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SPACE SNUTTLE NONMETALLIC MATERIALS
AGE LIFE PREDICTION

by

G, David Mendenhall, John A. Hassell, and Richaru A. Nathan

INTRODUCTION

Space vehicles are an extraordinarily complex assembly of
components with varied composition, The useful service life of these
components is of great importance since the conditions of their use often
makes repair impossible, or at best inconvenient and costly,

Adoption of meaningful age prediction tests for polymers has
been slow because present methods do uot correlate very well with natural
aging results, Most, if not all present test methods accelerate the
aging process by increasing temperature, oxygen partial pressure or both,
Such test techniques may lead to large age life prediction errors since
reaction mechanisms may be completely changed from the normal aging
reaction mechanisms,

A techuique such as chemiluminescence, which provides a capability
to examine the reactions which cccur at room temperature, can be of great
value since kinetics of reactions can be studied and age life predicted
under identlcal conditions, Light emitted by the aging reactions as they
proceed may provide the ncecessary elements upon which an accurage predictive

‘chnique can be developed.
Th2 develeopment of an accurate age life prediction technique can
ovide for a better selection of materials, which can result in lower program
costs both initially and long-term.

In this program we have shown that the chemiluminescence emission
from polymeric materials is a sensitive function of its tempe:rature,
environment, composition, and mechanical and chemical history. Correlations
between these variables have bevn ovbtained as a first step toward useful

age life prediction eof the polymeric materials.,



SUMATY,

The chemiluminescence, or emission of "cold-1lipht", from samples
of cig~polybutadiene, Viton, Teflon, Silicone, PL 731 Adhesive, and SP 296
Boron-Epoxy composite was measured at temperatures from 25 to 150 C (77 to
302 F). Lxcellent currelations were obtained boetween chemiluminescence and
temperature, These correlations serve to validite accelerated aging tests
(at elevated temperatures) desgigned to predict serviee life at lower
temperatures,

In most cases, smooth or lincar correlations were chbtained beatween
chemiluminescence and physical properties of purified polymer gums., The
physical properties included tensile strength, viscosity, and loss tangent,
The latter is a complex function of certain polymer properties. Data were
obtained with far greater ease by the chemiluminescence technique than by
the conventional methods of study.

The chemiluminescence from the Teflon (Halun) samplez was discovered
to arise from trace amownts of impurities, which were undetectable by
conventional, destructive analysis of the samplu.

Milling en a rubber mill of five polymer gums produced chemi~
luminescence due to the mastication, This result confirms the possibility
of studying the effects of mechanical deformation on polymers by the

chemiluminescence technique.

Experimental

The Chemiluminescence Apparatus

An artist's rendition of the chemiluminescence apparatus appears
in Figure 1. The heart of the apparatus is an RCA Model 4501/v4, l2-stage
photomultiplier whose output can be displayed in analog (strip-chart
recorder) or in digital (counts/secounds) form. Below the photomultiplier
head are a sequence of shutters focusing lens, and a wheel containing

filters, The sample is placed in the inner chamber of a two-compartment oven,



The inner chamber is provided with electric heating elements, while the
outer chamber is cooled continuously to avoid heating the aluminum box that
contains mechanical controls., Provisions are included for metering in two
gases into the sample oven at rates read from flow meters.

Background counts with no sample in the oven were found to be a
function of temperature (increasing with increasing temperature) and were
larger ip oxygen than in argon, This Incresse turned ocut not to be
significant because the sample counts cxceeded those from background by
several orders of magnitude.

Chemiluminescence in argon at 100 C (212 F) and 150 C (302 F)
showed an initial rise associated with warming of the sample, and the data
were taken after the counting rate achieved a conetaut or nearly constant
value (Table l).

Color filters (2" x 2") were placed in somc of twenty slots in an
aluminum wheel mounted between the sample oven and the photomultiplier
tube (Figure l). Filters were changed by remote control. Slots without
filters alternated with slots containing filters, in order to minimize the
time to obtain filtered and unfiltered counting rates. The change from one
filter to an adjacent one required about 10 seconds, followed by at least
30 seconds observation to obtain an averages count. This procedure is
satisfactory except when the counting rate was changing too fast for a
linear interpolation from unfiltered counting rates at the beginning and
end of each determination. As u consequence most of the filtered data had
been obtained in later stages of runs,

The data is given in the figures in terms of f(A), the fraction
of the unfiltered emission rate observed with a cutoff filter whose 0.D. is
0.50 at A nm. The values cannot at present be translated directly into a
gpeetral distribution, since a correction for iLhe speetral sensitivity of
the photomultiplier is necessary. For the purposes of detecting subtle
changes in chemiluminescence emission, however, the f(3} values are adequate
and probably more useful. Their accuracy in most cases reported here is
believed to be + 0,01. wu.. filtered counts were near the unfiltered value
or near the background levcl, they obviously contained larger ertors.

Background emission was significant in many cases although in most cases
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emigsion rates from samples were far greater than background. Significant
background counts were subtracted out when reporting data.

Several procedures were developed to examine chemiluminescence
from the samples being evaluated. This was necessary because the properties
of the processed polymers differed markedly from those of uncured gums., The
different procedures, which will be referred t° in the text by the appropri-
ate letter, are described in the following paragraphs.

Procedure A, Samples of the commercial, compounded, and cured
polymers were cut into rectangles (40 x 37 mm), mounted on aluminum holders
for 35 mm slides, and placed in the oven of the apparatus. The aluminum
holders alone gave off relatively little chemiluminescence under these
conditions. The same sample of material was exemined first at 25 C (77 F),
then at 70 C (158 F), and then at 53 C (127 I) in an oxygen atmosphere.

A new sample of each material was examined at 100 C (212 F) in oxygen.

At 150 ¢ (302 TF) we anticipated changes may have occurred during warm-up

if it took place in oxygen, so samples were placed in the oven of the
photon-counting apparatus in argon, and oxygen was admitted when the photon
count (under argon) had reached a nearly constant level. This required 10-
15 minutes at the two higher temperatures. Cn admitting oxygsen at 150 C
(302 F) to the sample under argon, the photon count increased by 1-2 orders
of magnitude within 5-10 minutes and typically then increased or decreased
by 1-2%/minute after that,

Procedure B, Polymer samples were loaded onto shallow pyrex
dishes and introduced into the chemiluminescence apparatus preset at the
desired conditions of temperature and atwosphere, Chemiluminescence data

were calculated in terms of counts per gram-sec.

Procedure C. A sample of polymerilc material was compressed
between two clean aluminum sheets at 1400 psi for about 30 minutes. One
sheet was peeled off and the other, bearing a film of polymer, was trimmed
to fit a 35-mm aluminum slide holder. The sample was then examined as in

Procedure A.



Procadure D.

A solution of the olymer and any other desired

ingredient was prepared, filtered, and concentrated to a small volume. A

portion of the solution was placed in a tared aluminum cup.

Attenpts to

dry the polymer by evacuating a dessicator containing concentrated

polymer solutions led to boiling and highly irregular surfaces,

Therefore,

the solvent was evaporated in a dessicator equipped with an inlet to admit

a stream of argon or nitrogen.

was handled and measured by Froeedure C.

The somple, which was smooth and regular,

The polymer samples we exumined in this project included the

rollowing:

Polymer

Source

State

cis-Polybutadiene 1203
cis-Polybutadiene
SBR-1500

Methyl Phenyl Siloxane
RIV 540

Viton E60-C
Natural Rubber (Malaysia)

Natural Rubber SMR-5
Teflon G-80
Teflon G-10

Polyurethane "Estane"
57013

PL 731 Adhesive

5P 296 Boron-Epoxy
Composite

Viton A
Silicone ¥W-96
cis=FPolybutadiene

Processed Folymers

Phillips
Battell.-¥:., aer Sec,
Iirestoue

General Electric

DuPont

Malaysian Rubber
Producer's Assoc,

Battelle-Polymer Sec,
Allied

Allied

B. F. Goodrich

NASA-Johnson
NASA-Johnson
Dulent

General Electric
Phillips

Compounded cured sheet
Cured gum sheet
Compounded cured sheet

Compounded material;
was cured into sheet
according to supplier's
directions.

Compounded cured sheet

Compounded cured sheet

Cured gum sheet:
Molded sheet
Powuder

Granules

Thin shect and as film
on titanium

Film on titanium, film
with 8P-296 on
titanium

Colorless lumps
High viscosity oill

Brown lumps.
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Puxification of Commercial Polymers

Commercially availlable polymers contain a wide variety of additives
and impuritles., In an attempt to sepavate the UL behavior of the various
polymars from the impurities contained In thom they were purificed by viarions
methods,

Silicone Gum W-4H, The colorless high viscasity liquid was s~

solved in argon-flushed benzene (29 cefg) aud previpiviated with argon-

flushed methanol in a nltroger atmousphere, The precijitation was repeatod

twice more, and the final product evacuated uvernlght at 25 € (74 T) with

oll-pump pressure, The prodw t was stered in the dausl in an argon atmosphere,
The structure of this polymer is that »f a vinyl-containing methyl

silicone, the vinyl groups heing introduced deliverataly to facilitate cross-—

linking during the curing process.

(CHy, CH = CH,)

€0~ 81 ""*ﬂﬁn

(ciy, € = CH,)

For chemiluminescence studies the sample was cxamined by Methed B,
The sample of material was removed after the experiment and stored in a

bottle in the dark until rheological experiments were made.

Viton A. A 10 g-sauple was dissolved in acetone (100 cc) and
precipitated with excess distilled, argon-flushed water in a nitrogen
atmosphere. The process was repeated .wice more, and the residual, white
polymer was evacuated at oil-pmp pressure at 25 C (74 F) for 48 hr.

Samples were examined by Metihod B. The final product was not suitable for
direct study of rheologilcal propertics, so excess acctone was added to the
samples. After standing at least 24 hr in the dark, the solute was decanted
from any insoluble material present and concentrated (1) to dryness if not

all of the material dissolved, or (2) to a 20% solution for viscosity measure-~

ments.



tstane 5703, A telephone call to Mr, Richard Loveless at B. F.
Goodrich Co. in Cleveland ylelded some information on the material we were
studying., Estane 5703 is a linear, aromatic-type polyester containing a
linear diol, The product is sold without additives or antioxidants., The
material s dusted with tale, which can be removed e=sily by filtration
of a solution of the polymecr.

We experienced great difficulty in obtaining desired amounts of
this polymer by solvent precipitation from %enzene with hexane, or from
acetone with water, In view of information from Goodrich, we feit adequate
purification was to dissolve the material in acetone, filter, and concen-
trate to dryness followed by evaceation with an oil pump. The product was
examined by Meihods B, C, and D,

cis-Polybutadiene. GSamples of brown cils-BR gum were dissilved

in benzene and precipitafed with methanol. The treatment did not change
the color of the samples.

Teflon. Halon G-10 was extracted in a soxhlet extractor with a
1:1 benzene-2-butanone mixture for 24 hr., dried in 2 vacuum of 0.1 torr,
and examined €or chemiluminescence. The extracted material was extracted
an additional 24 hr, with fresh solvent mixture. The Halon was dried and
examined for chemiluminescence. The results appear in Table 4 and in
Figure 28.

The solvent from the extraction, which had acquired a yellow~
brown color, was removed at reduced pressure to give a sticky, yellow-
brown material, 0.147 of the original weight of Halon G-10. The material
showed chemiluminescence under the conditions of ti:e original experiment,

but it was no%t examined further.

Tensile Strength Measurementn

A cured gum sample of cis-BR rubber prepared in the Polymer Section
of Battelle~Columbus Laboratorics, was cut into dumbbell-shaped sections

that were aged at 150 C (302 F) in an oven in air for various lengths of time.



The tensile strength of virgin and aged samples was ohtained in the

usual fashion with an extension rate of 5.08 cm (2.0 in,) per minute.

Vigscoslty Measurements

Values of tangent (@) and the viscosity functions were determined
on a Weissenberg rheogoniometer using a cone-and-plate ass¢mbly. Changes
in viscosity reflect changes in polymer chain length and in the degree of
crosslinking., Tangent 8, or the loss tangent, is the ratio of viscous to

elastic response in a material,

Milling Study

Fifty-gram samples of polymer gums were milled for 20 minutes.
The mill was operated at 50 C (122 F) in air with a gap of 0.051 em (20 mil)
and a differential speed between the rolls of 15 rpm. The chemiluminescence
of each sample in oxygen at 50 C (122 T) was determined before and after
milling by Procedure B, The results are given in Table 8.

RESULTS AND DISCUSSION

The results of the work performed on thig project can be divided
into two main parts. The filrst concerned chemiluminescence emission from
standard compounded sheets of polymeric materials supplied by the manu~
facturer, Correlations were made between observed chemiluminescence and
physical property measured and data supplied by manufacturer.

In the sctcond part of the program, uncured, purified polymers were
treated by physical and chemical techniques, and the changes both in
chemiluminescence and in physical properties were measured over extended
times. Correlations werzs made between the two sets of data so obtained.

The lower values of chemiluminescence under argon than under
oxygen (Table 1) at the same temperature indicates beyond doubt that most
of the chemiluminescence we observe is due to an ongoing oxidation process,

and not merely the decomposition of some component of the polymers that



produces light emission. The residual sample counts under an argon atmosphere
ig real and significant, however, and it may be the result of the decomposition
of peroxides present in the sauple, by way of radicals that terminate té give
excited states, In the presence of oxygen, these peroxide decompositions,
along with other nonchemiluminescent reactions serve to initiate the usual
radical-chain decomposition:

Argem -y 2R0» —» RNCO* ——> hy

2
ROOR'

oy)
~\\\\\\\“‘ﬁhno- ~——3> ——> ROQ» —> —> R, C=0% — hy

2

The apparent linearity of most of the plots of log (counts/scc) vs
T;%s (Figures 2-11) is an intecesting and somewhat unexpected {eature, The
values at 25 C (77 F) (furthest right point) are uncertain within +2 counts
for statistical reasons, and the value at 150 C (302 F) is suspect because
of the rapid changes at this high temperature. Moreover, changes in count-
ing rate of the order of 1-2%/minute aven after temperature equilibration
make the selection of the "true" count difficult, In view of these approxi-
mations, am: of the complex nature of the materials under study, the results

are gratifying. The energy of activation for chemiluminescence in the

temperature range 25-150 C (77-302 F) in at least seven of the 10 samples,

is similar, consequently the mechanism of oxidative degradation is possibly

similar,
Our analysis of the data follows that of Lundman,(1 ) derived for
hydrocarbon oxidation in the liquid phase. A steady-state concentration of

hydroperoxide was assumed to form by the process:

2RO0H — RO« + (H20 + ROO-+)
RO* 4+ R'H —— R'+ + ROH

R'+ + 09 —> R'00-

R'00e + R'H —> R'OOH + R'-

dROOH _

ac - ©

(1) 6. Y%. Lunden, Thesis, University of Minnesota, 1944.
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The maximum emission of light in a sample occurred when the steady-
state concentration of ROOH had been reached. We have no way to verify
whether this approach is correct (an alternate treatment could be based on
the assumption that a relatively constant concentration of some initiator
is present at all temperatures)}, It is reasonable to assume the same set of
reactions will also be present in polymer oxidatcion, and can be subjected to
similar mathematical treatment.®) A second point is that the values of
activation energy (E,) obtained, i.e., 18 + 1 kcal/mole in seven cases,
lie close to a value of 20.8 + 1.9 obtained by Lundeend) for the spontaneous
oxidation of tetralin., From his analysis, the principal terms comprising

EI are
max

Eq + 2E3 - E3, where

Eo= 3 for 2R00: ——~ R'oC=0%* + ROH + 09
E3» 8-~15 for RO+ + RH —— R* + ROOH
E43 1 for ?R02 —— ch=0 + ROH + 02

Initisl Rate of Chemiluminescence Emission

At temperatures above room temperature the emission rate always
increases initially. With extended times the rates in some cases begin to
fall,Figures 12-21 show the chemiluminescence from polymer samples in the
as-received condition at 70 C (158 F) in oxygen and chemiluminescence from
the same samples after thermal aging., For most there is no pronounced peak-
ing of light emission within 15 minutes, as is often the case with liquid
hydrocarbons under these conditions. Cis-Polybutadiene (07 and Ar), Viton
E60~C (Ar), Halon G-80 (03), and perhaps Silicone RIV-560 (Ar) show gradually
increasing emission rates with time, and in some cases may reach a maximum
after extended times. For practical reasons we have not used longer olserva-
tions. In part this dis based on the fact that any rapid screening technique
for polymers would bhe limited severely by a requirement for long examination
times for each sampie.

After aging, the initial emission rates are constant for cis-
polybutadiene, Viton E60-C, SBR~1500, and Silicone RTV-560 in argon. The
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emission rates increase for Halon G~80 (under Ar) and for Silicone RTV-360
in oxygen, The initial emilssion rates for Halon G-80 in oxygen decreased
with heat-aging.

Correlations of Chemiluminescence from
Polymer Samples with Aging Data

Samples of cils-polybutadiene, Viton-E60-C, Halon G-80, SBR-1500,
Natural Rubber (Malaysia), and Silicone RTV-560 were aged for various times
in air at elevated temperatures, The aging times were selected to correspond
to physical property data given to us from the suppliers of the polymers,
although quantitative data were not available in every case,

Our most satisfying results were obtained from natural rubber
supplied by the Malaysian Rubber Producer's Research Association. Curves
of chemiluminescence versus time are shown for rubber and after aging, on
Figures 22-24. With aging we note an increase in the initial intensity of
light emission under argon, and the development of a maximum in the sample
after 48 hours. The steady-state Intensity under oxygen increases from
time zero to 24 hours, and then decreases at 48 hours, though not to the
value observed originally.

Tensile strength data for this rubber show a continuous decrease
with age at 125 C (257 F). Clearly the Loax in oxygen will not correlate
with tensile strength, since the former first increases and then decreases
(Figure 25). On the other hand, deterioration in polymer properties wili
be the cumulative result of oxidation reactions, and may be expe-ted to
correlate with the total light emitted. This 1s proportional to the number
of chain terminations in the sample, which is proportional to twice the radical
chains that have taken place. Figure 26 shows the plot of tensile strength
versus relative light emitted from the sample. A fairly smooth curve is
obtained.

This figure would allow onec to predict the tensile strength of a

rubber sample from its chemiluminescence versus time behavior. Predictive

bt ehavior at lower temperatures would require additional data at other

temperatures, of course.
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Attempts were made to improve the correlation for this polym.r
by examining the chemiluminescence at 100 € (212 F) rather than 70 ¢ (158 F),
the same tomperature as the aging. Measurements were determined initiully in
the unaped condition and after aging for times corresponding to literatare
data on tlwe mechanical properties. Data for the samples appear in fable 13,
The aping and chemiluminescence measurement temperatures match in this casc,
For plottiug on Figures 26A data from samples 1 and 3 were normaliuzed
to aprec with Sample 2 by multiplying their fractional decrease in counting
rates by the initial counting rate of Sample 2,

Attempts to duplicate the result for natural rubber (Malaysia) with
other polymer samples were less successful, The chemiluminescence from
Halon G--8U decreased sharply from time zero to 24 hours (Figure 27), In
this time the weight loss, indicated by the top curve, was given by the
manufacturer as 0,0002%/hour, The sample, however, contained surface
contaminunts, and the relationship between the light emission and changes
in the polymer could not be determined with any certainty.

Pure polytetrafluoroethylene should not give rise to luminesence
by any plausible oxidative mechanism. However, measurements of as-recelved
Halon G-10, a powdered material, showed repeated counting maxima ac 80 €
(176 F) of 49 and 54 cps. Extraction treatment reduced the maximum to Z1
eps, aud the count decreased to half of this value after 60 minutes.

Two extractions gave a product that displayed a counting maximum of 14 cps.
This count decreased to 4 cps after 40 minutes. The simplest explanation
for this result is that an oxidizable material that gives chemilur nescence
is removed slowly by solvent extraction. The residual counting rate of
Sample 4 (Table 4 and Figure 28) may be due to small amounts of unextracted
material that, due to the sensitivity of our apparatus, gives rise to
measurable luminescence.

Untreated Halon G-80 sheet supplied by DuPont under thesc conditions
gave a maximum of 173 and 150 counts/sec. The counting rates decreased to a
quarter of these values on extended observation (Table 4) at 80 C. A fresh
sampl: oif Halon G-80 was prepared by abrading the surface with a razor blade
until surface contamination was no longer evident, This process reduced the

counting maximum to 46 (Sample 7), a value close to that observed for
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untreated Halon G~-10 (Samples 1 and 2). We supgest that the bulk phase of
Halon G-80 contains oxidizable material, and that the abrasion process simply
removes an excesgs of contaminant on the surface from the extraction of
Halon G-10.

A sample of Halon G-80 was submitted for combustion analysis.
The results did not differ from those expected from pure polytetrafluoro-
ethylene, It is thus possible to detect impurities in Teflon at far lower
concentrations than are with destructive analysis, and with a technique that
does not destroy the sample.

A sample of cis-BR rubber (prepared at BCL)} contining carbon
black was heat aged in an attempt to repeat correlations obtained with the
BR~1203 sample. The emission rates were low (<100 cps) and nearly constant
at 150 C (302 F) in air during a 38-hr observation period. This result
correlated very well in a qualitative fashion with the physical measurements,
which also showed little change on aging (Table 6).

Two samples eacin of SBR-1500 and silicone RIV-560 were aged at 100 C
(212 F) and 316 C (600 F), respectively. Chemiluminescence was observed
from all samples. Further observations for longer periods will be necessary
to cbtain correlations for the SBR-1500. It will be necessary to obtain aging
data for Silicome RTV-560 to obtain age-life correlations,

Mechanical Treatment
and Chemiluminescence

In Table 7 is presented the results of mechanical treatment of two
samples of SBR polymer on the chemiluminescence intensity in oxygen at 14 C
(57 F). The increases are significant and indicate the chemiluminscent
technique will be useful for studying autoxidation processes initiated by
mechanical deformation,

Physical stress on polymeric materials can induce degradation by
rupture of bonds which then causes further damage by radical-induced oxidation.
This mechanically-induced oxidation can be detected by chemiluminescence

techniques.



14

This effect was demonstrated more systematically for a serles of
polymer gums that were milled under identical conditions (Table 8). The
chemiluminescence increases in every case. The chemiluminescent emission

Viton A is absent originally and induced entirely by the milling

treatment.,

bffect of Compounding on Chemiluminescence

A dramatic effect of compounding on chemiluminescence intensity
wag shown for different cis-butadiene samples. It is suspected that the
low counting rates for commercial polymers stemmed from the presence of
carbon black and other compounding agents in the polymer samples. These
absorb light strongly and reduce the amount of chremiluminescence that is
detected with the photomultiplier. Table 9 demonstrates the effect of
compounding on light emissicn from different samples of cis—-polybutadiene.
The large decrease noted in the compounded and cured material results in
part from the absorption effect, and partly, of course, from the presence of

stabilizers that reduce the rate of oxidation.

Correlation of Polymer Stability With
Ernax for Chemiluminescence

Values of Eyp.. were obtained from the slopes of lines drawn through
points of an Arrhenius plot. The Arrhenius figures were made by plotting
the log of chemiluminescence emission obtained by procedure A vs, 1/T.
It is apparent from Table 2 that there 1s no simple correlation between
polymer stability and Ep,... The Halon G-80 and natural rubber samples have
Eipayx identical within error, as do the Viton E60~C and polybutadiene
samples, although each pair differs greatly in stability.

Also there does not appear to be a simple correlation between
chemiluminescence intensity and polymer stability at any temperature,
although the Viton and silicone samples are expected to be the most stable

and do show the least light emission. Part of the reason is the presence

of carbon black as pigment in the pnlybutadiene, SBR-1500, Viton E&0-C,
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silicone rubber, and probably other samples, Self-~absorption will reduce
light output, and the measured intenmsity will not be the intrinsic intensity.
Viton E60-C displayed a very low counting rate in oxygen at 70 C.
The chemiluminescence-aging data are shown in Filgure 29 together with tensile
strength given for the same aging times. There is no clear correlation
between mechanical strength and either with counting rate or with the area
under the intensity versus time curve.
cis~Polybutadiene displayed behavior similar to Viton, as shown in
Figure 30. There was little change in counting rate with time at 100 C
(212 F), and the counts did not change systematically. The tensile strength
decreased in a linear fashion at these temperatures,

Chemiluminescence from
cis-Polybutadiene 4-1203

The improved condition with Natural Rubber when the aging and
chemiluminescence were done at the same temperature, cncouraged us to try
with cis-ER as well, Four cured samples of cis-polybutadiene 4-~1203 (Phillips
Petroleum) were examined for chemiluminescence at 100 € (212 F) in oxygen.
Two samples were aged in air at 100 C (212 ¥) for 24 hr and two for 72 hr.
At the end of the aging periods the samples were examined for chemiluminescence
under the same conditions of the original examination., The results are given
in Table 5.

Plots of counts/sec observed for the samples vs time of aging,
and of normalized total relative emission vs tensile strength appear in
Figures 31 and 32, respectively., The results are of uncertain significance
because of the limited amount of data, but the linear relationship observed

in Figure 32 is encouraging.
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Chemiluminescence of Purjified Polymersg

The preceding results were encouraging, but the complexity
of the commercial products limited what we could say about the
chemiluminescence emission, We therefore studied a series of pure
polymers, that is, uncured and without fillers, pigments, or anti-
oxidants, in order to establish a base set of data. The effect of
additives and processing could then be studies, we felt, in a more

systematic fashion,

ilicone W=96

Striking changes in light emission were found for Silicone W-96
gum a5 & function of time. The curves are shown in Figures 33-36, and
the conditions of aging for this and other gums are summarized in
Table 10, We ascribe the initial rise in chemiluminescence, which is
on the order of the warm~up time, to increased terminations at the
high temperature, The radical source is not known, but is presumably
peroxidic material present in the sample, The decrease after the rise
may be due to consumption of these peroxides, which results in a decreased
termination rate, Development of absorbing impurities may be a small
factor in the decrease in emission, but the samples at 193 C (379 F)
remained visibly without color.

The slow rise after the minimum in Run 41 (Figure 34) may be
due to the development of an emitting species (fluorescer) among the
degradation products. The increase was not seen at 150 C (302 F)
Figure 36).

The greater chemiluminescence at 150 ¢ (302 F) than at 193 C
(392 F) is consistent neither with our expectations nor with past experience,
We suspect that an impurity was present in the batch of silicone used for
the lower temperature runs, The impurity may be either an emitter or a

substance more easily oxidized than the silicone itself., (A simiiar case
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was found for Halon G-10 and G-80). Alternatively a quenching impurity

may have reduced the chemiluminescence from the sample at 193 C (379 F).

The viscoelastic properties of the two samples (Figures 37 and 38) differed
little. This indicates that chemiluminescence is a more sensitive technique
than conventional methods for measuring polymer properties.

A free-radical process in the gilicone gum will increase its
modulus (stiffness) by crosslinking., Peroxides are in fact recommended for
this purpose by the manufacturer, and the monomer contains vinyl groups to
facilitate the process. Although the complex modulus did not change greatly
with heat aging (Figures 33-42), values of tangent (8), which is the ratio
of viscour to elastic response, clearly showed the expected effect of
cross-linking (Figures 43 and 44), A lincar relation between total
chemiluminescence emission at 193 C (379 F) and tangent (8) at 10 sec-l
appears in Figure 45, The corresponding plot for aging at 150 C (302 F)
was curved (Figure 46),

The physical measurements on heat aged silicone show, as expected,
less change at 150 € (302 F) (Figure 44) than at 193 C (379 F) (Figure 43).

Viton A

Significant effects of temperature, time, and antioxidant
chemiluminescence from Viton A were discovered in our work. Chemiluminescence-
time curves for Viton A appear in Figures 47-51, At 150 C (302 F) Viton A
samples showed the typical pattern of rapid rise to a maximum, followed
by a slow decrease (Figures 47 and 48). The two runs agreed well in guneral
features. The wavelength distribution changed little with time (Figure 48).
and was similar at both temperatures, although samples visually discolored
under these conditions., This paradox is easily resovised if the colored
material absorbs at all wavelengths about equally (the decrease from 1,00
to 0,90 with the 354 nm filter may not be significant). The decrease may

also result from consumption of an emitter, or of oxidizable impurities.



At 200 C (392 F) the emission maximum decreased more rapidly
than at 150 C (302 ¥) (Figure 49). We ascribe the increase at both
temperatures to increased termination rates brought on by the increase
in temperature, The spectral distribution (Figurc 49) is shifted to
slightly longer wavelength at 193 C (379 F) than at 150 C (302 F),

With antioxidant present a higher maximum per unit weight of
polymer was reached (Figures 50 and 51), but the counting rate decrcased
more sharply, The antioxidant, N-phenyl-2-naphthylamine, can itselfl
function as a fluorescer, which may explain the higher maximum,

Aromatic amines also produce highly colored products on oxidation,
This may explain why the samples appeared jet bluck after heat aging.

The absorption spectrum of these préducts may account for the
shift toward shorter wavelengths (Figure 50) of chemiluminescence compared
with Viton A without antioxidant (Figure 49).

The chemiluminescence intensity decreases at a& constant rate
after extended reaction times (Figure 48-50). The constant drop in
luminescence is in part due to the increase in color of the polyner
with time. Tue color will absorb some of the light being emitted, TIf
the drop in emission is entirely due to the colored product, it is being
formed at a constant rate when a constant slope is reached. The slope
is higher at the higher temperature because the colored material is formed
faster,

The weight losses in the Viton A samples were all small and
irregular (Table 11), There may be a compensating effect from loss of sclvent
and absorption of oxygen. No consistent trend is apparent eithar from
temperature or time.

The samples were in the form of hard crusty picces after the
aging process, which made them unsuitable for direct measurement of
viscoelastic properties. The aged material was accordingly treated with
a large excess of acetone for 24 hr at room temperature. The solvent was
decanted from any solid or gel and concentrated to dryness. The w2ights
of the gel and of the soluble material were noted, If the entire sample
dissolved after 24 hr, it was concentrated te 20 * 1% by weight and the

viscosity determined,
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The viscosity data appear in Figures 52-54, and th solubility
results in Table 12. The sample from run 51, altu.ugh it appeared soluble
in acetone, gave erratic results on attempting to measure the viscosgity
of the solution, The rheological date could not ba gbtainced from this
sample, although fairly smooth curves were obtained with scelutions of
starting Viton, and samples heat-aged at 150 C (302 F).

The changes in viscosity with aging at 150 C (302 F), however,
are not uniform. Between time zero and 0,8 hr the viscosity at the high-
shear rate ( 10 sec-l) drope, and then remains unchanged after total 3,3
hr, At the lower shear rate { 0.2 secil) the viscosity increases at
short aging and falls to values much lower than thcs¢ of unaged material,
This behavior indicates that the changes in the sample even at 150 C
(302 F) are rather complex, We did not atiempt correlations with
chemiluminescence emission for this reason.

The solubility data (Table 12) show that gel formation is more
apparent at 200 C (392 F) than at 150 C (302 '), presumably because rates
of free radical cross-linking in the sample are faster, or at least compete
more effectively with other reactions at the higher temparature,

We obtained less gel formation with N~phenyl-2-naphthylamine
(antioxidant) present (Table 12), This is an expected result due to the
inhibition of free-radical chains by the amine. The amount of acetone
absorbed into the gel is nearly identical in the presence or absence of
antioxidant. This suggests they may be similar in character, and this
is expected if the antioxidant functions only to postpone the crosslinking
process until the amine is consumed, After the amine is consumed the
reaction proceeds as usual,

The presence of amine antioxldant reduced the chemiluminescence
intensity at 200 ¢ (392 F) about five~fold (Figures 49 and 50). Although
the reduced chemiluminescence correlates with the reduced crosslinking
(as evidenced by decreased gel formation), & simpler explanation is pre-
ferred. The samples with antioxidant became black, increziing the amount

of self-absorptiocn,
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Egtane 5703

Large differences Iin chemiluminescence intensity with
increasing aging time were found for Estane 5703, The polyurethane
polymer showed behavior similar to Viton when heated in oxygs:n at
150 ¢ (302 F) (Figures 55-58), Part of the decrease alter the maximum can
be ascribed %o development of colored products, since the initially yellow

polymer was brown after aging,

Conclusiong

We ubserved linear Arrhenius plots with nearly identical
slopes for chemiluminescence from commercial polymeric materials in
cight of ten cases. This i3 consistent with a common mode of oxidative
degradation over the temperature range 25-150 C. This result is of
great importance in that it supports the validity of service life
measurements taken at high temperatures and extrapolated to low ones.

The rmooth correlations obtained from plots of total emission
vs tensile strength arz an empirical result, but extremely interesting
from a practical standpoint. The best correlations are obtained from
eis-polyisoprene and cis-polybutadiene based polymers, which among those
examinad are the most likely to undergo antioxidative degradation.

The chemiluminescence from Halon samples is the result of
oxidizable impurities present in very small amounts, The sensitivity of
our chemiluminescence tezhnique is so great that we can detect residual
amounts of emission even after exhaustive solvent extraction of a sample.

The correlations of physical properties and chemiluminescence
that have been obtained for some purified polymer gums are no better than
those obtained from commercial polymeric samples, The influence of anti-
oxidants on chemiluminescence from gums can be explained in a qualitative

way.
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Juture Work

The chemiluminescence behavior of commercial samples of

polymeric materials, and of purified polymers are both complicated,

In view of (a) the satisfactory correlations of physical properties

of rubbers witn cheniluminescence data (in particular Figure 264,
natural rubber), and (b) the large amount of work necessary to obtain
physical data on heat-aged, purified polymers, we suggest that attempts
to predict service life be restricted to finished, commercial polymeric
materials.

We feel the best polymers for study are those that undergo
deterioration in properties primarily by a free-radical, oxidative route,
These include polyethylene, polyisoprene, natural rubber, styrene-
butadiene, polystyrene, and related polymers. A second desirable criterion
is that extensive heat-aging data should be available, since our experience
in the current project indicates that aging data for polymer physical
properties is much more difficult and expensive to ohtain than is data
from the chemiluminescence measurements,

The most suitable polymers we know of in this respect are
Natural Rubber and gis-Polybutadiene, Time restrictiors did not permit
us to use all of the literature aging data available for these compounds,

We suggest that these materials should be studied extensively, in particular,
measurements at different elevated temperatures should be carried out to
extrapolate aging data, obtained at thes. temperatures, to ambient conditions.

Other hydrocarbon polymers will be studied in this intensive
fashion, if sufficient aging data can be obtained from their manufacturers.

An alternate approach for study is to measure a precisely deter-
minable property of a polymer that can be related directly to chemical
changes that also produce chemiluminescence, This could involve, for
instance, changes in molecular weight, determined by viscosity measurements,
induced by the known rate of decomposition of an initiator grafted onto the
polymer backbone., We have introduce such groups on to polymers in this

laboratory with singlet molecular oxygen.
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APPENDIX

The Autoxidative Depivadation of Polvmers

The chemical changes in organic polymers as they undergo
reaction with atmospheric oxygen are believed to occur by the same
mechanism as liquids, that is, by a free-radical chain reaction.2
The mechanism, now generally accepted for this process, is thought

to be;
Initiation: Initiator El——} Re
ko
Propagation: Re + 0y 2oy ROqe

. k3

+

Termination: 2ROy E&—-) Neon-radical products,
k5
ROy + Re ==

2R _}&—)

Actually, this is a rather simplified scheme, and in the
real situation there are usually a variety of initiators present
{hydroperoxides) that decompose by unimolecular, bimolecular, or
induced3 processes., Such induced decompositions may be the result
of almost ary of the components of a formulated polymer and undoubted
are the most significant in real life polymer degradation processes.
The propagation step 2 is not rate-determining, while the rate of step 3
depends on the nature of th. R'-H being broken, Of the termination
steps, only 4 is considered of importance in the presence of oxygen
under the conditions normally seen by polymers in service, However
this may not always be the case in polymers if oxygen consumption is

sufficiently fast compared with diffusion rates,

.
KT

2, L. Reich and §. S§. Stivala, "Elements of Polymer Degradation",
MeGraw=Hill Book Co., 1971,

3. R. Hiatt in Organic peroxides (D. Swern, ed.), Vol. II., Wiley-
Interscience (New York, 1971), Chapter 1,



Two basic modes of inhibition of autoxidation are possible.

(1) TFree radical chain breaking
Substances which react with peroxy radicals to form inactive
products will inhibit oxidation since these radicals are the major chain
carriers. With such inhibitors present, the following additional steps

are required to complete the oxidatiou mechanism:

ROZ' + InH —-—v—} ROCH 4 Ine

Roz' + In' —-—-—-)
Stable products

Ins 4 Ine —

The chain length is large during the in.tial stages of autoxidation
but when the reaction reaches its steady state rate the chain length is
reduced to unity. Thus free radical chain breaking inhibitors will be

most effective during the initial stages of the reaction,

(2) Preventive mechanisms

Two general types of reactions provide protection: (1) peroxide
decomposition by reactions not producing radicals, and (2) deactivation of
metal ions, generally by complex formation and/or stabilization of an in-
active oxidation state of the metal,

Catalyst deactivators will be most effective during the initial
stages of oxidation (catalysts serve to reduce the induction perioed but
do not affect the steady state rate) while peroxide decomposers will be
more effective during later stages of oxidation when the peroxide concen-
tration is higher, Thus the different types of inhibitors complement

one another.

Chemiluminescence Method

Although it has been known for many years that hydrocarbon
oxidation and peroxide decomposition produce weak chemiluminescence,
only recently has an understanding of the detailed mechamisms been
gained. This understanding allows the use of chemiluminescence emission

to follow the detailed course of these reactions. Much of the recent



work in this area has been done by R, F., Vasil'ev and coworkers at
the Institute of Chemical Physics, U.5.8.R., Academy of Sciences.
Their work is summarized in several recent reviews.4
It is now well established that excitation occurs in the
termination reaction in which disproportionation of peroxy radicals

yields, a ketone, alcohol, and oxygen, e.g.,

-
2R09* e K-C-B + ROH + 0
Thus, for tetralin(4)

Recent studies indicate that this termination process involves a tetroxide
intermediate R-0-0-0-0-R which rapidly rearranges to give the above final
products., 1In this case spin conservation would require the formation of
elther singlet excited oxygen or triplet excited ketome. Cenerally, the
chemiluminescence observed is a result of the small fraction of ketone
molecules formed in their triplet state, Thc intensity of chemiluminescence
is thus proportional to the rate of the termination step; I = K[R02°]2. The

addition of chemically inert materials with high fluorescence efficiencies

(4) (a) Vasil'ev, R, F,, Progress in Reaction Kinetics, Vol., 4, p.305 (1967).

(b) Popisova, V. 1., Shlyapentokl, V. Ya,, Vasil'ev, R, F., Russian
Chem. Rev. 34 (8), 599 (1965),

(c) Shlyapentokl, V. Ya,, Russian Chem. Rev., 35 (4), 292 (1966).
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(fluors) serves to increase the intensity due to energy transfer from
the excited ketone to the fluorescent additive. This intensification
increases the sensitivity of the chemiluminescence method by several
orders of magnitude,
The current understanding of the mechanism, for chemiluminescence

of hydrocarbon oxidation with added £] or is:

Unimolecular Bimclecular Initiation

Roow 2U_, RO+ 4 +oH 2R00H ~B— RO,* + RO* + 1150
) ’ 2.,

RO* + Rt ~U_o Re + ROHW RO+ + RH ZB___ ROH + R-

‘O + Ri U HoQ + Re or ROOH + RH 23 . R+ ROM+ Ho0

R* + 02 3 - ROz'

RO,® + L A e ROOH + R
5 |C|) W T
ROp* + ROy —>> o R-C-K + ROH + 0y + (I - o) R-G-R

L"‘

PR -
R"C"R .....E—a;. Rl'é"R

0 Q
. kg 7 W ‘ .
R-C~R 4+ F ~~sea F <+ R-C-R

0
L 'y b
R-G-R" + 0y S KoK+ O

i __Enh F+ § hy,

where an asterisk indicates an excited state, o is5 the fraction of ketone
produced in the excited state, and § is the fluorescence yield of the fluor,
FI
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(Cat,)

Cal Id

ROCH 2R

In this case the reaction rate goes through an induction period which
corresponds to the time required to reach g steady state concentration
of hydroperoxide. This induction period is conveniently measured in
terms of tl/2’ the time required for the chemiluminescence intensity
to reach half of its steady state value, From the abov~ mechanism it

can be shown that

(roou] 5/
L-—w
1 {ROOH] 00 ’
t L J L | —
1/2 k, [cat.] 1-1/42

where [ROOH]o and [ROOH]oo are the initial and steady state concentrations

of hydroperoxide, Chonsing {ROOH]O [ROOH]Oo this reduces to tq/2 = o]
an ca
1

or

(tllz)'l = K k; [cat.].

t1/2 is g measure of the induction period., Since metal-ion catalysts
shorten the induction period but do not affect the steady-state rate,
this measure would be very useful for measuring stability of fuels which
contain trace metal impurities,

The intensity of chemiluminescence is proportionzal to the
oxidation rate, with the proportionality constant being a function of
oxygen concentration, fluor concentration, nature of added fluor,

Compounds which deactivate metal ions would reduce the effective
catalyst concentration and/or the value of k1 and thus increase t1/2' The
steady state rate of oxidation is independent of catalyst so this type of
inhibitor would not affect the steady state intensity or the steady state

rate of oxygen consumption as measured by the "oxygen drop' method.



Materials which act as antioxidants by decomposing hydro-
prroxides via nonradical paths would reducs the st.ady state concen-
tration of hydroperoxide, [ROOH]OO, 50 tl/2 will be slightly reduced,

In this case, however, the steady state rate of oxidation will be
reduced and thus the steady state intensity of clemiluminescence will
be less and the rate of oxygen consumption, measured by the "oxygen
drop" method, will decrease.

It is seen, then, that each type of oxidation inhibitor produced
characteristic changes in the chemiluminescence accompanying free radical
oxidation. Thus the chemiluminescence method offers the possibility of
measuring the efficiency of each type of inhibitor in terms of the parti-
cular mechanism by which it operates, These measurements are summarized in
the following table,

b e e r— —_— — — —— ————
Variables Measured

Type of Inhibitor Free Radical Initiated Metal Ion Catalyzed

Radical chain breaker 4‘17':,, keffks, 1/tg

Metal deactivators t1/2

Peroxide decompogers I/Io,]./t:f

The chemiluminescence method provides instantaneous and continuous
monitoring of the reaction rate in a form suitable for automatic recording,
This permits the measurement of very short induction periods and other features
of the initial stages of oxidation,

Typically the "oxygen drop'" method requires the consumption of approx-
imately 10“7 moles of «..ygen per milliliter of solution, which is equivalent to
about 0.002 ml of oxygen at atmospheric pressure. The measurement of oxygen
absorption by the standard gas burette method would require approximately a
100 times longer reaction period in order to produce an accurately measurable
change, 1In a poly.. ric, solid, material, the application of this method
is possible in principle, but difficult from an experimental standpoint

because diffusion into the bulk material can become rate-limiting.



. \x\\\\\\\\\\é
.

v
. &
L

.

PRECEDING PAGE




Inax: counis/sec

Eg=12.0 kcal

O)
N
\\
.\@
"
| | | |
e.4 26 2.8 3.0
103
T, %K

CHEMILLUNMI S

ENCE FROM ¢is-POLYBUTADIENE 4-1203



T mgne COunts/sec

108~
04—
Eq = 13.6 kcal
103
",
03—
10~
| | ] ] | !
2,2 2.4 26 2.8 30 3.2
103
T,°K

FIGURE 3,

CHEMILUMINESCENCE FROM VITON E60-C

3.4



I nax COunts/sac

10%

10—
E. =172k
ot a cal
©)
10—
102}~
04—
, | | | | |
2.2 24 2.6 2.8 30 3.2
103
T,°K

FIGURE 4, CHEMIL.UMINESCENCE FROM HALON G-80

34



Tenax» Counts/szc

108

IO!’:_
10—
EO = |2 kcal
03—
®
10?4~
®
To]
©
| | ! 1 | |
2.2 24 2.6 2.8 3.0 3.2
103
T, °K

FIGURE 3,

CHEMILUMINESCENCE FROM SBR~1500

3.4



Tmax, counts/sec

10
10% p—
Eq= 186 kcal
!qu-'
|03 -
102! —
©
0y
\@
| | [ | | |
2.2 2.4 26 2.8 3.0 3.2 34
103
T,°K
FIGURE 6,

CHEMILUMINESCENCE FROM SMR-~5 NATURAL RUBBER



[
1C5 }—
ECI = 17 kcal
10%—
[ 8]
g
[41]
£
o 103
[&]
-
[ =]
£
[ ]
102}—
10—
{ | 1 | |
2.2 2.4 26 2.8, 30 3.2
1#]
T,°K

FIGURE 7, CHEMILUMINESCENCE FROM SILICONE RTV-560



Imax. COunts/sec

108 L\
‘.t!.“'
Eq=18.3 keal
104 k—
103 }—
0% -
0 |—
| | | 1 1 |
2.2 2.4 2.6 2.8 3.0 3.2
103
T,°K
FIGURE 8, CHEMILUMINESCENCE FROM PL-731 ADHESIVE FILM




Imox » COuNts/sec

O
n
e Tl e e Y

105 §—

0%}~

Eg =19.1 kcal

, | | l | L
2.2 2.4 2.6 2.8 3.0 3.2
103
T,°K
FIGURE 9, CHEMILUMINESCENCE FROM SP-2%96 COMPOSITE

3.4



[ mox. COunts/sec

0%

105
1\’“
\ Eq=18.5 kcal
O\,
0% {— \\
'\\
03—
®©
102 |—
®©
10 fmm
L1
, l | | | |
22 2.4 26 2.8 3.0 3.2
10°
T, %K
FIGURE0, CHEMILUMINESCENCE FROM PL-731 AND

SP-296 ON TITANIUM

3.4



108

Tmays COunts/sec

10° %,
™,
E\ Eq = 18.3 kcal
104 —
103 —
102 {— ©
10—
®
| I | | | |
2.2 2.4 2.6 28 3.0 3.2 3.4
103
T,°K

FIGURE 11, CHEMILUMINESCENCE FROM PL-731 CURED ON TITANIUM




I, ¢ounts per sec

} In oxygen
20 -
20 k- O
'e) O
10 |- O —O™|
Qe
0 Q. il s ©
30—
In argon
20—
0 ° —
' o I S o
e 0
‘ Y 1 | |
2 4 6 8 io
Time, min

FIGURE 12, CUEMILUMINESCENCE FROM cis--POLYBUTADIENE
4-1203 AT 70 C (158 F)



I, ccunis par sec

30

In oxygen
o b 1¢)
20 §— 0
O
o p—z
O O Q
@)
o R P | | |
30— In argon
20—
10 {— O O
o o o)
0 o} | O | I | o |
4] 2 4 6 é 10 i2
Time, min
FIGURE 13. CHEMILUMINESCENCE FROM cis-POLYBUTADIENE 4-1203

[AGED 72 HR at 100 C (212 F)] AT 70 C (158 F)



1, counts pér sec

R1V) ' et omemes .
In oxygen
20 f—
0 ot @] © o (@ 9]
@) S )
o O
o | | | | |
30 [—
20— In argon
C @) 0
10— O a
o a1 1 ? | |
0 2 4 G g 10 12
Time, min

FIGURE 14. CHEMILUMINESCENCE FROM VITON
E60-C AT 70 C (138 F)



,1 In oxyoon
P L.
© @
0 O
0 | | o | | o1
30 In argon
20 -
0 = [ 0Q o~
O hed
© l | l |
0 2 4 6 8 10
Time, min

FIGURE 15, CHEMILUMINESCENCL FROM VITON E60-C
[AGED 48 HR at 316 C (600 F)]
AT 70 C (158 F)



I, counts per sec

100

80

60

40

20,

40

30

20

—{O— o) -
o ’ﬂ#”wdfﬂ?;M“HTT_ﬂﬂ———m
- 0

| P In oxygen
T
14
&

1 { | { |
L
— In argon

O o} o}
O 4

0 ) o o

| I l | 1
] 2 q 6 8 10

Time, min

FIGURE 16. CHEMILUMINESCENCE OF HALON G-80

at 70 C (158 F)

2



I,counts per second

: In oxygen
oﬂﬁ,
| .
| L
1o = Mh%""""‘”""ﬂu—.‘_
e e
0 ] | ]
304 In argon
20—
Q=
0 | | i ]
0 4 6 8 o
Time,min
FIGURE 17, CHIMILUMINESCENCE OF HALON G-80 [AGED

48 HR at 232 C (450 F)] at 70 € (158 F)



I, counis ser counts

el -
In oxvaen
20
{04 0 o)
o0
O JarmmssOn S o
30—
In argon
20—
o
o -
O . 0] 0
®)
o T 4 1 |
2 4 8

6
Time, min

FIGURE 18, CHEMILUMINESCENCE FROM SBR-1500
AT 70 € (158 I)



cod

R
PR

2, counis per

In oxyger
@]
O
) I\O ‘
" o)
O On
In argon
O @]
o) e
S Y-S N !
¢ 4 6 8 10
Time, min

FIGURE 19. CHEMILUMINESCENCE FROM SBR-1500
[AGED 72 HR AT 100 C (212 F)]
AT 70 C (158 F)



I, counts per second

In oxygen
20 o
10— e .
—0 ﬂa--“13-‘-n ')
i!.c"‘/ O ' \
0 O- O .
In argon
20—
@) '®) o
0 0 °
0 1 ] | 1
(¢ 2 4 <] 8 10
Time, min
FIGURE 20. CHEMILUMINESCENCE FROM SILICONE RTV-560

AT 70 C (158 F)



I, counts par second

30.{-—-
] In oxygen
20}—
lo}— ©. o
[ T— O
e ) v
OO Q
4
20}~ In argon
@]
20 p
O
jo}-- © O 0
o | | | 1
0 2 4 6 8 10
Time, min
FIGURE 21, CHEMILUMINESCENCE FROM SILICONE RTV-560

[AGED 48 HR AT 316 € (600 F)] AT 70 C
(153 F)



I, counts per second

SO0

400 fr—

|

f

! In oxygen
300 jm o

O
()ﬂ,»ﬂﬁjﬂ“
200
100
In argon
ol e O
w D
M D
0 | | E'___ i ! [
] 4 < 8 0] 2 4
Time, min

FIGURE 22. CHEMILUMINESCENCE FROM NATURAL RUBBER
(MALAYSIA) AT 70 C (150 F)



i,counts per second

500y

400

300

200

o

In oxvagen

LAl L

/ In argon
100l \
0 | L e { }
0 2 4 6 o}
Time, min
FIGURE 23. CHEMILUMINESCENCE #ROM NATURAL RUBBER

(MALAYSIA) AGED 24 HR at 125 C (257 F)
AT 70 C (158 F)

10



1,counts per second

h '..m""l.
Y
fl 'ﬁl‘
; 'r “Q
s0c \
3
e \
\\\.&w“”’fﬂ
Y In oxygen
300 ".!’/
S
ﬁ"
/,
2()0i~ Kf{
1‘
f In argon
100 h
Ot t | ] | ]
0 2 4 6 8 [9]
Time, min

FIQURL 24, CHEMILUMINESCENCE FROM NATURAL RUBBER (MALAYSIA)
TAGED 48 HR at 125 C (257 F)] AT 70 & (158F)



Counis Per Second From Sampla

700 t—
Kd
‘,,«""'
7
600 " .”l“
Py
500 }—
400 -
300
/
ﬁ!"
200 —
100 —
ol I | I I | |
0 8 18 24 32 40 48 56
Time,hr at 125 C
FIGURE 25. CHEMILUMINESCENCE OF MATURAL RUBBER [70 C (158 F) UNDER 02]

VS A FUNGTION OF AGING AT 125 C (257 F) IN AIR



Percent of Original Tensile Strengin

£0

70

60

40

30

20

10

E\
e |
N
..:"\
\\\
Q
[ \‘"«.\\
- \ e
. \-
| [ | 1
0 2000 4000 6000 £000

Relative Area Under I Versust Curve

FIGURE 26, TENSILE STRENGTH OF NATURAL RUBBER
(MALAYSTA) VS TOTAL CHEMILUL.INESCENCE

10,000



1000
J

_,....h
O
L7

s =

)
a0 r—

™
o
I

40 |-

Percent of Original Tensile Strength

20 |—

! l l l I l

FIGURE ZtA,

500 000 1500 2000 2500 3000

Fielalive AreaUnder [ vs | Curve
LOSS OF TENSILE STRENGIH OF NATURAL RUBBER MALAYSIA)AS A FUNCTION OF
TOTAL TLIGHT EMISSION AT 100 C (212 T)



1 (Counts per Second)

o

90

80

70

60

50

40

30

20

10

- e bt b i
e
e h—
T
—————

e O

\

Percent of Original welght x 104

0 8 16 24 32

Time (hr)

FIGURE 27. CHEMILUMINESCENCE OF HALON G-80 (IN 02 AT 70 C)
AS A FUNCTION OF AGING AT 232 C (450 F)

18

@®



1, counts par second

60

1
Curve A; unpurified material
Curve B: extracted 24 hour
- Curve C: extracted 48 hour
50 p—
A
40—
30—
20
\
|0
C
0 [ | | ] | !
0 10 20 20 40 50 60 70
Time, min

FIGURE 28. CHEMILUMINESCENCE FROM HALON G-10 (CFZ)n'



I, counts per sccond

Imﬁ -
16 [—
e - 15
14 S \
| )
— I
\ 0
— 5
0 A | 4 ] l | o
0 a i6 24 32 20 48 56
Time Agedat 316 C,600F
FIGURE 29. TENSILE STRENGTH aND CHEMILUMINESCENCE (ai 70 ¢ IN OXYGEN)

VS AGING OF VITON POLYMER

Tensile Strength,psi/I00



I,counts per secona

r
1
|4 —
L
12 s
< ““h-‘“ﬁﬁ:::?-
- ‘h‘“hhvﬁ
f“‘ﬁ/ I...‘.‘-:.v,_‘
10— - 10
84 E
6 F—
B 5
4 —
g1
y
i
o L.N 1 | | I 1 | 0
0 8 16 24 32 40 48 56

Time Agedat I00C,212 F

FIGUKE 30, TENSILE STRENGTH AND CHEMILUMINESCENCE (AT 70 C IN 02)
OF cis~POLYRBUTADIENE AS A FUNCTION OF AGING AT 100 C
(212 F)

Tensile Strength, psi/100



{Counts/ Sec)

70

60 —

o
o
{

40 |—

30—

clo

l l | B I | [

FIGURE 31.

10 20 20 40 50 1<10] 70
Time (hr)

CHEMILUMINESCENCE FROM CIS~POLYBUTADIENE 1203 IN OXYGEN
AT 100 C (212 F) AS A FUNCTION OF AGING AT 100 C (212 F)



Percent of Original Tensile Strengti:

120

1o

IOOﬁ

90 |~ \
80 |-
o
70 |—
I~ { | | 1
0 40 80 120 160

Relative Area Under I vs t Curve

FIGURE 32, LOSS OF TENSILE STRENGTH OF CIS-BR
1203 AS A TFUNCTICN OF TOTAL LIGHT
EHMISSION AT 100 C (212 F)

200



I ‘counts/sec} x 10

I4

12 —_—
10 e
)
4\ _
\ —
6 —
4 -—
2 —
] | ] | L | L |
0 10 20 30 40 50 50 70 GO 90
Time, min
FIGURE 33, CHEMILUMINESCENCE FROM SILICONE W-95 GI™M AT 193 € 379 FY T30 OXYGEN., 70 42




; i I |

12 b—

0 5»

3
IQ 8
»
g _
> . Sample and dish
’g- 7
a By
(&)
=L }

Dish alone

.--‘

0 r-——_- f-—h_h-l‘m l |

Time, hr

TIGURE 34. CHEMILUMINESCENCE FROM SILICONE W-96 GUM AT 193 ¢ (379 F) I OXYGFN. o770 41



’ | | | |
— —
S5— —
IQ. 4‘—"' o
»
©
2 —
e
[47]
€
o .
—_
T = Sampl¢ ond dish
2_—
I’—'— —
Dish alone
IO RNy Ry SOy NSRS W Mg NS U
0 5 0 15 20 2 30 35 40 45
Time, min

FIGURE 35. CHEMILUMINESCENCE FROM SILICONE W-96 GUM AT 150 € (302 F) IX OXYGEX, RUN 44



3

I (counts/sec) x 10

? |

I _
L _
4'-_ ;

5

3 —_—
2 _
1 ] Sample and dish :

3 4 5 6
Time, hr
FIGURE 36. CHEMILUMINESCENCE FROM SILICONE W-96 GUM AT 150 C 30z F) iX OXYGEN., RUN 43



Viscosity (Poise]

10% —
0% —
X

4 | Corod r L1 | {1 | L1 | 1 N
10

10° 02 10" | 10° 10° 10?

Shear Rate, sec
FIGURE 37. SILIGONE RUBBER W-gﬁ, FIRST PREPARATION. UPPER CURVE: TANGENT ({8). LOWER CURVE: COMPLEX

VISCOSITY,

Tangent &)



Viscosity (Poise)

E2. 7

] | I

|

1!

Shear Rate, sec’

0

0

3.4

20

10
ca
0s

0.3

0z

0.

Tangent (%)

FIGURE 38. SILICONE RUBBER W-96, SECOND PREPARATION, UPPER CURVE: TANGENT (9). LOWER CURVE: COMPLEX
VISCOSITY.



Viscosity (- ver}

107

Shear Rate, sec"

FIGURE 39, SILICONE RUBBER W-96 HEATED 0.75 HR AT 150 C (302 F* IN OXYGEN. UPPER CURVE: TANGENT (9).
LOWER CURVE: COMPLEX VISINSITY. RUN 44,



Viscosity {(Poise)

| Lo 1 1 L1 [ I RS R e e

102 10 10° 10"
Shear Rate, sec”

FIGURE 30. SILICONE RUBBER W-96 HEATED 6.3 HR AT 150 € (302 F) IN OXYGEN. TUPPER CURVE:
LUWER CURVE: COMPLEX VISCOSITY. RUN 43.

TANGENT



Viscosity {Poise)

|
—
430
(}h’n\o‘
(83
\\\a’%
—T
108 +— X ~ —1i.0
a \ . 06§
- "'\ 04 =
» c
- X : —0.2 5:
10% — — o
: x
-
X
|
0k L] I W I RO TN N T 11 L1l
10 102 10 , 1o° 10" 102
Shear Rate, sec
FIGURE %41. SILICONE RUBBER W-96 HEATED 0.75 HR AT 193 € (379 F) IN OXYGEN. UPPER CURVE: TARGENT (2).

LOWER CURVE:

COMPLEX VISCOSITY.

RUN 42,



3)

Sty hcany

Vison

i
{30
_ 423
x
Told B g\\k e
— \\ - 0-»—
= B—— =05 -
~O- é:‘_*\\\ “; el & SN =
: ~ N
3" T
B I P
! o
{ohg N ¢
- X\
\x
Pt I B R ! TS NI SR WRNURNS NN VU 1 UMM VOVUS NN JO U AN SUNE O W s W
(ofe 1072 0" 10° 10 102

Shear Rate, sec’!

FIGURE 42, SILICONE RUBBER W-96 HEATED 6 dR AT 193 C (379 F) IN OXYGEX. UPPER CURVE:
VISCOSITY. LUWER CURVE (JIRCLES): TANGENT (8). RUN 4.



Tangent (Q)

2.8

26—

24—

22—

It

10 Sec”

1 Sec
-1
0.2 Sec

©C @@ O D@
|l

40 Ser::-1

o

40 sec’
02—
. .
0 l [ ‘ | 41
0 I 2 3 q 5
Time, hr
FIGURE 43, TANGENT 9 VS AGT%NG TIMF OF SILICOUE GIM W=96 1% OXYGEN AT 133 0 <3176 Fi




Tangent (8)

2.8

26—

24—

223

&
I

>
|

P
1

0.2 sec'

1

»

T © © ©

I

40 Slec-1
10 Sec-1
1 Sec 1

-1
0.2 Sec

| sec’

@O
I

N
|

5
I

10 sec’!

|1

Q

i

I

I

AN D

T'me, hr

FICURE A4, TANGENT (8) US ABING 700 oF SILTCOLT AT

w

=~Qh 1IN OXVONT

R -4 IR
AP RS A

o



0.6
Ty
fmU 0 ?J:
o O~
—— ..."O'""'m,.
e M"""'n-.
et} 6 Moy J‘M‘
§5 0. h%“~h‘\
‘GE, \\
é.:’ 0.5 f— ‘.‘HM
3] O
ol "'\\
0.4 | —
] | l L | | l
0 2000 4000 6000 8000 10,000
Relative Total Emission
FIGURE 45, TOTAL RELASVIVE EMISSION FRUM SILICONE W-96 4GUM VS, TANGENT ()

AT 10 SEC—~.
IN OXYGEN,

CHEMILUMINESCENCE FROM SAMPLE AT 193 € (379 F)



0.70

o
o
o

0.50 pb—

Tangent {8) at 10 sec”

0.40 —

0.30 L I - Lﬁ
0] 4 8 12 15 20 24 23 32
Relative Total Em'sston

36

FIGURE 46, TOTAL RELATIVE EMISSION FROM SILICONE W-96 GUM VS. TANGENT (%) AT 17 sEC-L.

CHEMILUMINESCENCE FROM SAMPLE IN OXYGEN AT 1530 € (302 F).



I (counts/sec) x Iok

22

20—

i
|

rS
|
T

i
T
o

O
1]
T

Sample and container

/Glass container only

T | 1 N

10 20 3G 40 50
Time, min

FIGURE 47, CHEMILUMINESCENCE FROM VITON A AT 150 C (302 F) IN OXYGEN,

-
Al

=
Dt




I {counts/sec)x 107

f(A)
24 100 (354)
.85 (413)
| 0.52 {490)
D.G3 (582)
20 +— l
64— 3 fIA)
\ 0.90 {354}
0.85 (413)
— 0.52 {490}
0.03 (592}
ol 00 (699)
|
A4 )
|
8 %f
L |
- |
8 1SS A T VRS AN SN (N N A M [ I O D B
0 20 40 &80 BO 00 120 140 IS0 180 2C
Time, min
+IGURE 48. CHEMILUMINESCENCE FROM VITON A AT 150 ¢ (302 F) IN Q¥YTEM. RUN 35z



I (counts/sec)x IC°

13 |

.

fIA)

0.92 (354)
0.90 (413)
0.50 (4390)
0.05(592)

\Z/—— Dish and sample

- ——

/Dish alone

| l |

-t

i 2 3 4
Time, hr
FIGURE 49, CUEMILUMTNESCENCE FROM VITON A AT 200 C (392 F) IN OXYCEN.

RUX 30,




I (‘c.‘taun1u‘t.;;"sx=.‘c)xIO'3

i4

{0

m

)]

AT

f{A)
— D.82 (4i3)
0.48 {420)
- 0.0 (659}
I | L | I
o) I 2 3 4 5
Time, hr

FIGURE 50,

CHEMILUMINESCENCE FROM VITON A CONTAINING 0.5% N-PHENYL-2-NAPHTHYLAMINE AT
200 C (391 F) IN OXYGEN. RUN 56-2




I (counis/sec) x 10>

12—
It =
10}
gl
8] . 0.84 (413)
' 0.44 (490)

7 0.03 (592)
6 _‘_ \{’

¥ i
5 |4

]

A1l
3 hi—
oM.
[ -
Ol - . | ] ]

0 10 20 30 40 50 80

Time, min

FIGURE 31. CHEMITUMINESCENCE FROM VITON A COITAINING 0.50 7 N-PIULKYL-

2-NAPHTHYLAMINE IN OXYGEN AT 20C ¢ (392 F). RUN 5h-1



Viscosity (Poisz}

7 t-\
1 \q'
\,\'
- "
""’v
03— \tk\
}__
_ \
. .
| O

— \Q\O

oy
Ty,

L] (1 |

10 ] ] ] 1 I

v,
o
Mg

"C)'-ra-

|

1O-I |Qo io!

Shear Raote, sec!

FIGURES52, VISUOSITY OF UNAGED VITON-A (20% SOLUTION LN ACETONE).

RUN 31719-53



Viscosity (Poise)

|02 L

Shear Rate, sec™

FIGURE 53. VISCOSITY OF VITON-A AGED 48 MINUTES AT 150 C (302 F) (20% SOLUTION N
ACETONE}. RUN 31719-54




Viscosity {Poise)

Tod

FIGURE 54..

Shear Rote, sec™

VISCOSITY Or VITUN-A AGED 196 MINUTES Ay 150 C (302 ¥) (20% SOLUTION IN
ACETONE), RUN 31719-52




I (counts/sec) x 10_3

N

S

0

4

1)

|

o

FIGURE 33.

18 20

Tima,min

CHEMILUMINESCENCE FROM THNPURIFIED ESTANE 5703 1IN oXVGEN AT 150

L




-3

I (counts/sec) x 10

140

130 p—

120 —

100 —

90—

80—

70—

60—

50

40

R IS S E N B N N N U N N SO

| 2 3 4 5 6 7 8 2 ) i0 11 12 13 4 5 16 17
Time ,min

FIGIME 56 . CHEMTTLIMINESCENCE FROM ESTANE 5703 7Y OXYGEN AT 150 € (302 ™. KI'N 59-2



-3

I (counts/sec) x IO

140

130}F—

IZOF
)

3

100

|

90

1 o0 g -

80

70

60

-n
—
o
Lo

(R == N
45 IS 2 Y
g e

OCOV

oWw W

f)} "-5 -\\ (}J

8

— g OO O M

40 80

-
e
=

120 160
Time,min

EOTALE 5703 1w oGl

AT

200

180 o




I lcounts/sec) x IO

40
35—
32— feAd
r\ 0.76 (413)
23 0.33 (420)
0.01 (592) FI)
o4 0.78 {£13}
'vlr 3.36 {480)
0.0} (5%2)
20 #
. \\\\
. -\“—_)\r-—_
8
e ,Dish alone
‘ /" ! H
ok % L o | i L P
3 10 23 20 40 Slay &0 e

FIGURE 58,

Time, min

CHEMILUMIRESCENCE FROM ESTANE 5703 CONTAINING G.500 N-PHELYL-Z2-~NAPHTUYIAMINE 1N
OXYGEN AT 150 ¢ (302 F). RUX 60,




TABLE 1, CHEMILUMINESCENCE FROM POLYMERS AT 100 AND 150 C
(212 AND 302 F) UNDER ARGOR (PROCEDURIL A)

B R R R T I T T T F T s ISRV WERNIET % IS

.=

Cheplluminescenpce, counts/sec

Polymer 100 ¢(a) 150 ¢(b)
eis~Polybutadiene 1203 4 le
Viton E60-C 7 12
Halon G-80 - 131
SBR~1500 4.3 8.6
Natural Rubber SHR-5 31 113
Silicone TRV-560 3.6 28
PL 731 Adhesive 200 125
8P 296 Composite 124 210
PL 731 and 5P 296 on Titanium "85 170
PL 731 on Titanium 120 175

(a)

Sample Dbrought to 100 € under oxygen, then flushed with arpon.

(b) Sample brought to 150 ¢ undcr argon,

TABLE 2, APPARENT ACTIVATION ENERGIES FOR CHEMILUMINESCENCE
OF POLYMERS IN OXYGEN (METHOD A)

Polymer Activation Energy (Elmax’ Kealfmolce)
eis~Polybutadienec 12
Viton A 13.6
Halon G-80 17.2
SBR~1500 [12)(a)
Natural Rubber SMR-5 i8.6
Silicone TRV=-56{ 17.4
PL 731 Adheslive 13.3
SP 296 Coumposite ju.1
PL 731 and SP 296 on Titanium 18,5
PL 731 on Titanium 18,3
(a)

nonlinear data.

PRECEDING PAGE BLANK NO? FILVED

May not be true value, Represents best lincar fit of apparently



TABLE 3.
MEASURFD AT 100 € (212 F) IN OXYGEN

CUEMILUMINLSCENCE F.JM NATURAL RUBBER (MALAYA)

Time of Counts/sec Tensile Elongation
Aging Normal- Normal—-  Strenpth, at
Sample  (day) Tuitial  ized iinal ized (% Loss)(a) Break (2)
1 1 3440 2800 1560 1270 8,5 681 (init.
710)
2 3 2808 2800 1860 1860 14.5 563
3 14 2460 2800 1764 2000 49 564
(a) From literature furnished with sample.
TABLE 4. CHEMILUMINESCENCE OF ' :: VTETRAFLUOROETHYLENE
{HALON) MEASURED IN (...<EN AT 80 C (176 F)
Sample 1ime (min) (@) Counts/sec (P)
Halon G-10
1. As received 7.5 54 {(max)
40 48
2. Same 7.5 48 (max)
3. Extracted 24 hours 2 21 (max)
60 1
110 11
4, Extracted 48 hours 5 14
40 4
Halon G-80
5. As received 8 173 (max)
100 68
17 hours 38
6. Same 12.5 150 (max)
125 45
7. Surface abraded 8 46 (max)
(a)

Samples aged in chemiluminescence apparatus.,

(b)

Unfilteved emission detected,



TALGLE 5. CHUMILUMINESCENCGE FRUM Cl&-POLYRUTADTENE
MEAGURED AT 100 € (212 F) IN ORVGEN

Time of
Sample Agling (hr) Initial Normalized Final Normalized

[P . ——

1 24 97.9 97,9 20,0 20.0
2 24 80.9 97.9 26,9 22.3
3 72 77.0 97.9 30.6 24,1
4 72 95,7 97.9 43.3 42.3
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TABLE 6. AGING DATA FOR CURED CIS-BUTADIENE RUBBER (8801-52-15)

) e

o akics. i . S Sy

Time Aged(a

Load at Breuk(b)

% Elong. at Break

Init:ial Modulus

0

100 min.

540 min.,

1440 min.
(24 hr)

Ave,

Avg,

Avg,

Avg.

618
668

435

574

378
722

512

537

376
544

362

495

588

407

498

{123)

{173)

(116}

(128)

500
450

350

433

300
480

290

390

360
350

260

323
380

300

340

(76)

(90)

(55)

(37)

0.071
0.42
0,15
0.21

0.15
0.15
0.15
0.15

0.18
0.17
0.20
0.18

0.20
0.25
0.23

(0.18)

(0)

(0.02)

(0.04)

(3) Ar 150 € (302 F) in air.

(b) Standard deviations in parantheses,

TABLE 7. EFFECT OF MECHANICAL WORKING ON CHEMILUMINESCENCE

FOR RUBBER SAMPLE 8801~4-25 (FRS 178)

PP Apyypep

Treatment

Chemiluminescence at 14 € (57 F) in O

2

None

Stretched, relaxed

Hammered

New sample

Rubbed on Al surface

8.7 counts per second

12.0
17.4
17
22




TABLE 8, FEFFECT OF MILLING ON CHEMILUMINESCENGE

TR T T P S Y ey TPV, D B re

Chemiluminescence, counts/g-sec

Polymer Before Milling After Milling
Halon G-10 (extracted 24 hr) 3.2 ¥.6
Viton A 0 10
S8ilicone W~96 3.7 27
Estane 5763 53 76

cis~polybutadiene 24 28
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TABLE 9, EFFECT OF COMPOUNDING ON CHEMIT.UMINESCEMCE

R Y s N WEP P RETRESE AT 2 - K TS S Ut 3 ST

Chemilumincscence in Oxygen
Counts/Sec at

Polymer 24(68) 70{158) 150 ¢ (302 F)
cis-Polybutadiene (highly purified) - ca. 8006 318,000
cis-Polybutadiene (gum compound) 5 492 -
cig-Tolybutadiene (4-1203, standard 1 9 612

compound)

e —

roadd z SEe i e - a—




L — —— — o —— . — __ — —

TABLE 10, CONDITIONS FOR SAMPLE RUNS (ALL IN OXYGEN AT 80 CC/MIN)

Run Material Temperature, C (F) Sample Preparation

42 ‘W=96 Silicone 193 (379) 0.7490 In pyrex dish,

41 W=96 Silicone 193 £379) 0,6542 Ditto

44 W=96 Silicone 150 (302) 0.6104 "

43 W=-96 filicone 150 (302) 0.5511 "

54 Viton A 150 (302) 0.8315 In pyrex dish

52 Nitto 150 (302) 0.8972 Ditto

50 " 200 (392) 0.8277 "

562% " 200 (392) C.2342 "

56=1% " 200 (392) 0.3440 "

61-2+ Estane 5703 150 (302) 0.2622 ¢ In pyrex dish
59-2 Ditto Ditto - Cold pressed on
59-1 " " . 0.0076 cm Al foil
60% " " 0.7202 Concentrated from

e — LS

* With 0,50% N-phenyl-=2=-naphthylamine,

+ Crude estane containing tale additive,

2cetone solution in
Al pan

e —




TABLE 11, WEIGHT CHANGIS FOR VITON=A SAMPITWS 1Y /7o

a———c - - B
Run Temperature C (F) Time (hr) Init. W&, (p) Final % Loss
54 150 (302) 0.80 0.8315 0.8124 2,3
52 150 (302) 3.17 0.8972 0.2687 3.2
50 200 (392) 6.75 0.8277 0.78R3 4,8
51 200 {392) 1,55 ¢ 22 0.2989 2.4
56=-1% 200 (392) (.55 G, "¢a0 0.3376 1.9
56-2% 200 (352) 6. 0.7342 n.2300 1.8

P P ey cmes s - ——— ey e
—— TR R T = PR3 et S S )

With 0.50% antioxidant.




TABLE 1z, SOLUBILITY CRANGES IN HEAT«AGED VITON-A

Acetone~Solubhle Gelled Gel W
Run Time (hr) Tewp,, G (M) Product (wt %) rroduct {(wt 7)  Acetone-Inccluble M

51 0.5 200 (392) 100 0 --
50 6.8 200 (392) 14 86 28
56-1% 0,5 200 (392) 100 0 -
56-2% 6.9 200 (3%2) 28 72 26
54 0.8 150 (302) 160 0 --

52 3.3 150 (302) 106 0 -

% With 0,50% N=-phenyl-2-naphthylamine.



