklyl-phenyl-silicone compcsites)

had much better thermal stability than the phenolics (with

phenolic and amine based constituents). The silicone-gl
composite CS-4202 was the most stable material because
the least amount of weight at high temperatures. All the

materials lost more weight in air when compared to the welght

lecss in N The MXB-71 and FM-5135 phenolics were the least

9°

stakble in air and N,. The mass spectra of MXB-71 and F¥M-217°5

were similar. Both materials probably contain amines and phonc!




The FM=-5135 spectra between 200-300°C were dominated by the
loss of NH3. All of the materials except the BRP-50201 and
CS-4202 silicones lost a large amount of water. At the higher
temperatures all the spectra indicated the presence of heavier
molecules but the spectra for BRP-50201 had molecules with
molecular weights that were 100 to 150 mass units larger than
any of the other materials.

VI. CORRELATION OF ELECTRICAL AND THERIMAL RESULTS

Certain correlations can be made between the electrical
and thermal characteristics. For the phenolics, FM=5135 and
MXB-71, the mass loss which occurs between 200 and 300°C
(water and/or ammonia and amines) correlates with the conduc-
tivity peak at 250-270°C (see Figs. 19 and 20). As the
temperature is increased and volatilization occurs, the mate-
rial exhibits a decrease in the conductance (above 250-27(°C)

which produces a peak in the conductivity temperature dependence.

As the temperature is further increased the loss of cther mass
species occurg (phenolic and amine groups and higher molecular
weight species) and results in a second peak in the conductivity
at v400°C. The position and magnitude of these peaks are
expected to vary with heating rate. As the material pyrolyzes
with heating to 2500°C, 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 phenclics.
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They éxhibit less mass loss, have lower conductivities in the
low temperature region (below 300-350°C), and exhibit less pro-
nounced conductivity peaks and deviations from chmic behavior
{see Figs. 21-23). The CS8-4202 silicone is the most stable ~of
the materials examined and is the best insulator belcow 230
At the higher temperatures, the silicones lose both alkyl-silicone
and phenyl groups as well as high molecular weight polymers.

As for the phenolics, the changes in conductivity correlat

85}

with outgassing and/or decomposition of the material. Conducti-ity
peaks are eliminated after pyrolysis upon temperature cvecling or
postcuring. The conductivity decreases with pyrolysis upon

heating the silicones to 600-650°C (phenolics to ~500°C). tpon

heating to higher temperatures the material carbonizes and the

s

conductivity increases in a manner which is relatively inde
dent of the starting material or previous postcure conditions
[5,91.

Deviations from ohmic behavior in all of these materials
appear to be most pronounced when the material is not in a
state of equilibrium. At low temperature in the insulating
state nonohmic behavior may be due to outgassing or other

material or contact properties. At higher temperatures,

non-equilibrium effects related to decomposition and/cr

outgassing.

4%
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VII. CONCLUSIONS

These experiments show a direct correlation between
thermal stability and temperature dependent electrical
conduction characteristics in silicone~ and phenoclic-bassd
materials. Peaks in the conductivity and deviations from
ohmic conduction correlate with decomposition and the loss
volatiles from the material. The excellent correiation
thermal and electrical properties suggests that electrical
conductivity can be used as a thermal analysis tool in
characterizing these materials.

These studies have also shown that the conductance is
relatively independent of electrode material, surface cor-

duction, polarization effects, and voltage polarity

a3
i
=
4

magnitude. This suggests that in these experiments a bulk
property of the material (conductivity) has been measured.

Furthermore, the nature of the conductivity appears to be

principally electronic in character especially in the

to expect some ionic character to the conductivity espocia
during outgassing and/or decomposition.

The application of these materials to firesets nmust

include consideration of structural as well as

characteristics. Whereas postcuring can improve Lic

electrical insulating characteristics at low tempera
must be recognized that such postcures may adversely affect
the structural properties. All of these factors must be

taken into account in selecting materials, processing

and postcure conditions for high temperature applicatio

cured and carbonized material. It seems reasonable, howover

fam—
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X. APPENDIX A
FPOUR-TERMINAL CONDUCTIVITY EXPERIMENTS

Four-terminal conductivity experiments were pursued on
the FM-5135 phenoclic. The sample and electrode configurzzior
is shown in Fig. A-l1. The current electrodes were across
ends of the sample, whereas the voltage electrodes contacied
ocnly the surface regions surrounding the specimen near the
center of the sample. The samples were cut from the same 2&.:3%s
as used for the two-terminal experiments. Current flow was 1

the plane of the disk, in contrast to the two~terminal

ments where current flow was normal to this plane. In ord

to avoid electrical leakage through the sample holder, the

sample and electrical leads were suspended within the

chamber, as indicated in Fig. &-2. The sample chamber sorved
as a thermal mass around the specimen in which a thermocouplo

was mounted. The sample and thermocouple temperature we

the same. The sample leads were suvported outside the hob 2z
bi

of the furnace. The circuitry used for the conduchtivity

. ments is shown in Fig. A-=3. For these experiments the woltause
across the sample was 300 V.

During the first cycle to high temperature the woltano

drop across the voltage electrodes had an unexpecte:

value and was nonohmic. However, the current-voltage

characteristics obtained using the contacts at the cndg of
specimen were very similar to those for the two-terminal

experiments of Fig. la in the text. An explanatiocn for th.s

hehavior can be given in terms of differences in sur:
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(SILVER PAINT)

Figure A-1. Four-terminal electrical conductivity sample and
¢lectrode configuration.
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Figure A-2. Sample holder configuration for four-terminal
electrical conductivity experiments.
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Figure A-3. Circuit schematic for four-terminal electrical
conductivity measurements.
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bulk conduction. Specifically, during decomposition the surface
may become resistive at a more rapid rate than the bulk material.
In this situation, the voltage contacts to the surface do not

ive an accurate measurement of a bulk property. This suggesticon
is consistent with results obtained upon postcuring where
reductions in conduction are observed after volatile constituents
are lost from the material. After the sample pyrolyzes upon

cycling to high temperatures (+600°C), the voltage measured using

the voltage electrodes on the surface was as expected for a sample

where the surface and the bulk of the material were in eguilibrium
Although more experiments need to be conducted in order to fully

-

understand these effects, it does appear that during decomp

that the surface of the material may become resistive more

than that of the bulk material. This would imply that the

area of coverage and positioning on the sample is important
experiments. In order to obtain the results observed in the

two-terminal experiments of FPig. la, the loss of volatiles f{rom

tho material under the electrodes during decomposition prob
occurred at a rate slower than that from material in an
unelectroded area. Thus, the electrode configuration may
influence the rate dependence of the effects observed in these

experiments.




XTI. APPENDIX B
MASS SPECTRA RESULTS
Chserved masses and relative intensities as a function of

temperature from mass spectromeiker experiments on phenclic anc
silicone materials,

Table B=-1: FM-5135 Phenolic

78°C 317°C 350°C
Mass Int Mass Int Mass Int
12 8 12 3 12 g
13 2 13 1 13 2
14 100 14 6 14 5
15 9 15 11 15
16 39 16 71 I6
17 11 . 17 100 17
18 35 18 80 18
26 7 25 1 25 &
27 14 26 2 26 11
248 100+ 27 7 27 3
32 63 28 31 28 B
37 4 29 8 29 25
38 14 31 7 30 4
39 11 32 2 37 bz
40 18 37 1 38 37
41 8 38 3 39 Lb
42 11 39 1 40 23
43 18 41 3 41 L
44 2 42 3 42 21
49 6 43 5 43 59
50 9 44 7 49 L4
51 6 45 12 50 41
52 4 49 1 51 e
54 9 50 1 52 15
55 8 51 1 53 7
56 7 54 1 54 1z
57 4 55 1 55 5
62 2 56 1 56 11
66 3 77 4 62 ]
69 5 &4
73 2 &5 *
77 26 76 24
77 Z
78
GG
93
1466
121
134




Table B-2: MXB-=71 Phenolic

116°C 225°C 00°C

Mass Int Mass Int Mass Iint

12 2 12 5 12 e

14 15 13 5 13 5

15 2 14 18 14 9

16 15 15 39 is 34

17 72 16 21 18 23

15 160+ 17 89 17 32

26 2 18 100+ 18 ]

27 4 24 3 19 3

28 100 25 5 25 5

31 2 26 29 26 27

32 19 27 61 27 7
38 2 28 76 28
39 6 29 58 29
40 4 30 lé6 30

41 6 31 95 31 B

42 4 32 18 32 5

43 4 37 8 36 4
44 9 38 11 37
45 & 39 34 18
50 2 40 16 39
51 4 41 39 40
52 2 42 39 41
55 4 43 58 42
56 2 44 24 43
57 2 45 1060 49
77 11 46 37 50
57 5 51

58 5 =2 &

59 3 53

65 3 54 27

77 3 62 27

93 3 64 2

106 3 E5 36

74 4

76 45

7E £

90 27

572 5

163 El

198 2

11z G

121 4%

135 %




Table B=3: BC=-30

hS)
n
oo
oot
e
QO
4]
3
D

11i7°C 230°C I60°C
Hass Int Mass Int Tzss  Int
12 2] 12 3 1 et
1 1 i3 1 13 i
14 51 14 g i4 5
1 ) i3 12 15 17
16 27 i6 o 16 7
17 47 17 28 17 g
183 106 18 100 19 13
25 1 26 [ 13 i
26 5 27 18 25 2
27 17 2 55 26 24
28 1004 29 13 27 4o
32 45 3% 3 Z8 43
37 2 31 5 29 35
38 4 32 7 11 K
39 19 37 K1 32 i
4n 13 19 7 17 i ‘
41 23 39 22 3B 3 |
42 15 40 & kR
43 28 41 14 41
44 31 42 11 42
45 17 47 25 %9
50 5 44 17 44
51 9 45 B5 47
52 g B ] 46
53 5 51 12 49
54 4 52 7 51
55 17 55 1 51
%6 12 57 1 5¢
57 17 1 573
10 in [ ] 7 54
797 11 &4 7 55
93 33 7 20 €2
107 13 1y 41 &7
107 1 6% .
70 I
71 kY
79 273
? i3
TR 1%
79 16
B0y 18
81 20
52 2%
91 15
a6 Z
1573 3
114
117 2z
127 7
141 i
1573 A

a




Table B=4: BRP=-502Cl1 Silicone

118°C 3s6°0
Mass Int Mass int
12 1 12 1
14 4 13 1
15 1 14 1
16 2 15 7
17 2 16 3
i8 3] 17 1
26 1 ig 2
27 6 25 1
23 36 28 1n f
29 B 27 11
30 1 28 %
31 1 23 3
32 5 3n 1
37 i 31 i
33 3 32 i1
39 11 k1 i
40 5 37 7
41 11 i 17
42 5 16 27
43 11 &0 7
45 3 41 4
46 2 42 3
50 4 43 2
51 7 44 )
52 3 49 5
5% 8 50 12
56 B 51 &0
57 . i1 52 32
&n 1 54 3
61 3 5% 2
62 7 56 L
64 9 62 &
65 &6 K
68 5 71 4
69 ) 74 7
70 & 77 a6
7 3 9] 3
B2 4 99 L
/ 84 4 104 1.8
88 3 116 I
g1 109 127 0. %
213 4 131 6.5
104 3 140 f.5
110 3 153 0.5
118 2 176 6.5
125 2 196 1
132 1 108 .5
139 2 206 3
143 1 269 .5
151 1 280 1
1523 1
155 2
192 1
206 1
250 1




Table B-5: (C8-4202 Silicone

202°C 375°C
Mass Int Mass Int
12 3 12 1
is 1 13 1
14 12 14 2
15 3 15 &
16 7 16 2
17 5 17 0.5
18 12 18 1
26 3 25 1
27 10 26 19
28 100 27 14
29 19 28 13
32 14 29 2
37 2 36 1
38 3 37 G
39 12 38 15
40 7 39 3¢
41 19 40 11
42 10 41 21
43 14 42 1¢
44 8 49 o
45 8 50 34
50 5 51 L€
51 7 52 36
52 5 62 16
53 3 G6& &
55 14 73 i0
56 8 77 164
57 10 g1l 3
62 2 90 5
b4 1 103 2
67 3 114 1
69 7 117 i
70 5 128 1
71 3 142 0.5
72 2 154 i
73 2 168 .5
77 37 178 G3.%
186 1




Distribution:

. Sadler, DEl4-1, BKC
Smith, D814-2, BEC

(@ W
oo

1554 O. Milton
2333 E. H. Barsis
2360 T. L. Workman
Attn: 2363 H. M. Barnett
2382 G. L. Cessac
4310 (. . Burks
4321 G. J. Hildebrand:
432 E. £. Ives
424 H. W. Schmitt
43 J. A. Hood
44 £. A, Salazar
31 ", M. Biefeld (5}
5E Claassen
3820 R. E. Whan
583C M. J. Davis
5840 W. J. Magnani
5810 R. 4. Kepler
Attn: S5S81l1 L. A. Harrah
5811 C. Arnocld
5811 R. L. Clough
5811 R. E. Trujillo
5813 J. 4. Curro
5.4 F. P. Gerstle
Attne: 5814 K. R. Hirschbuehler
5815 n, T,
5815 J.
n F, F
J. F
‘ W. E. Alzheimer

Wirth
. Cozine
M. Echuster

BR. L. Rinne

T Ca

O

g Bod

O
.

\I;:‘;“.;’)
ol
v

1 L. Erickson (5)
51 W. L. Garner (3)
54-3 C. Dalin (25%)
{(for DOE/TIC) {(unlimited release)

a6




