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FOREWORD I
This Leport was prepared by the Central Research Laboratories of The

Firestone Tire & Rubber Company, Akron, Ohio, under USAF Contract No.
AF 33(657)-10419. The contract was initiated under Project No. 7340,
"Nonmetallic and Composite Materials," Task No. 734005, "Elastomeric
and Compliant Materials." The work w'as administered under the direction
of the Nonmetallic Materials Division, Air Force Materials Laboratory,
Research and Technology Division, Air Force Systems Command, Wright-
"Patterson Air Force Base, Ohio, with W. F. Anspach as the Project
Engineer.

This report covers work conducted from 1 January 1964 to 31 December
1964.

Manuscript released by the authors Aprii 1965 for publication as an
AFML Technical Report.

This technical report has been reviewed and is approved.

*6~;~erE, Chief
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ABSTRACT [

The mechanism by which butyl rubber undergoes thermal degradation in the

temperature region 3000 to 400OF has been investigated. Gas chromatograph toch-
niques have been used to identify the degradation products and to detexzinn thoeir
rates of formation. This investigation indicates that degradation upon heati•g
may be initiated at (a) reactive sites already present in the polymer such as
catalyst residues, branching, and terminal unsaturations (b) oxygenated groups
such as hydroperoxides formed during exposure to oxygen and which are unstable
at low temperature and (c) other oxygenated grvups more stable than hydroperoxides
and which do not decompose below 4009 F. Compounding #valuations were made of
resin cured butyl, reclaimed silicone rubber and ethylene-propylene rubber. A
hIgh temperature, high vacuum stress relaxation apparatus was designed And con-
structed. A limited evaluation program has indicated that the design is satis-
factory and the apparatus should prove useful for evaluation of polymers in high
vacuum (10-5 Torr) and at temperatures up to 50OF. Minor modification would
permit testing in an inert gas atmosphere.

it
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INTRODUCTION

The object of this work Is to continue the evaluation of high temperature
resistant elastomers and elastomer compounds suitable for a variety of applications
which arise in missiles and high speed aircraft. The investigation of the decom-
position mechanisms in the temperature range 3000 to 400F, .where loss In frysical
properties is first noted, should lead to a better understanding of the ;eequire-
ments for high temperature resistant elastomers.

Stress relaxation measurements have often been used to investigate the effects
of time and temperature on the physical properties of elaltomers. In ortier to
attain a better understanding of the effect of oxygen at elevated -temperi'tures a
stress relaxation apparatus -was designed and built which would permit tei ts to be
conducted at vacuum as low as 10-5 Torr and temperatures as high as 5001F..

-tI



SECTION I

LOW TPMPERATURE DEGRADATION INVESTIGATIONS
OF POLYISOBUTENE AND POLYISOBUTENE VULCANIZATES

The object of the current research program is to determine the mechanism by
which butyl rubber undergoes thermal degradation in the temperature region 1500 to
2000C (3000 to 400 0 F) where the loss of physical properties is first noted and to
learn more about the role oxygen plays during polymer degradation. Butyl vulcani-
zates and polyisobutene with varioua oxidative histories were subjected to thermal
degradation in this temperature region. Identification of the degradation pro-
ducts and their rates of formation were determined chromatographically. It is
hoped that elucidation of the mechanism by which these materials degrade will be
of value to the improvement of the thermal stability of butyl elastomers and
ultimately other polymer systems.

Madorsky and coworkers reported the results of their pyrolysis studies of
polyisobutene, polyisoprene, poiybutadiene, SBR and polyethylene in 1949 (1).
This work was carried out In a high vacuum at 3000 to 5000C. Although the presence
of both CO and C02 were reported in the pyrolysis products of the purified polymer,
no significance is attached to their presence in subsequent decomposition mecha-
nisms which were proposed. As a result of these and other studies, a polymer
degradation theory gradually evolved.

In general, polymer degradation may be considered as a reverse polymerization
consisting of 1) initiation, 2) propagation, 3) transfer, and 4) termination
reactions as proposed by Simha, Wall and Blitz (2) and others (3). The reactions
are summarized bblow.

1) Initiation -- Radicals Formed by Rupture

P-CH2 -CHX-CH 2 -CHX-P -* P-CH2 -CHX" and P-CHX-CHo

2) Propagation -- Monomer Fragments Split Off Stepwise Along the Chain

P-C' 2 -CHX-CH 2 -CHX --* P-CH2 -CHX" + CH2 = CHX j-.

3) Iransfer -- Competitive With Propagation Reaction

A. Intermolecular

P-CHX. + P-CH2 -C1X-CH2 -CHX-P -* P-CH2 X + P-CH2 -CX = CH2 + .CHX-P

B. Intramolecular

P-CHX-CH 2 -C -- P-CHX. + CH2 = CX-CH2 -CH2X

L' L

2 S::

______ _ _



II

4) Termination r

A. Recombination

P-CH2 -CHX* + P-CHX-CH2 - P-CH2-C*X-CH2-CHX-p

B. Radical Disproportionation

2 Radicals- 2 Polymers

Simha, Wall and Blatz (2) have developed rate equations which follow the
reactions shown above.

Jellinek (3) has also developed a theory of depolymerization assuming a chain
process which is similar but also differs in many respects from that of Simha and
coworkers. One of the principal differences is that initiation in the Simha theory
is represented as a main chain carbon-ca:bon bond scission. Jellinek proposes a
mechanism for the degradation of polystyrene which is dependent upon the presence
of weak links along the polystyrene chain wlich results from the incorporation of
oxygenated groups.

Tolbclsky and coworkers (4), as early as 1942, showed that there is a rela- i
tionship for most polymers, including butyl rubber, between moles of oxygen
absorbed and the moles of chain cleavage produced. Data presented in this work
shows that under maximum rate conditions of oxidation and chain scission, the ratio
of moles of oxygen absnrbed to moles of chain scission is near unity for a butyl
vulcanizate except in ie very early stages of oxidation where measuroments are
admittedly less precise. These results are evidence that the previous oxidative
history of a poiymer could play an important role in subsequent degradation studies.

Wall and Florin (5) state in summarizing their degradation work that "On
qualitative grounds it is evident that the pyrolytic behavior of polymers studied
is a result of thea.r basic structure and not of trace impurities or structures,
at least within certain limits." This statement may be true for high temperature
degradationls, but it is open to question for low temperature degradationq involv-
Ing small amounts of decomposition requiring lower activation energies. Much
evidence indicates that such initiation takes plate at weak links produced by
small irregularities in the polymer structure such as branching (6) or the presence

1' of oxygenated groups (7).I

Additional references related to the thermal degradation of polyu-.Is are
listed in the Bibliography section. l

To date, most polymer degradation studies have been carried out in a vacuum
at temperature ranges from 3000 to 5000 C with decomposition rates varying from
0.1% to 1 or 2% per minute. However, it is well known that rubber vulcanizates
lose physical properties at much lower temperatures (1500 to 2000 C) and long before
1% of the material has been volatilized away. The work described in this report
is primarily ccncerned with this lower temperature region.

I
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TEST METHODS AND APPARATUS

Samples of butyl vulcanizate and poly sbutane were aged in air at elevated
temperatures then subjected to progressive Isothermal aging (PIA) from 1000 to 2500C
in an inert atmosphere*. PIA was first carried out in a pyrolysis tube heated by
a Fisher furnace (8), however, condensation of the higher molecular weight volatiles
in the cooler parts of this system prevented an accurate determination of their
relative rates of evolution during PIA. A new furnace was, therefore9 designed and
built to maintain the entire system at the aging temperature. The furnace was con-
structed from a 4 by 6 by 8 inch aluminum block (Figure 1). Four cavities were
drilled into one side of the block to house four 250 watt cartridge heaters. Two
cavities were drilled in the front of the block to serve as a sample chamber and
to house a thermocouple. The sample chamber is fitted with an injection port
machined f;om a piece of hexagonal brass stock. A silicone rubber septum is used
to seal the injection port and to permit the injection of gases into the sample
cavity. A large cavity was also machined in the top of the furnace to house a two
way teflon sleeve valve and associated plumbing. The valve is connected to the
sample chamber and to a second valve mounted outside the furnace. By manipulation
of these valves the chromatographic carrier gas can be directed through the sample
chamber or through a bypass loop directly to the chrnmatograph. The temperature
of the furnace is controlled by an F & M Power Proportioning Temperature Prograae 7.

I|

The chromatographic system (Figure 2) consists of an F & M High Temperature
Chromatograph In series with an anmient temperature chromatograph (AIC). The F & M
chromatograph is fitted with a 7 foot SE-30 column and the ATC is equipped with a
15 foot DMS and a 10 foot stiicone grease column connected in series. A carrier
gas flow rate of 65 ml./min. was used. The F & M column is normally maintained at
2500 .. At this temperature air, CO2, and low molecular weight hydrocarbons are
recorded as a single peak. Higher molecular weight volatiles, if present, are
recorded as a ceaond peak. The high molecular weight fraction can be ceparated
into its several components by programming the F & M column temperature from am-'
blent temperature to 2500 C. The components of the low molecular weight fraction
are separated by the FTC. A dry ice trap has been placed between the chromato-
graphs to prevent the high molecular weight volatiles from entering tha ATC. A
molecular sieve c•plumn Incorporated into the ATC system provides separation of 02,
N2 , methane and CO which are otherwise recorded as a single "air" peak using tha F
DM-silicone grease column. An 18 inch DMS loop is used as a bypass for the mole-
cular sieve column. The carrier gas stream through the column is controlled by a
two way valve. When it is desired to separate the components of the "air" peak, r
the gas stream is first directed through the molecular sieve columnt then when it
has been determined that all of the volatiles under the "air' peak have entered
the molecular sieve column, the gas stream carrying CO2 and low uolecular weight
hydrocarbons is bypassed to the ATC. Oxygen, N2, methane and CO are stored in the L
molecuiar sieve column while the other volatiles are being analyzed by the ATC-
After the last hydrocarbon peak, i.e. isobutene, is recorded the carrier gas is

* Under the PIA sequence the aging temperature is increased in 251C increments every
30 minutes. The volatiles produced during PIA are identified chrormatographically. K

4Iul
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re-routed through the mclav-iar sieve column and the stored volatiles are swept
into the ATC for detection and recording on the chromatogram.

The volatile degradation products formed during PIA are sampled by sweeping
the sample chamber of the aging furnace with the chromatographic carrier gas for
30 seconds. Samples are normally taken every-15 minutes during the PIA sequence.,
Between samples tho volatile degradation products are stored in the sample chembir.
In theis way the volatiles are concentrated and degradation as evidenced by evolu-
tion of hydrocarbons can be detected at much lower temperatures than was previ-
ously possible.

Total pr:.'1ysis of polyisobutene and butyl vulcanizate was carried out at
1O000C using the F and M Model 80 pyrolysis unit. A sample was placed in the
resistance probe of the pyrolysis unit which was then inserted into the injection
port of the F and M chromatograph. The temperature of pyrolysis was controlled
by the amount of current passed through the probe during ignition. The degradation
products were identified by the above chromatographic system except that the F and
M chromatograph was fitted with a 10 foot silicone grease column and the ATC with
a 15 foot DRS column.

The rates of evolution of volatiles were determined directly from the chro-
matograms. The rate of evolution curves for the various volatiles produced during
PIA were obtained by plotting the chromatographic peak height, in millimeters per
each 15 minute accumulation period, versus temperature on semilog paper.

The percent ditertiarybutylparacresol (DBPC) was obtained by extracting
polymer samples for 16 hours with absolute ethanol. The extract was then diluted
with additional ethanol and the percent DBPC was determined by absorbtion in the
ultraviolet region using a Beckman DK-2 spectrophotometer.

D1SCgSSION OF RESULTS

Pyrolysis of Polyisobutene and Butyl Vulcanizates

The more volatile degradation products from the total pyrolysis of butyl
vulcanizates at 1O00 0 C have been identified by gas chromatographic techniques as
methane, CO, ethane and/or ethene, C02 , propane, propene, isobutene, n-butane,
neopetitane and tsobutene. These products with the exception of the C2 and C3 hydro-
carbons agree with the volatile products obtained by Madorsky and coworkers (1).
Isobutene is the major volatile pyrolysis product obtaL.d under these conditions.
Polyisobutene and butyl vulcanizates produced the same relative amounts of volatile
products.

Production of Higher Molecular Weight Degradation Products

Madorsky et al (1) also obtained fractions of higher molecular weight material
in their pyrolysis studies. One fraction was assumed to be dimer and trimer while
another contained material having an average molecular weight of 543 which most
likely contained polymer fragments consisting of 9 - 10 monomer units.

r-
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"Higher molecular weight fragments were also observed in the current studies
such as dimert trimer and material having a molecular weight as high as 320.
Most raw polyuers produced a small amount of higher molecular weight products
which in part consisted of the antioxidant. full ed can pro-
duced a larger quantity of higher molecular weight products #Alch In part could
have been derived from the compounding ingredients. No attempt was made to sake
a thorough study of the higher molecular weight volatile products produced on
aging.

For the most part low temperature studies produced only small amounts of the

higher molecular weight degradation products. The results reported here have been
obtained from a study of the evolution rates of the nore volatile products pro-
duced, mainly .O2 and isobutene.

Low TemErature 2eMradation Studies

It has been shown that most polymer vulcanizates exhibit a loss in physical
I properties when they are aged in air at elevated temperatures. An attempt wasj made to correlate the temperature range where this loss in physical properties

is observed with the volatile products which ara produced during PIA. Samples of
butyl vulcanizate were aged in an air oven for eight hours at temperatures ranging
from 2750 to 4000 F. The physical properties of the ;.ged samples are shown In Table
I. In Figure 3 the tensile strengths of these samples are plotted versus aging
temperature. Also plotted in Figure 3 are the C02 and isobutene evolution rates
for the unaged and aged samples as determined by PIA. These data show that degra-
dation as measured by physical properties occurs at temperatures above 325oF.
Figure 3 also Indicates that the rate of evolution of volatiles increases at agingtemperatures above 3250 F. An increase in the evolution rate of C02 is obsezved

for the unaged sample as low as 3000 F. Isobutene is first observed at 390OF with
the unaged samplb. Greater sensitivity could have been obtained in the above
experiments provided the volatile samples had been accp'ulated for periods longer
than 15 minutes before chromatographic analysis.

These results show that the decrease in physical properties of a butyl vul-
canizate at elevated temperatures can actually be correlated with the evolution
of volatile decomposition producti. Figure 3 also !.ndicates that aging in air
increases the rate of evolution of isobutene which is observed during PIA aging.

The Effect of Exposur. to Oxygen on the Deoradatjon of Polyisobutene

Samples of polyisobutene (Vistanex L 80) were aged In an air oven at 400oF
for 2, 4 and 8 hours. These samples were then subjected to PIA aging. The rate
of evolution of CO2 and isobutene which occurred during PIA aging Is shown in
Figure 4. The evolution of isobutene before exposure to air at elevated tempera-• tures Is not detected such below 200°OC during PIA. Ho~wever# after air aging, the

evolution of isobutene can be detected as low as 1000 C. Furthermore the rate of
evolution of volatiles Is a function of the degrae to which the sample has been
aged as shown in Figure 4. Figure 4 indicatbs that the evolution of 002 with
temperature increases up to about 2000 C then Ivels off. The rate of evolution
of lsobutene increases up to 1500 C, levels off to about 1750C and then increases
again as the temperature is raised from 2000 to 2500C.

8
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TABLE I

PHYSICAL JES71s O DATA OBTAIn MM BUTYL CAMIZAMS
BEFFORE AND AFTER GING 8 HOURS IN AIR AT VAR1M TEWEMAKES

I-
Compound Forxulas 100 EnJay Butyl 268, 50 HAF black. 3 zin'c 4•,trat*e 3 Polar Oil

S45#, 5 zkc oxide, 12 ib.rol ST-iS?, 1.3 Sn12-2 2O (7%-).

Cureds 60 min. 0 320 0F

Test Temf•eý'sturea 73•F

I Ultis*to
T$nsie.* Strangth 300% MoAu1s ElongtionAging ?• •.tMau•_e. psi .. ... 1

--- 2250 420

2150 1800 375

300 3075 2550 350

325 2175 2000 340

350 f 9225 290

S375 1725 ---- 280

400 1125 245

9
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Trhese results indi-cato that tnere may be two different degradation .mouhani-sms
involving two different types of octygenated isite& of -different -astabilities. ohich
Initiate the decomposl-tinn of oxidized polyistsbutene.

A series .of PIA cycle,, shown graphically i-n Figures 5 and,6:9 vas -carried ~out
toinvestlyate thig behavior further.. In this sari-es -nf experimbents -a sample vitthe polymer wvas aged In air for S hours at 200%,C~ then subjected to several P'IA

(;ycles without additional exposure -Ao oxygen. Txom Fig1 tcnb enta
during each sauccessive PIA nyzle the rate oi evolution of isobutene decreases
rapidly at the lower temperatures until the characteristic rate ,of evolution curve
shown in figure 4 has disappeared and the rate of ev-.lution curve approackkas that
obtained for the unaged sample.

Exposure of the same sample to air for e second time produced similar results i
(Figure 6).. This Indicated that 4uring the first agin~g period a -nuiaber of sites
are oxidiztd, however, t great number of rear-tive -sites -must still remain. Thos-e
sites may then -be attacked during the second air aginjgperlod. During PIA the
less stable oxygenated sites decompose to initiate -a relatively rapid rate of
degradation of the polymer chains between 1000 and 150%O, then as the-number ~of
these sites decreases the rate levels <ff and starts to drop. The more -stable
oxygenated sites, however, begin to decompose at higher temperatures an~d result
in the increase In rate of evolution of isobutene above 175%1. During subsequent
PIA cycles the less stable sites have -essentially disappeared and any additional
degradation is initiated by the-more stable sites still present.

On the bLsis of these rate of <evolution curves (Figure 4), it seems reasonable

in effect be "d~eactivated"# i.e. the less stable oxygenated sites rekponsible for
i nitiating degradation below 17,50r, could be decomposed leaving only the more stable
oxygenated sites. These-stable sites should then decompose and initiate thermal
degradation of polyisobutene at temperatures above 17500. This was found to be -

the case as i~haltn in Figure -7. Hleating polylsobutene for 16 hours at 175*C in a
dynamic helium atmosphere roduced the rate of evolution of CO2 nd Isobutine to
very low levels. However, -upon raising the temperature to 2500% the rate of evo-
lution of isobutwie increased rapidly until at 250%C the evolution rate was -nearly
equal to the sample of polyisobutene which had not been deactivated.

Degradation of Raw Pplymer Versus Vulcanizate

Figure 7 shows the PIA curves for butyl vulcanizate R142325 and black master-
batch L 80.

Both samples exhibit a much lower rate of isobutene evolution during PIA than
the raw Vistanex L 80 polymer. The early rise in the rate of evolution curve, as
seen in the case of the raw polymer, is absent. These results indicate that com-
pounding and curing or even the presence of carbon black has a stabilizing influence
upon the raw polymer. Carbon black Itself appears to act as an antioxidant and -

even prevents the early rise in the rate of evolution curve exhibited by the raw [
polymer ilistaaex L 80. Apparently carbon black prevents the formation of the
oxygenated sites which are unstable below 17,50C in addition to reducing the concen-I tration of oxygenated sites which decompose at higher temperatures.j 12
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PolyLsobutene heated 4 hours at 2000C in the absence of oxygen shows little

tendency to degrade. No volatile products are detected during the PIA cycle and
the Inherent viscosity (1.92) of the polymer is unchanged before and after aging.
iqowever, polylsobutene heated 4 hours at 2500(C in an inert atmosphere after a
PIA cycle does degrade. A small amount of isobutene is detected during PIA above
20000 and after 4 hours at 2500C the inherent viscosity of the polymer was found
to have dropped to 1.64. These results indicate that polyisobutene is stable
during aging in in inert atmosphere up to 2000C. However, polyisobutene apparently
already contains reactive sites which decompose above 2000 C producing chain
scission, the evolution of isobutene and a reduction in the inherent viscosity.
Such docomposition is not inhibited by the presence of antioxidant, as shown in
Table 2. Samples containing 0.8% ditertiarybutylparacresol (DBPC) aged up to 120
hours in air at 1000C show the same initial drop in viscosity but further degra-
dation is prevented by the presence of DBPC. Samples containing less than 0.8%
DBPC show additional degradation after only 48 hours aging in air at 1000C (see
Table 3). The same indication is given by the rate of evolution of isobutene withU samples containing different DBPC concentrations (Figure 8).

The susceptibility of the polymer to oxidation was investigated further by
aging samples of polyisobutene protected by antioxidant in air at elevated tem-
peratures. Polymer samples with 0 - 2.3% DBPC were exposed to air for 8 hours at
2000C. However, it was found that under these conditions the antioxidant was
quickly depleted and provided little protection. This is evidenced by the fact
that the rate of evolution of volatiles from these samples during PTA was very
nearly the same regardless of the antioxidant loading. For samples aged in air
at 1000C, however, distinct differences were noted. Before air aging the samples
were pressed into thin films in order to expose a rather large surface to oxidati-e
attack and to reduce any surface effects due to the low air permeability of poly-
isobutene. The aamples, with 0 - 2.3% DBPC, were then aged in air for 24 - 120
hours -t I00% and subjected to PIA. In order to evaluate more completely the
effects of oxidation, PIA cycles were also obtained for unaged samples. It was
found that during PIA the unaged samples produced no detectible amounts of iso-
butene at temperatures below 2250C0 however, a higher molecular *eight volatile,
later determined to be antioxidant, was detected among the volatile products using
the F and M chromatograph. Figure 9 shows the rate of evolution of antioxidant
from samples containing 0.8, 1.3 and 2.3% DBPC respectively. Figure 9 indicates
thdt antiouidant evolution during PTA begins as low as .000°C and Increases rapidly
at the aging temperature is increased to 250%C. At 2500C the antioxidant content
of the sample would be depleted raadily. The percent antioxidant was determined
spectrophotometrically before and after exposing a sample of the polymer containing
0.8% DBPC to air at 1000C for 48 hours.. It was Aound that the DBPC content had
decreased to 0.033% after 48 hours aging. The fact that isobutene was not detected
below 2009C during PTA indicates that sufficient DBPC Is still present to prevent
degradation.

Cuives for the plot of the rate of evolution of isobutene versus tomperature
are sbown in Figuro 8: These samples contained different amountz of DBPC anti-
oxidant. Below the 0.8% DBPC level, the samples are not suffil•ently protected
and a higt. evolution rate of Iobutene is obsorved at 1750C. The Inherent via-
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TABLE 2

INHERENT VISOOSITIES OF POLYISOBUTENE (VISTANEX LBO)
SAMPLES PROTECTED BY 08% DBPC AGED IN AM AT lO0C

Inherent Viscosity (dl/g)
•nfl Time (Hrs.) • D After Paina After PTA

0 0.30 1.64

24 - 1.93*

24 0.055 1.59

48 0.033 1.56

72 0.027 1.58

9 0.009 1.65

120 none detected 1.69

*Inherent Yiscosity before PIA. All other samples determined after

PIA to 2500C and 4 hours in Helium at 2500C.
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TABLE 3

INHERENT VISCOSITIES OF POLYISOBUTENE (VISTANEX LBO)
WITH 0 - 2.3% DBPC AFTER AGING 48 HOURS IN AIR AT IOPC

% DBP Before Aging Inherent Viscosity (dL/&)*

0.0 0.32

j 0,3 1,25

0.8 1.56

1.3 1.60

2.3 1.67

* After PIA to 2500C and 4 hours aging in Helium at 2500C.

I
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Figure 8. Evolution of Isobutene from Polyisobutene Containing
0 - 2.3% DBPC After 48 Hours Aging in Air at 1000C
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I! ~~cosities of tht•e samples aftcr PIA and additional aging are. given in Table 3.-° .
These data also show that below the 0.8% D8PC level, a considerable drOp in inhter- -
ent viscosity is observed. • •

w The thickness of the aged samle was found to be .important in this study.
. ~Oven aging in air at 10O0 C had a much greater degrading effect upon thin stales

•; " than upon thick samples, It was found necessary to compre samples having anery
Sequivalent weight to surface ratios irn order to obtain meaningful results.

The Effect of Molecular Weight on Degradation

; The effect of molecular weight on thermal degradation was investigated. Poly-
mers of two different average mlecular weights 11,000 and 70,000, respectively,
were subjected to PIA and air oven aging at 1000C followed by PU. It was found

S~that under similar condtitions both polymers evolved degradation products in the
• same relative ratios. However, the low molecular weight polymer prouced a greater
S~quantity of volatiles during PIA both before end after oven eging. These results

* can be explained on the basis that there are proportionately a greater amount of
• : activated sites present in the lower molecular weight polymer which are capable
-- i of initiating degradation.

i• i•Conclusions

• • The low temperature (up to 250°C) degradation mechanism indicated by the
• current investigations appears to be similar to the mechanism described previously n.y

• 5Siaha, Wall and Blatz (2) with one exception. The initiation reaction to produ~ce
• free radicals at these low temperature results from the decomposition of reactive

,•.• .sites along the polymer chain as proposed by Jellinek (3). Furthermore there
:• • appear to be three different types of reactive sites which decompose to initiate

•-• •degradation.

Si The raw polymer will degrade slightly when heated above 2000C. Degradation
• . . is initiated by reactive sites already prt..ont in the polymer such as catalyst
S•- residues, branching, terminal unsaturation, etc. Antioxidant does not provide
S~protection against this type of degradation.

The other two •echanisas of initiating degradation involve oxygen. Exposure
of samples to oxygen when not protected by the presence of antioxidant results in

_ •the formation of oxygenated groups such as hydroperoxides along the polymer chain.
•-•o ,The hydroperoxide groups are unstable at low temperatures and decompose ti produce
• chain scission as described by Tobolsky (4). Depolymerization follows according

to the theory of Sieha, Wlall and Blatz to produce quantities of isobutene, It has
been found possible to decompose most of these hydroperoxide groups by heating
polyisobutene to 175%( for 16 hours.

Oxidation also produces other oxygenated groups along the polymer chain• which
are more stable than hydroperoxides. It Sis necessary to heat samples above 200°C
in order to initiate degradation resulting from the decomposition of the more stable
oxygenated sites.
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A polyisobutene with improved heat stability can be obtained. if one uses a
high molecular weight polymer whose naturally occurring reactive sites, abich
initiate degqradation, can either be prevented or removed. Oxidative type attack
can be minimized by using an efficient antioxidant which Is not volatile at the
aging temperature involved.
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SECTION II

0OWOUI)ING INVESTIGATIONS AND HIMH IEMPERATtJiA
PHYSICAL PROPERTIES OF ELASTOMERS

i Compounding and testing activities under this contract were directed primarily
at supplying vulcanlzates having known physical properties for the thermal degra-
dation and stress relaxation measurewment portions of the program. These elastomers
included butyli polyisobutylene, ethyiene-propylene, and silicone rubbers. No new
t -Mierciai elastomers having promising high temperature resistance were encountered
.jring the year. The new stress relaxation equipment was not completed in time to

conduct measurements on all the compounds which follow.

ALTYL RUBBER

Resin cared butyl rubber is one of the better heat resistant materials that
can be easily processed and which does not require postcuring operations. A series
of compounds was prepared to Illustrate the effect of carbon black level (0 to 100
phr) on the 4006F tensile strength of resin cured butyl as shown in Table 4. The
400*F tensile streng+h goes through a maximum at 80 ph- HAP black in this formu-
lation; however, when elongation is also considered, the 60 HAP compound (3064)
would be preferred.

Using the 60 HAF resin cured butyl compound (3064) as a control, a second
series of butyl compounds was mixed to compare several curing systems as shown in
Table 5. Based on 4000F tensile strength, the resin cure was best, with three
other compounds -- low sulfur and either TMID (3068), or Tellurac plus Ethyl
Cadmate (3069), nd GMF, zed lead, sulfur (3070) -- being about equal. GMF, red
lead and MI5S (3071) prodviced a stock of lower tensile strength and elongation.

6,UMME~ RUBBER

Three samples of reclaimed silicone rubber (a potentially inexpensive heat
resistant material which coild be used alone or as a blending material) we ob-
tained from the Xylos Rubber Company and were evaluated by curing with dichloro-
bonzv,'l peroyide, dicusyl peroxide, and MII Diner. While the exact reclaiming
procedure Is not known, one sample was digested with rosin oil, one sample with
formaldehyde, and one simple with a combination of both. All samples were gray,
uri cpbly materials which sheeted well on the mill. The best properties were obtained
with a dicumyl peroxide cure (7086) of the silicone rubber reclaimed with formal-
dehyde only (Table 6). The formaldehyde and any hydroxyl groupse present were
probably incidental to this curing system and had little interaction with t"
peroxide; whereas the rosin oil probably did react with the peroxides. The stocks
containing MI7 Dimer (diisocyanate) had very short elongations and tended to
crumble in a manner suggesting gross overcure or polymer degradation. Points of
attack for isocyanate crosslinking were possible hydroxyl groups attached to the
reclaim after digestion with formaldehyde, or active hydrogen atcms.

Preparation of silicone reclaim without additives which would interfere with
peroxide cure& was sug.estedi however Aost of the oils presently added for satis-
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Si TABLE 4

FFFECT OF CARBON BLACK LEVEL ON hIGH TEMPERATUME
TENSILE STRENGTH OF RESIN CURED BUMYL

Base Compound: 100 Enjay Butyl 268, 5 Neoprene GRT, 5 zinc oxide, 3 zinc stearate,
3 Po4ar Oil 45, 0.02 magnesia, 10 CRROB03 resin.

Curing Temperature = *20 F

Stock No. 3061 3062 3063 3064 3065 3066

HAF Black 0 20 40 60 80 100

Stress-Strain Properties 0 730 F
300% Modulus, psi
Cure, min. 30 100 200 525 750 1425 1475

45 75 250 600 950 1575 1675
60 125 275 675 1100 1750 -I 90 75 300 750 1150 1800 -

enstile Strength, psi
Cure, min. 30 475 1675 2176 2000 1900 1475

45 450 1675 2250 2025 1900 1375
60 425 1800 2150 2100 2000 1575
90 425 1900 2375 2100 2000 1575

Ultemate Elongatioh, %
Cure, min. 30 780 840 760 680 420 300

45 780 750 740 600 390 300
60 680 770 660 580 360 27090 680 780 6A0 540 320 240

Stress-Strain Properties 0 400°F
Tensile Strength, psi

Cure, min. 30 50 100 460 670 770 630
45 70 130 410 670 750 650
60 60 110 430 290 830 65090 70 110 420 BOO 810 700

Ultimate Elongation,%
Cure* min. 30 90 130 270 270 200 140

45 .140 ISO 220 260 180 140
60 110 150 230 260 190 130
90 130 160 200 280 200 130
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TABLE 5

EFFECT OF CURE SYSTEM ON HIGH TEMPERATURE
TENSILE STREEq3TH OF BUTYL COMPOUNDS

Base Compounds 100 Enjay Butyl 268, 60 hAW black, 5 zinc oxide, 3 Polar Oil 45.

Curing Temperatures 320OF

Stock No. 3064 3U68 3069 3070 3071

Neoprene GRT 5 - -

Zinc Stearate 3 ....
Magnesia 0.02 -...
Stecu I: =.Z; ! - 1 1 1 1
CRRO803 Resin 10 - - -.

Sulfur - 0.5 0.5 1 -
GMF - - - 2 1.5Red Lead ....- 5
hBTS - - - A 4
TMTD - 3 - - -

Tellurac - - 1.5 - -
Ethyl Cadmate - - 1.5 - -

Stress-Strain Properties @ 73OF
300% Modulus, psi
Cure, min. 30 800 1325 1175 1775 1900

45 1000 1400 1125 2000 1925
60 1150 1375 1050 2075 1725

' 90 1250 1400 1075 2125 1850
Tensile Strength, psi
Cure, min. 30 2025 2075 2200 2300 2075

45 2075 2225 2125 2525 2000
60 2125 2125 2050 2475 1725
90 2150 2200 2100 2425 1850

Ultimate Elongation, %
Cure, min. 30 640 500 530 430 320

45 '620 480 520 420 310
60 580 470 520 380 300
90 500 480 520 340 300

Stress-Strain Prop•erties @ 400°F
Tensile Strength, psi
Cure, min. 30 710 600 670 620 480

45 780 640 690 660 410
60 800 640 630 650 410
90 820 640 650 630 410

Ultimate Elongation, %
Cure, min. 30 320 490 570 290 170

45 270 460 560 270 160
60 280 460 470 260 160
90 270 450 450 250 160
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factory proc^essing pn reclaiming equipment will interfere, with the coimoniy used
peroxides. Silicone reclaims with other additives were not obtained during the
ýontract period.

'YLri RUBBERS

Ethylene-propylene copolymar rubber (EPR) cured with sulfur and peroxide and
rontalinng the stabizizng agentsý antimony trioxide and chiorosulfonated poly-.
ethvli~ne (Hypalon) hid good resirstance to heat aging at 350 - 400OF (25). Ethylene-
prenpylene terpolymeý, (UPT) containing small amounts of unsaturation have now
bacome available which ai-co sic~ceptible -to resin cures of the type used ir heat
resistant buty!1 rubber compounds, The resin wre, the stabilizing agents, and
variations in mixing procedure were combined in the evaluation of one series of
EPT ca"Tpounids.

R-ýsin cured FPT (Enjay 3509) compounds were mixed two WayG to determine the
effect of adding the activator (SnC12t2H20) and stabilizinq agents in the master-

K batch (starks 7091, 7092) inctead of In the final mix (stopka 7094, 7095). The
results in Table 7 indicate that addition of these agentq to the masterbatch (Base
Cottpound A) raised the viscocit-y of the uncired stocks, 4nd reduced the modulus,
tensile strongtn, and hardness of the vulcanizates slightly. All four vulcanizates
shown werea tight]- cured In~tially anid had andesirably short elongations at 400OF
and at 73OF after aging at 4000F. Tensila strength at 4000F and resistance to
agi~rsa at 400OF were essentially equal fo~r the tvc types of mixing. Apparently the
longer interaction of SflCi12-2H20 with the molymer when added in the masterbatch
does n~t re-rult 1. iIncreased beneficial crosslinking.

A rasin cured EPT compound utilizing SAF black and having a Shore A hardness
of ?0 was subm~itted for strseas relaxation measurements to illustrate the capa-

W1 bilitics of th;ý new styess relaxatitan equipment built under this contract. The
St-ress-stzelri properties of th's compound measured at 73 and 4000F are shown in

Table 8,

21I
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TAS•X 7

RESIN CURES OF ETHa NE-PROPYLENE TERPOL"/ RUBBERtU

Base Compound As 00 Enjay 359# 10 polyisobutene, 50 H J black, 2 SnC12.W
(75%), 5 Hypalon 20, 5 atimony trioxide.

Base Compound Bs 100 Enjay 3509, 10 polylsobutene, 50 HAP black.

Curing TemparaturGc 320°F

Stock No. 0 7o092 7094__ 7_o9

Base Compound A 172 172 - -
Base Compound B - - 160 160
Hypalon 20 5 5
Antimony Trioxide - - S S
SnC12 o2H2 0 (75%) - - 2 2
CRRO803 resln 8 - 8 -
SPlOb5 resin - 8 - 8

Mooney Viscosity 0 2650F
Minimum 62 67 55 55

Stress-Strain Properties @ 730F
300% Modulus, psi
Cure, min. 30 2100 - 2400 -

60 2150 - 2600
90 2200 - - -

Tensile Strength, psi
Cures ain. 30 2325 1975 2400 2050

60 2150 2200 2450 2175
90 2200 2150 2200 2275

Ultimate Elongation, %
Cure, min. 30 320 260 300 240

60 300 260 280 220
90 300 260 260 220

Stros§-train fotoprtie_ 0 400°Q
Tens•le Strength, psi
Cure, min. 30 430 370 450 380

60 420 480 500 480
90 430 400 415 510

Ultimate Elongation, %
Cure, min. 30 100 60 80 70

60 100 so 90 80
90 80 70 80 80
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TABLE 7 (CONT'D)

Stock No. 70-91 I L024 M A
Stress-Strain Prop rties 73OF After A ing 8-Hours 400°F

Tensile Strength, psi
Cure, min. 30 675 775 600 650

60 625 750 1500 650
90 575 750 525 700Ultimate Elongation, %

Cure, min. 30 110 100 80 7060 110 90 70 70
90 i10 100 70 70

Shore 'A' Hardness - Cured 75 min.
Normal 66 69 68 71
Aged 8 firs. 0 400OF 72 73 75 78

29.
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TABLE 8

STRESS-STRAIN PROPERTIES OF EPT COMPUHD
USED IN STRESS RELAXATION MEASMEMENTS

Stock No. 3294s 100 Enjay 3509, 5 Hypalon 20, 10 polyisobutene, 55 SAF black,
5 Flexon 765, 5 antimony trioxide, 8 CRR0803 resin, 2 SnC12 .2H2 0

Curing Temperatures 3200 F

Test Temperature, OFs 73 400 73
Aged 8 Hours@ OF - - 400

Stress-Strain Properties

Tensile Strength, psi
Cure, rain. 30 2000 370 650

45 1900 350 700
60 1725 350 700

Ultimate Elongation,
Cure, min. 30 250 60 60

45 230 60 70
60 200 50 70

Shore 'A' Hardness 70 - -

ER
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SECTION III o

STRESS RELAXATION APPARATUS

The high vacuum, high temperature stress relaxation apparatus has beon com-

pleted and tests have been run in order to check its operation and to make certain
that the apparatus meets the specifications which were set up for it (Table 9).
These tests have shown that the apparatus is perfectly satisfactory and that it
meets or exceeds the specifications. An invention disclosure is being filed on
the apparatus.

DESCRIPTION Og THE APPARATIS

oven connected to a high vacuum system comprised mainly of mechanical and oil

diffusion pumps with associated valves and manifold. Inside the oven there are
two sample holders, one of which (the fixed holder) is attached to the end of a
beam mounted on monofleuures, while the other (the moveable one) is fastened to
the end of a bellows-sealed rod which extends outside the oven. The latter holder
can be moved in a vertical path by means of a handwheel which operates a rack and
pinion drive to the rod. The fixed holder attached to one end of the beam trans-
mits the force exerted by the elastomeric sample to the beam where it is in turn
transferred to the load cell located at the othor end of the beam. The manufac-
turer's specifications for the load cell are given in Table 10. The ring shaped
sample is hooked over small rollers on the ends of the two holders. By the above
meansp, the sample can be elongated at any desired time while under reduced pressure
by turning the handwheel. The electrical analog of the force exerted by the sample
is recorded continuously on a strip chart recorder whose Input is the output from
the load cell. The amplitude of the recorder trace is proportional to the forceon the sample.

The input and output leads of the load cell and also tho leads from 3 thermo-couples are lead into the evacuated space through two glass sealed multilead
electrical feed-throughs. One thermocouple monitors the temperature of the load
cell while the other two are used for measuring the temperature in tfie oven in
the immediate vicinity of the sample.

It is believed that this apparatus is unique in that the load cell is located
within the evacuated space. Many types of tensile testers, relaxation devices,
etc., have been made which employed a load cell for measuring forces, but in every
case we are aware of, the load cell located outside the heated or evacuated
space -- this means that these dev•.• all have some way of sealing the rod (or
whatever was used) used to transmit the force from the inside to the outside of
the enclosed space. Any type of seal results In variable frictional forces which
destroy sensitivity and accuracy. This apparatus employs a stanrard load cell
without special modifications (sv';h qs liquid cooling).

Another unusual feature of the apparatus is the absence of any rotating or
sliding seals or bearings. There are no parts in the relaxation apparatus itself
which employ materials in contact with relative motion with the exception of the
small rollers for holding the sample. This eliminates many problems such as wear$
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TABLE 9

SPECIFICATIONS FOR APPARATUS

temperature range room temperature to 5000 F

load capacity 0 to 25 pounds

overload 50% (150% of rated capacity)

sensitivity about .03 pounds can be read directly with 10 volts(normal) into load cell, a I to 1 ratio on beam and a 0 - 5
my recorder

(maximum) about .0075 pounds with 20 volt input, lever ratio
on beam of 2 to 1, &'4 a 0 - 5 my recorder - maximum
load 12.5 pounds

normal vacuum during 2 x 10"5 to 7 x 10-5 M Hg
test

pump down time varies from 1/2 hour to 1-1/2 hours depending onsample, etc.

stress range (with ring 0 to 760 psi - can be extended to about 0 to 100shaped sample of .22 x psi by using narrower sample
.075" section)

elongation range 0 to 350% (total stroke of about 6")

facilities required:

main source of electrical 120/208 3 phase, 20 ampere A-C outlet with 4 prong
power receptacle

load cell supply 0 - 20 volt adjustable D. C. supply with filtered
output, regulation and wvltmeter

water approximately 1/4 gal./min. of 50 - 68oF input and
drain
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TABLE 10

MAWJFACTURER'S SPECIFICATIONS FOR LOAD CELL

rated capacity 25 pounds

maximum loaci 50% overload (150% of rated capacity)

maximum Input voltage 20 volts D. C. or A. C. RMS

compensated temperature 30OF to 150OF
range

maximum temperature -50°F to 2000 F
range

effect of temperature .002%• of rated capacity per OF
on zero

effect of temperature + .002% of reading per IF
on output

linearity ± .1% or rated capacity

output in compression 2.13 mv/volt at rated capacity

Tho load cell has been used with 10.0 volts D. C. input. See conversions below$

10 volts input at 2.13 nv/volt = 21.3 my for 25 pounds

1 lb. = 21.3/25 = .852 my

1 my = 25/21.3 = 1.174 lb.
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lubrication, leaks due to worn seals, etc. The mounting -piv;t" of te eisat Is of
the mono-flexure type which completely eliminatea ;-_.tnary friction, it 1. sensi-
tive :M has large load carrying car-ity and iiqulres no lubtkcation or car.
except to see that it is not overloaL-d or row..hly _hAdled. The beam flexure
(pivot point) is set in the center of the beam, giving a I to I ratio for th*
beam. The pivot point can be moved to give a, 2 to 1 ratio for greater sensitivity
(with decreased load capacity). Moving the pivot point msut be done with oven
opened to atsospheric pressure. Extreme caution is necessary when making any

* adjustments to the beam. Although the flexures will take any load up to the
maximm given in the specifications without d&oe, they can easily be damaged by
twisting or flexing the beam beyond the elastic limit of the flexures.

All seals in the relaxation apparatus proper are of the static type. These
seals include a nuw-ber of Viton "0" rings and several glass-to-metal seals. All
parts in Lie evcuated, heated area are of stainless steel or glass.. Valvos in
the vacuum system are of the bellows sealed type with the exception of the large
w'ce valve at the top of the diffusion pump. This gate valve is the only part
employing seals which are of the relative moion type. Photographs of the appa-
ratus are shown in Figures 10, 11, and 12.

In general the apparatus has proven to be very satisfactory. The teperature
and pressure specifications originally set forth were easily met and.ther appear
to be no difficult or critical charicteristics. The tests did show up the possi-
bilities of minor improvements for ease of testing such as the desired addition
of a leak valve in the oven so that samples could be changed without letting air
into the manifold and pumps. Although the use of a load cell in an wvacuated,
heated space had caused some apprehension, the tests so far have turned up no
difficulties in this respect. The load cell temperature was only 860F in the
500F test and there has been no trouble outgassing the oven in the 10-5 m rane,
Because of the very limited amount of experience with this equipment the foliowing
discussion of its characteristics and limitations is presented in some detail.

TPSOF TESTS WHIMC CAN4 BE MADE

In general, three types of tests associated with relaxation have been in
common use:

1. Continuous stress relaxation tests in which the sample is elongated to
a predetermined length and then held at this length while readings of
the relaxing force are taken.

2. Intermittont stress relaxation tosts in which the sample is put under
cycles of elongation and free relaxation with force measurements being
made periodically during the test.

3. Creep tests in which the sample is elongated by a constant load and
periodic measurements of length of the sample are made.

The apparatus described In this report is capable of continuous or interisittent
stress relaxation tests on ring shaped samples. Creep tests could be made if

34
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Figure 12. Stress Relaxornetor -- Rear View
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necessary by periodically re-adjusting the elongation o* the sample by means of .
the hand wheel in such a manner that the load is kept constant as indicated ,y
strip chart recorder. The chanqing length of the sample would be maesurgd by the
motion of the slide on the rack and pinion drive.

As set up, the 3pparatus can not be used with stetit or dynamic a~r or inert
gas atmo , as was originally planned before the vacuum test was suggested.
Howeve', i'ations to include dynamic inert gas testing have been planned and
wtll re, '-e only the addition of two leak valves of the raedle type plus a gas
regulatcr/gage combination to meter the gas. Aq iurnished, the apparatus is tlo
3b used for vacuum tests only.

MEASUREMENTS OF PRESSURE IN OVEN

To date, the apparatus has been used in conjunction with a glass McLeod gage
made at this laboratory by Dr. J. L. Birnder and Mr. E. C. Stair. The McLeod gage
and "n associa'ed glass vacuum system were made to calibrate the Phillips type
ionization gage loaned to us by the Government foi this project. The ionization
gage could not be repaired and calibrated satisfactorily. Because of this, the
McLeod gage has been used in all tests. The lattir gage is aecurate and will read
dirc-tly to 1 x I0-6 mm Hg but is very inconvenient to ise. rhe pump down time is
shown in Figure 13.

DESIRABLE MODIF ICATIONS OF APPARATUS

i. The ionization gage should be repaired by the factory or a new gage
obtained. The use of the McLeod gage is inconvei ant and makes leak
testing very difficult because one cannot obtain continuous pressure
readings with it. The stress relaxation apparatus still has small leaks
aa shown by the rise of pressure of the system when valved off from the
pumps. These leaks could be located if a continuous reading pressure
gage were avallable.
Notes The pressure can be reducad to the low ',,5 am range in spite of
the leaks, but with a tighter system would probably go to the 10-6 or
10-7 mm H9 range.

2. Addition of leak valve to oven.

3. At present, the heaters in the oven are controlled uy means of a manually
adju:tpd Vartdc -- the addition of an automatic temperature control would
be a highly desirable featurc. ior any extois.v tast in.

4. Addltm of a regulated loi nooeZ D. C, soirce for t'e koad cal:,.

ýJ A

During the ýjO0°F -sts, temperatures of the outsile of various parts of the
apparatus were measured. These are as followst glass in door 23O0 F. left side
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of oven 2350F, top of oven 195 0F, bottom 185 0F, door flange near, seal 150°F top NE
flange near - 126 0 F, load call 86oF (inside oven).

LEMI. SIZE AND CIJRINg

11Tho sample used is a ring shaped sample 1.10 inch I, D. x 0.21 inch wide x
0.075 inch thick. It is made by first curing rubber in a transfer type mold which
results in a cylinder about 5 inches long. The cylinder is then mounted on a
wooden mandrel and the assembly is rotated in a lathe whi1e rings are cut from I
the cylinder by means of two siogle edged razor blades mounted 0.21 inch apart in
a fixed holder mounted in the lathe tool prst.

- This sample is not the best shape one could choose for eise of making but was
chosen because the ring shaped sample is easy to hold in the oven; Le. it does not
require clamps as a dumbell strip would.

SETTII Of Thr SoA.'~

The sample holders are set at a ioller center-to-centir distance of 1.20" for
0% elongation and 2.09" for 50% elongations Table 11 gives setthigs for other
elongations.

It should be noted that there are two stops on the stroke of the dove tail
slide. The lower stop is fixed and is set to limit the comi~esslon of the bellows.
The upper stop is adjustable but has been set to give a 1.20" center-to-center
distance for the rollaers. if this stop is changed, care must be taken to adjust
to a point whare the slide will be stopped before the moveable holder touches the
fi.xed holder, otherwise the beam flexure might be damaged. In any case the bellows
should not be extended beyond 7.8" total length.
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TABLE 11

SETTINGS FOR ELONGATIONS DESIRED

Inner Periphery
E n i Roller Saparation* oscale fsad•j • *

S inches inches inches

0 1.20 3.58 0.0 1
50 2.09 5.37 .69

100 2.99 7.16 1.79

150 3.88 8.95 2.68

200 4,78 10.74 3.58

250 5.67 12.53 4.47

& 300 6.57 14.32 5.37

350 7.46 16.11 6.26

* Center-to-center distance of rollers.

** With scalb set at 0% elongation = 0 inches.
Notes These figures have been calculated using a roller separation (1.20") ]
Just sufficient to straighten out the sample for 0% elongation and a sample
size of 1.10" I. D.

-V4
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Curves of stress vs. time at temperatures of 100, 400 and 450°F for a resin
cured butyl stock (No. 3064) have been plotted as an example of continuous stress
relaxation tests in Figure 14. These curves ha'-e been adjusted to start at theSsame Initial stress for easier comparison of the relative slopes. It should be

noted that the actual stress on individuai samples diffeor but that in this test
the important thing Is t*e rate of decay, that is, the slope oi the curves.
Normally, the tests are run for a time sufficient to cause the stress to relax
63.2% of the .5 minute stress. These tests were abbreviated to 360 minutes or
less because of time limitations. A 500°F test is not shown because the sample
broke immediately upon loading.

Figure 15 gives stress relaxation curves for stock No. 3064 when tested at
200OF in a vacuum at 200OF in air in the same apparatus, and at 248°F in air in
the regular Firestone apparatus. These tests indicate that there is a significant
difference in the decay rate at 200°F between the vacuum and air tests in the same

Sapparatus. This effect, is of course, the raison' d'etve for the vacuum test.
Although one can draw no conclusions from one test, the result is satisfying

in tha-. it is "the right direction".

The 248°F test was conducted in air in the regular Firestone stress relaxation
test apparatus (26). It is included for comparison of results in the two pieces of
apparatus. The curves have again been adjusted to start at tIe same stress.a

Figure 16 compares the relaxation of an EPT stock (No. 3294) in vacuum and

in air. These curves show quite vividly the difference in vacuum and air tests.
At the start of the testing period, the rates of relaxation are simlar, and
there is not much difference until after about 30 minutes. From then on, the
vacuum sample continues to relax in a manner that avoears to be linear with
log time, while the air sample drops off sharply in stress. At the end of the
test the vacuum sample stress is about 205 psi while the air sample stress isS•: only about 70 psi. Allowing for the differences in the original stresses, the

test ends with the vacuum sample at a stress over 2J times that of the air
sample.

t� i•�apparent that the •tes of decay ate nearly alike at the start but
progressively dIffer -ire and more as time lncreasos. ties appears to be due
to the fact that oxygen has little time to act at first, but soon starts
d-"r-dlna the alt wpe
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