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- CHEMICAL AND PHYSICAL CHANGES IN GAMWA IRRADIATED PLASTICS

To best utilize the unique properties of plastics materials of cons’ruction
for applications where radiation exists, it is of prime importance to ascertain be-
forehand their capabilities and limitations in radistion fields. This can be accom~
plished in basically two ways: (1) by a study of the physical property changss induced
by radiation, and (2) by a study of the chemical changes induced which are ultimately
responsible for the physical changes(l). The former method appears to be most widely
used for the more immediate needs of practical application of plastics where radiatlion
exists. In general, this procedure consists of exposing the materials to the desired
radiation dose in a relatively short time by using substantially higher radiation dose
rates than will be encountered in service. Thus, the evaluation procedure can be dene
in a matter of a few hours or days rather than weeks or years, After the exposures,
the materisls ere examined physically {cften with particular emphasis on those pro-
perties which are of most importance for the application) to obtain the desired in-
formation. The latter method 1listed above conslists in studying the chemical changeg
induced by radiation. For the work reported here, infrared techniques were used to
determine changes occurring in the molecular structure of the materials after having
been subjected to radiation bombardment. Thls technlque was supplemented by maas
spectcgraph analyses of any gaseous products given off during the irradilation of the
materials in vacuo. The study of chemical changes has been used more for studiss
basic ‘o radiation chemistry and mechanisms of change rather than for determining
materials! suitability for use in radiation flelds. |

The wark reported here was undertaken to determine the suitability of com-
bining the above two methods of study by correlating physical property changea with

the infrared analyses of molecular or chemical changes, and to obtain information on
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the actual chemical changes which were taiing place to eventually cause the physical
property changes. This report covers Irradiations in air and in vacuo out to a
gamma dose of 1 x 108 r {one irradiaticn was carried out *o 3 x 108 r). Future
reports are planned which will include more materials and irradiations out to

1 x 107 r.

EXPERIMENTAL PROCEDURZ AND RESULTS

In general, the experimental procedure consisted in obtaining original in-
frared spectra and physical properties and comparing these values with those obtained
after the various materials had been exposed to several doses of gamma radistion.
Gaseous products given off during the irradiaticn of the materiais in a vacuum were
analyzer using a mass spectrometer.

Chemical Changeg

The chemicﬁl or molecular changes induced in the plastics from exposure to
ia radiation were determined by infrared a.d mass‘spectrometer techniques.

Infrared. The infrared techrique gives information on the molecular
structure of organic polymers. Infrared light is passed through the specimens and
split into varying wave lengths by a prism. Absorption bands are the result of the
absorption at a particular frequency =f the energy rassed through the specimens,

The frequency at the aZs:rption band is characteristic of the chemical bonds whose
change Iin dipole moment nave the respective vibrational frequencies.

A more complste

description of the infrared equipment and its operatisn are available in the liter—
I8 3\ .
ature' <77/,

The infrared measurements were made using a Perkin-Elmer Model 12-C infrared

spectrometer which hai teen modified f-r double-pass operation. Atmospheric absorp=

tion was reduced by bl:wing dry air through the monochromator housing. Sodium chlo-

ride {Nall) nptics were used from 4000 <o 650 cm™'. Measurements were taken on the

same specimens which were used for the physical property studies,
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Mass Spectrometer analyses of gaseous products consisted of semi-quanti-

tatively measuring the masses of chemical rompounds given off from organic polynqri
after irradiation in vacuo. This technique gives information on the chemical nature
of the gaseous products and is helpful in the interpretation of the infrared obser-

vationa,

Physical Property Changes

Physical properties were studied by recording changes in the following

properties:

Tensile Strength measurements were made in accordance with ASTM D 412-51T

using Die C type dumbbell test specimens and a Scott tensile tester. Values are
given in pounds per square inch (psi) necessary to treak the specimen.

Ultimate Elongation measurements were obtained as a part of the ter.:ile

strength tests. Values are given as the per cent the specimen had elon;ated at the
time of treak,

Flexibility, A 180-degree bend test was made after the radiatic'. exposures
by folding the tensile specimen back on itself, Positive finger mressure was unnlied
to insure that the specimen sldes were in contact and to reduce the radius of bend t«
a aminimum,

Hardness measurements were not made as all of the materials examined were

in thin films,

Materials Evalusated

Table I in the Appendix lists the various plastics materials which were
used in this work. Becaﬁse of the demands imposed by the infrared studles, films in
the nominal thickness range of three mils (.003") to twenty mils (.020") were used
for the major part of this work., Thus, by selecting materials with varying thickness,
chezical and physical changes as a function of specimen thickness could be determined.
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Figure 1 shows the structural repeating units of the materials evaluated,
Irradiating the Materials

A1 materials were exposed to aprroximately 1,24 Mev garma radistion from
a Cobalt-60 isotope source of about 30,000 curles strength emitting gamma rays at &
dose rate of about 1.3 x lOé_r/hr. The irradiations were ‘carrled out in air at 25 C
at normal atmospheric pressure except fory those in vacuo at 25 C, Figure 2 shows a
schematic diagran of the Hanford Cobalt-60 source used and the arrangement of the
specimens being irradiated.

Units of radiation dose or exposure are given in terms of the Roentgen (r).‘

This unit is equal to the gamma ray ionization producing one electrostatic wnit of

charge in one cubic centimeter of air and is equivalent to the absorption of 83.3 ergs
of energy per gram of alr. Dose rate, the amount of energy available for absorption
in a material per unit time, is expressed as Roentgens per hour (r/hr). Millions of

Roentgens or megaroentgens is expressed as Mr.

Measuring the Properties

The infrared measurements were taken on one end of each of two tensile
specimens after a one-hour conditioning period at 25 C and 50% relative humidity.
These measurements were made approximately fdur hours after the specimens had been
removed from the radiation source., The reported optical denaity values are calcu-
lated from the average percent transmission readings of the two specimens. The aver-
age readings of the two specimens agreed to within plus or mirus 2%.

Physical property measurements were made at 25 C and 50% relative humidity
on each of five test specimens approximately one hour after the infrared anvalyses,
Each reported percent change value was calculated from the arithmetic average of the
five measured values. A statistical analysis of typical data showed that the 95%

confidence limits were approximately plus or mimus 8% for tensilo strength and plus
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or minus 10% for elongation.

Mass spectirometer analyses of the contents of the evacuated containers ware
made on all materlals irradiated in vacuo. In these instancea there was a delay of
about a day before the infrared and physical tests could be made. Data from the mass -
specirometer included the percentages and total pressures of any gaseous products

formed during the irradiations. Data reported are accurate to within plus or mirus
1% for the major constituent.
Results

The infrared and physical property data obtained from exposing the plastics
to various doses of gamma radiation in air and in vacuo at 25 C are presented in
Table II. This table shows physical property changes induced by exposure to gamma
radiation as percent change of the original property ' values which are glven opposite
zero irradiation dose. Results of the infrared studies on the same irradiated plastics
are shown in the table under chemical properties. Units given are optical densities,
Log (TO/T), where T  has been corrected to T, = 100% by the "baseline" method(z). The
cptical densities are proportional to the concentrations assuming Beer's Law to hold
trus. The structural groups and frequencies at which the absorptions were measured
are given in Figure 3. Original optical densitles of the unirradiated materials are
shown opposite zero irradiation dose. Also shown opposite zero irradiation dose and
under the Remarks column is the original color of each material., Significant color
changes and other observations needing comment are also noted in this colum opposite
the particular radiation dose causing the phenomenon,

Results of the mass spectrometer analyses are given in Table III, This table
shows the various gaseous products formed from the irradiation of each plastic in
vacuo. These products are identified from data on their respective masses,

The mass

spectrometer technique will not sharply define products whose masses vary by about
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two mass units. For example, C,H, could be elther ethane or ethylene with masses of
thirty and twenty-eight respectively.
DISCUSSION

The data presented in Table II show how gamma radiation affects the chem-
ical structures and physical properties of plastics classified as carbonate:,, ethyl=

ene , fluorocarbon, polyester, styrene, and vinyl chloride.. Chemical changes in-

duced by exposure to radiation can not always be determined by a combination of the
infrared and mass spectrometer techniques. On the other hand, chemical changes which
are taking place(l) but are not detectable, are in almost every case reflected in
physical property changes. At short and intermediate doses, some of the materials are
not significantly changed or damaged, but at the higher exposures all of the materials
were more or less damaged depending upon their chemical composition or structure.

It is not the purpose here, with respect to chemical structure changes, to
assign vibrational modes to all the infrared bands observed, but rather to take those
in which changes are observed and assignments well established, and comment on them,
The principal effects discussed are unsaturation, oxldation, and results from the mass
spectrometer for each material studied.

Carbonates

Lexan and Macrofol have essentially identical spectra (see Figure 4) and
they are considered identical for the chemlcal discussion. The variation in optical
density values reported are attributed to thickness differences.

There 1s noted in these samples a number of bands in the unsaturation region
875-1000 cm'l and also relative changes in these with irradiation. On the basls of
avallable structural information(L) the assignment of these bands to unsaturation is

difficult, and since the chauges are minor, no such correlation will be assumed here.

The effect of oxidation 1s more readily determined. There is evidence of
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increasing carbonyl content at about 1750 en™t. The high frequency of this group is
attrituted to the —0CO00~ group. The optical densities in Table II are not too aacu-
rate because of the large intensities‘involved - even in the unirradiated specimens,
There are definite shoulders found on the high wavelength side which can be attributed
to ketone and acid carbonyl(s). The hydroxyl (—~CH) absorption increases with radia-
tion exposureto a total dose of 3 x 108 T

Samples of Macrofol were irradiated in vacuo to a total doze of 1 x 109 re
There was insufficient gas evolution to determine gaseous products by the mass spec-
trometer technique. There was no indication of carbonyl formation, but the hydroxyl
increase was identical with that for the irradiation in alr. On this evidence it 1is

suggested that a chain cleavage or &polymerilzation reaction may be responsible:

—QOH— S e T N

CH3

Figure 5 shows how the chemical and physical changes of lexan are affected
by exposure to gamma radiation., Both Lexan.and Macrofol behaved almost identlically
with respect to physical property changes induced by exposure to lonizing radiation.
At the initial dose of 5 x lO6 r both materials exhibited a slight improvement in
both tensile strength and elongation. Both of these properties were lowered at a
slight rate with increased exposure to radiationloﬁt to about 5 x ld7 r. Further ex-
posure out to 1 x 10° ¢ increased the rate of degradation of both properties but the
materials were in good condition and possessed much of their original flexibility and
toughness. Both materials became more yellow in coler with increaaed exposure to

radiation. Lexan, which was exposed to a dose of 3 x 10 r, became quite brittle

and could not be tested for physical properties. Aa the properties of Macrofol were
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changed about equally for both the air and vacuum irradiations out to 1 x 1o§ r, it
appears that oxidation does not play an important role in the degradation of the
carbonate plastics.

Ethylenss

The three diferent types of polyethyiene studied here included a "conven=
tional” or low density type, Alathon 3, NC~10; a "linear" or high density type, Mar-
lex 50; and a low density type which had been given a controlled electron radiation
dose to improve some of its properties, Irrathene. The original spectra of these mat-
erials are reproduced in Figure 6. Basle differences are noted in th; unsaturation
region 1000-850 emT, and in the 725 cm - doublet., Marlex 50 shows vinyl unsature-
tion (RCHCH,) at 909 cm™ . Alrthon 3, NC-10 and Irrathene have a pesk at about
888 om™' which is assigned to vinylidene (RR'C=CH,), and the Irrathene has an initial
peak at 96/ em L for transvinylene(RCB:CHR)(G). A large amount of work has been done
on the chemical changes in irradiated polyethylene., Ths work of Dc‘.ale('7> and Miuer(e)
are ciled as veing typical, In general, radiation has been found to decrease vinyl
and vinylidene unsaturation and increase transvinylene. For irradiations carried out
in air an increase in carbonyl at about 1720 cm™ is also observed. The 725 cm™™
doublet is further split into branches at 730 and 720 cmfl which is only observable
in thin films three mils or less in thickness. The 720 cm > band is the most intense
in Alathon and Irrathene originally, and least intense in t'  case of Marlex 50, With
increasing dose, the relative intensities of these bands shift in the Irrathene, but

remain unchanged in the other two materials.

Alathon 3, NC-10, Table III shows that 97.5% of the evolved gas at a dose

of 1 x 10% r is hydrogen. This is in excellent agreement with Dole(7) and Charleby(9)

for pile irradiation of polyethylene. Each hydrogen molecule liberated would result

in one carbon to carbon bond being formed since oxidation can not oceur in vacuo. The
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formation of transvinylene unsaturation as well as crosslinking could result:
®

RCHCH,R —C2W8 . RCHCRR + K, (@)

R—CH,—CH,—R R—CH~CH,-R T
202 Gama | FYRCRTR (3)

R~CHy~CH,—R R—CH-CHy—R
° (20)_
The mechanism suggested 1s free-radical with one or two ionizing events .

The radiation yield (molecules/ ‘100 e.v.) for transunsaturation in Alathon at 1 x 108
in vacuo is G (—C=C~) 2.7 based on Anderson and Seyfried's specific absorption coeffiw

cient(ll) while the hydrogen yield was G (Hp) 5.3, Thus, about 50% of the hydrogen

evolved resulted in intermolecular crosslinks,

It has been suggested that the vinylidene site is contilbuting"to:orosalihlse 3
ing(7). The vinylidene group does not decrease as rapidly when irradiated in vacuo
as in air - Indicating oxidation as a factor in removing this group, ‘The’tertiayy '
cerbon atom as well as the double boﬁd would be vulnerable to oxidative attack. The "
formation of ketone groups well within the polymer chains as well as acid and aldehyds
carbonyl are indicated in the infrared spectm(5). From a mechanism suggested by
Dole'”) | the following crosslinking reaction results:

R~C Hz-ﬁ—CHQ—R R—CHQ-?H-CHQ-R
Gamme
i — CHy (%)
R—CHZ—C Hy—CHp—R . R—CH2-CH—CH2-R

In Alathon the terminal groups or chain ends are almost exclusively methyl
groups, the only exception being the vinylidene (see above), Reactions of oxidation,
chain cleavage, and crosslinking could all take place at these sites. In low density
polyethylenes there are found short chain branches which are generally 3 to 5 carbon
(12)

atoms long Chain cleavage at these short chain tranches could lead to additional
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crosslinking as well as hydrocarbon evolution in the 03 to C5 range.

The various crosslinking reactlons suggested would tend to increase the
tensile strength (at least to the degree obtained for the total doses investigated). . i

Figura 7 ghous hoth chemical and physies) changes induced hy gamma radistion =t

various doses out to 1 x 108 r in 15 mil Alathon. It can be concluded then, that the
degrading (loss of properties or usefulness) of this plastics material by resdiation invﬁ
alr 1s caused in part by oxidation reactions where these reactions are prohibiting
the crosslinking mechanism,

Four thicknesses of Alathon were exam;ned - nominal 3, 5, 10, and 15 mils.
The original elongation of each thickness appears to be a function of the film thick=-
ness ~ the thicker the material, the greater the elongation. On the other hand,

the tensile strength appeared to be essentially independent of the thickness with the

exception of the 10 mil sample which had substantially higher original tensile strength. i

}
. %

This was attributed to some variation in processing during mamfacture.

The elongation of all the Alathons was reduced as the radiation exposure was

increased with the greatest rate of decrease occurring between 1 and 5 x 11.07 r. The

tensile strength, with the exception of the 15 mil sample, was moderately reduced un-

til an exposure of about 5 x lO7 r after which it leveled off and then assumed a trend
of increasing. The greater decrease shown by the 10 mil material was probably a re-
lection of its original value which differed considerably from the others. The 15

mil sample exhibited a different trend. Its tensile strength was improved conaiderably

with increased radiation exposure out to a point somewhat beyond 1 x 107 r after which
it assumed the general trend of the other materials. This is in agreement with work

on thicker polyethylenes(IB). The instances where the tensile strength and elongation

were increased siightly at the low exposures in some of the polyethylenes is atiributed

to slight variations in the uniformity of the specimens. All materials exhibited a
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a slight yellow tint after an exposure of 5 x 107 r which became somewhat darker with

increased exposure.
The 15 mil sample which was irradiated in vacuo ocut to a dose of 1 x 10 r
did not suffer as much damaging change as compared to the alr irradiation to the same
dose. The elongation was reduced considerably but not to the extent as in air. The
tensile strength, on the other hand, was affected quite differently. The exclusion
of oxygen apparently is beneficial with respect to the tensile strength as at the dose
in questicn 1t had increased slightly. Whether or not the absence of oxygen changes
the tensile strength trend or simply lessens the damaging effects will be investigated
and reported at a future date.
Marlex 50. This material 1s affected quite differently from exposure to rad-
iation than the other ethylenes studied. This is attributed to the high urystallinity,
~a50ut 95%, of this material which precludes the vinylidene structure and short chain
branches. Thus, the crosslinking ability of this resin is greatly reduced. The iﬁng&
unsaturation is found to decrease (even in vacuo) to a negligible amount at 1 x 108 Tr.

Crosslinking reactions as well as oxidation could be effective in removing thia group.

& deien mmad
a W

ransvinylene would proceed as in equation (2) above. The
mass spectrometer analyses indicated large hydrogen evolution again. The lack of
higher mass units (C5 and Cg) being evolved here is attributed to the lack of short
chain branches in this linear polymer. The oxidation attack is faster in the Marlex
than in the Alathon which would explain the rapid degradation of this polymer in thin
films when irradiated in air,

Marlex 50 which is representative of the so-called linear or high density
types of polyethylene is characterized by its physical toughneﬁs and rigidity as com=-
pared with the lower density materials. In addition, as stated previously, they are

much more crystalline, about 95% as compared to about 50%. This crystellinity appar-
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ently is the chief reason which renders this material very susceptible to damage from
®
exposure to lonizing radiation. The material repidly deteriorated at low exposures

o 7
and was extremely brittle and crumbly after a dose of 5 x 10’ r where it has lost all s
of its tensile strength and elongation. Exclusion of air helped considerably as the»l :
material was not brittle after being irradiated in vacuo to 1 x 108 r. Here it had
lost most of its elongation, yellowed slightly, but retained a substantial amount of

its tensile &rength. In tnicker films, this material is not nearly as drastically

damaged and behavés more in the manner exhibited by the lower density polyethylenes(13); i
Irrathenes. U-101 and U-201 are representative of the polyethylene materialawbkf

which were electron irradiated to produce the Irrathene 101 and 201 materials respec= ‘

tively. The 201's differ only in that they contain small amcunts of an antioxidant.

The Irrathenes before gamma irradiation have more transvinylene and less vinylidene

than the U-101 and U-201 after correcting for thickness differences. The chemical

reactions taking place such as crosslinking, oxidation, etc. would be similar to those

suggested for Alathon. t
Table II shows that radiation induced oxidation in the 201's, as determined ﬁ??”

by carbonyl formation, is less than that for the 101's. This is attributed to the

effectiveness of the antioxidant., This difference is not reflected in the physical

property changes of these materials which, within the experimental error of the

measuréments, changed to about the same extent. Th~ 0.010" films »f Alathon and

Irrathene 101 showed about the same decrease inbelongation when irradiated in

vacuuz while the tensile strength of Irrathene increased slightly more under these

conditions.

The degree that oxidation affects the physical properties depends also on
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the effects of other competing reactions. In general, the U~10l and U-201 oxidize t

more than the Irrathenes 101 and 200 respectively showing that the crosslinking \ihich

had taken place from the original electron irradiation (during proceas of manufacture ;
] .

hes mede the material more stable to oxidation attack. The magnitude of these two

effects, initisl crosslinking and presence of an antioxidant, are apmroximately equal

on oxidation resistance.

The vinylidene group decreases rapidly at first and then slowly to doses of
5x 10 r and 1 x 108 r. It is probable here that surface oxidation, with some pen- -

etration, is active in removing this group to a greater extent than the crosslinking ..

reactions. The oxldatlion attack was lessened at higher doses because of a "o~

tective" layer of oxide being formed. It is noted that the rate of formation of car— -

bonyl is tending toward saturation at the higher doses. This effect is contrary to

that in Alathon. The crystallinity, molecular weight variations, and/or initial cross-

linking may account for these differences.

The 724 cm'l band in polyethylane has been assigned to =CHx— rocking mdom).

This band has becn sbserved to split into two components (in solida) at 731 and

721 cm‘l(é’l"* ’15). The 731 cm~l band has genarglly been sseigned 45 3 vitration in
the crystalline part of tha material., Kells~ and Sandeman(IS) have further stated
that the 722 .\m_l band arises from both amorphous and crystalline phase vibrations,
This interpretation is satisfactory for the original spectra of the four polyethylanss
as indicated above. Upon irradiating the Irrathene 101 and U-101 a decrease in the
721 cm™" band is observed in two mil films. According to the above assignments, a de—
crease in amorphous content, or more specifically of the ~CHy— rocking mode in the

amorphous areas, of the samples would be responsible. It does not seem reasonable to

imply that gamme radiation would produce a more ordered polymer unless one could cone

sider a three iimensional network chain, produced by crosslinking, as a more crystalline
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material, It appears that more complicated factors are occurring and further experi-

mental work will be done on this problem. |

The mass spectrometer results indicate further differences in the ethylens

polymers. Figure 8 shows the mass spectral cleavage pattern in all of these materials

studied. The C¢H, mass is not found and the amount of 053:: is considerably smaller
for the Irrathene 10l as compared to the Alathon, There is a larger amount of CH‘ and
CoHy evolved from the Irrathene. The first effect is explained by the initial crose-
linking of the short chain branches (4=6 carbon atoms long) during the manufacture or
processing of polyethylene into Irrathene. The increased evolution of methane and
ethane/ethylene is harder to account for but must again be tied in with the crosslink-
ing of the material initially,

With respect to physical property changes induced in the Irrathene bty ex-
posure to gamma radiation, the elongation followed the same pattern as exhibited in
the Alathons. The tensile strength also showed the same trend as shown by the Alathons
except that at the first exposure of 5 x 106 r the tensile strength appeared to be in-

creased to a slightly greater extent., This could be attributed to both the fact that
the initial electron irrsdistion procescing caussd this, and the faci that the nominatl
10 mil Irrathene films were approximately 11 mils whereas the Alathon was about 9 mils,
This latter fact might contribute more as the thickness is approaching that of the
Alathon 15 mil material whose tensile strength was increased considerably at the first
eXposure.

All of the Irrathenes tecame slightly yellow at a dose of 5 x 107 r and be~
came darker on continued exposure. No detailed discussion is given to the U-101 and
U-201 materials which were representative of the polymers from which the Irrathenes

were made, They were the same general type as the Alathons and behaved in essentially

the same manner,
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Fluorocarbon

Teflon 1 polytetrafluoroethylene was used here as being representative of
& fluoroCarton plasiic. Ryml(lé’) has glven an empirical formula for the evolution of
fluorine from Teflon:

X = 3,78 x 1077 yeL51 (5)
where X equals micrograms of fluorine liberated gas per gram of Teflon irradiated to a
gaxma dose of Y Roentgens. The vacuum irradiation of Teflon did not evolve sufficlent
gas to be measured by the mass spectrometer (this could possibly have been due to ab-
sorption or reaction of fluorine with the glass container). The total moles evolved
(assuming all fluorine gas) was considerably smaller than the above equation indicates.
This is probably because equation (5) was based on irradiations carried out under
sodium hydroxide solution and in the present case no effort was made to keep fluorine
from reacting with the glass vessel., The possibility of fluorocarbon evolution can
not be ruled out.

Ryen(*®) assigned bands at 1754 and 1538 en™l to ~CF=CF- and ~CP=CF, re-
spectively. observing these after irradiations to 1 x 108 r. In the present wcrk no
changes were found in ten mil films for these bands to an exposure of 5 x 106 r. At
this dose Teflon hed bed®me severely damaged having lost all of its elongation and
about 60% of its original tensile strength., Figure 9 graphically illustrates how the

physical properties of Teflon are affected by exposure to gamma radiation, After

being exposed to 5 x lO6 r Teflon was quite trittle and failed the 180-degree bend test.

It can be seen that low doses of radiatlon greatly affect the physical pro—

perties of Teflon, Whether or not these large physical property changes were cmused hy
either small or large structural changes in Teflon has not been established here,

However, the work repcrted here seems to agree with the conclueions ot‘Rym(l6) that the

broaking of ono-in one thousand C-¥ bonds results in major physical property changes.
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Polyester

Tobin(17) has recently published assignments for the bands found in Mylar A

polyester (polyethylena + o). There were no changes in the infrared spectrum

after irradiating this material to a dose of 1 x 10° r in the present workgand thers
was insufficient gas evolution for mass spectrometer analysis. The benzens ring along
the main chain, because of its resonance stability, contributes aignificantly to the
radiation resistance of this material, At some higher exposure a degradation of the
polymer would undoubtedly occur.

Figure 10 shows how the physical properties of Mylar are affected by exposure
to ionizing radiation. Both the tensile strength and elongation were reduced with in-
creagsed radiation dose at about equal rates. At the highest exposure studied, 1 x 108 T,
the material retainéd a substantial amount of both physical toughness and flexibility.,
The irradiation in vacuo to 1 x 108 » did not change this material much more thanﬂtha
irradiation in air to a dose of 5 x 107 r. This indicates that oxidation plays at least
some part in the damage induced in this material.

Styrene
The thermal degradation of polystyrene has been studled using infrared tech-

niques by Achhammer et 81.(18). They give reactions for crosslinking, hyperoxide fore

mation, elec. AY a total dose of 1 x 108 r no changes were observed in the infrared
spectrum of Polyflex polystyrene and there was no indication of gas evolutlon from the

~ specimens irradiated in vacuo to 1 x lO’8 T

As this materlal had zero initlal elongation, only tensile strength was eve
alnated, It behaved almost precisely in the same fashion as did Mylar polyester -
a gradual lowering with increased radiation exposure., This tensile strength behavior
is graphically illustrated in Figure 10 along with Mylar. At a dose of 1 x 168 r

the material appeared to be substantially unchanged from its original condition with
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81
the oxception of a slight yellowing and loss of tensile strength, In vacuo to 1 x 10 *.»&1:;

the material appeared to be slightly more damaged with respect to tensile strength re~ ‘
duction than it was in alr at the same dose. This indicates that oxidation plays litﬂ"s,
or nv part in the radiailion induced damage to polystyrene. The benzens ring strucm i
is again given credit for the radiation stabllity of this material. |

Vinyl Chlorides

The two Geon polyvinyl c'loride materlals used in these studies contalned :
plasticizer which gave rise to an intense carbonyl absorption band at about 1720 cm'lo
The presence of this band in the specimens masked any oxidation effecte which might ‘
" have ocrurred. The mass spectrometer results given in Table III show a large amount of
c#rbon dioxide evolved which must have come from the plasticizers. There was also

hydrocarton evolution 1ln the C,-Cg range, typical of vinyl type polymers. There was

found larger amounts of methane (6.6%) which was probably evolved from the plasticimé
also. Significantly, no chlorine or chlorohydrocarbon gases were found - showing .
little or no reactions taking place in the maln polymer chain,

In contrast to the chemical chan;es in the Geon which were not readily
identifisble, physical property changes were quite pronounced. Figure 11 graphlcally
shows physical property changes in Geon 8640 4 mil material as a function of radiation
uxposure, All of the Geon samples exhibited a gradual decrease in tensile strength to
a dose of 5 x 10’ r after which it began to increase. Geon 8630 in the 20 mil thicknens
exhibited less decrease than <iid the others. The decrease followed by an increase
sugpests that chaln cleavage occurs initially after which crosslinking predominates.

With the exception of <the Geon 8630 2C mil sanple which showed a slight increase in
elongation before assuming a downward trend, these materisls decreased in elongation

with increased radiation exposure. The Geon 8640 4 mil material which was irradiated

in vacuo to 1 x 10° r was less damaged than its counterpart irradiated to the same dose
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in air. This establishes the fact that oxidation plays an important role in the radie »

ation induced damage to polyvinyl chloride, As noted in Table II the materials vere

very much discolored with increased radiation dose,

Effect of Sample Thickness in Polyethylens s
As was stated previously and as noted in Table II, radiation induced che.ngea"_' fli‘i

in polyethylene are also a function of sample thickness. This effect of specimen thick;f
ness was studied using Alathon 3, NC-10 as being representative of a typical polyethy-
lens. Primary changes that were noted were ln carbonyl and in transvinylene.

Oxidation, The plot of Log (To/T) (optical density) vs. L, thickness which
is shown in Figure 12 for the carbonyl absorption in Alathon indicates that oxygen is
penetrating into the specimens in amounts that may be quite significant in thimner
films., Ballentine et al.(lg) have stated that oxidation would be a surface effect,
an’ unsaturation by lonizing radiation would be independent of the bulk, This would
be expected to hold true for oxidatiofd} Vikuy VHere the™ Ul CONESLL At e a8
small, The actual distribution of oxygen (in this case carbonyl) in the sample de-

pends upon at least two factors: (1) the avallability of reaction sites with which

rate,

Consider, for example, two samples of homogeneous composition varying only in

thickness (L) receiving the same gamma radiation. We have then

Gamma Gamma

0
0
0 iojlofo

where "O" represents reactlion sites (free radicals, excited atoms, ions, ets.) created

by the lonizing radiation. The function of thickness is just tc increass the mnber

oxygen may combine, and (2) the kinetics of oxygen diffusion and carbonyl formation I
i
1
|
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of these sites, but the number per unit volume remains the same. The effect of ine
creagsing the gamma dose iz only t~ increase the‘number of sites produced per unit vol= }w
ume. The sites "O" react in a number of ways: oxidation, crosslinking, recombination,:"b
etc, It is reasonable to assume that of the total number of sites available, the

number that gould produce carbonyl formation would be homogeneously distributed in the

samples prior to any reactions taking place. The total oxidation absorbance would seen

then to more strongly depend on the kinetics of oxygen diffusion.

To show how chemical effects vary with sample thickness and radiation dose,

a function Q (celled here the "chemical effects function") is derived here (see Figuras
13). It is defined as follows:
Q = Log (TQ/T) | (6)
L (Mr)
Figure 14 shows a plot of Q vs. L. This curve shows that carbonyl absorption should

change linearly with the radiation dose. The curve is useful in determining absorbance

values at a particular thickness and has been used here to plot the curves in Figure
12 on which the experimental points are plotted, and on Figure 15, Log (To/T) vs. Mr

(millions of Roentgens or Megarocentgens). From equation (6) the relationship between

thickness and oxidation has been derived (see Figure 16) and is as follows:
L/A = BL+C (7

Figure 18 is a plot of A vs. L compared‘with two curves from Figure 12. Equation (7)

is valuable for extrapolation of data,

It adequately predicts zero carbonyl absorbance
at zero thickness and also a limiting value for the absorbance as the oxidation is

increased. This limiting value is equal to 1/B,

i
Upsaturation. The unsaturation increase in polyethylene as illustrated by
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equation (2) is transvinylene (7’8). This type of btond formation ultimately requires
hydrogen abstraction from adjacent carbon atoms. The reaction mechanisms necessary
should be possible in any pert of the sample, eapecially assuming & homogensous com-
position, The reaction would further depend on the sample thickness, if 1t was
sufficiently large to reduce the probability of hydrogen molecules escaping.

Figure 19 shows the increase in transvinylens formation as a funotion of
thickness. The changes in this property with radiation exposure are ghown in Figure 20.
Tne tendency to asaturate at higher exposures is evident, These curves are analogous
in shape to the oxidation of polyethylene as a function of thickness, and in fact,
an equation of the form of (7) can be derived by replacing L with Mr, The result is
not quite as accurate as in the case of oxidation,

The vinylidene unsaturation decreases and Figure 21 shows the effect of thick-
ness on this property. An approximﬁte linear variation i1s indicated., However, be-
cause of the competing reactions effecting this group (oxidation and crosslinking)
and their dependence {especially oxidation) on the thickness of the material, no simpla
relationship can be assumed here.

SUMMARY AND CONCLUSIONS

3everal plastics materials were irradiated in a gamma radiation source at
various doses out to 1 x 108 r. Of these materials classified as polycarbonates, poly-
ethylenes, polyfluorocartons, polyesters, polystyrenes, and polyvinyl chlorides, the
aromatic containing carbonate, polyester, and styrene materials were found to be the
most resistant tc the damaging effects of radiation as reflscted in both chemical and
physical property changes. The low density type polyethylenes were next with the
plasticized polyvin&l chlorides following. The high density polyethylene was consid-

erably poorer than the low denslty types because of more severe oxidation occurring in

the thin specimens evaluated. The fluorocarbon was the poorest of the materials

UNCLASSIFIED
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studied, To completely classify all of the above materials more irradiations are
needed et higher exposures. ,

For those materials which are susceptible to radiation induced oxidationm,
it has been found that the specimen thickness plays an impertant role in the extent
of both chemical and physical property changes caused by exposure to ionizing radia-
fion. This is because the chemical effects and resulting physical property changes
caused by oxidation are a function of the total amount of oxidation to the materials
and its distribution within them. The increase in carbonyl with sample thickness
does not follow a surface to volume ratio until the samples exceed about 30 mils in
thickness.,

A functioen Q, éalled the chemical effects function, has been derived as a .
congsequence of the above thickness dependency of oxidation, This function is useful
for both the extrapolation of data and correcting for thickness differences,

Irradiating the plastics materials in vacuo, although eliminating the effects
caused by oxidation, does not necessarily prevent changes from occurring This is be-
cause other effects such as crosslinking which are often obscured by oxidatlon now
manifest themselves, For example, 1t has been found that oxidation inhibits cross-
linking. in polyethylene,

In the polyethylenes studied, oxidation is much more pronounced in the
linear or high density materiale than in the lower deneitj types as evidenced by a
drastic reduction of both tensile strength and élongation. On the other hand, the
low density materlals which were procwessed by electron irradiation oxidize at a slower
rate when subjected to gamma radiation because they were somewhat crosslinked during
processiﬁg. The differences in effects between the high and low density polyethylenes
can in large measure be attiributed to differences in crystallinity.

At exposures up to 1 x 18 r a good correlation between chemical and phys-
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ical property changes is not always possible. This is because incipient and small

chemlcal changes which ere not detectable by infrared and/or mass spsctrometer analyses
can lead to either small or large physical property changes which are observable, In
tne instances when both chemical and physical property changes can be observed, a good
correlation or relationship can be obtained. Here both methods of evaluation servs to

supplement each other to explain the ultimate changes which are induced in plastics
by lonizing gammas radlation.
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APPENDIX

TABIE I

PLASTICS USED FOR GAMMA IRRADIATION STUDIFS

Material, Supplier, and Designation Type or Description and Specific Gravity

Carbonates

General Electri~ Company

Lexan Polycarbonate resin - 1,20

Naftone, Inc,

Macrofol Polycarbonate resin - 1,20

Ethylenes

DuPont Polychemicals Department

Alathon 3, NC-10% Polyethylene, low density type, no

additives - 0,921
Phillips Chemical Company

Marlex 50 Polyethylens, high density type, no
additives - 0,960

General Flectric Company

U=-101 Polyethylene, low density type, no
additives; material used to make
Irrathene 101 - 0,920

U-201

Polyethylene, low desity type, con-
taing antioxidant; material used to
make Irrathene 201 - 0,920

Irrathene 101 Irradiated polyethylene, low density

type, no additives - 0,920

Irrathene 201

Irradiated polyethylens, low density
type, contains antioxidant - 0,920
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Materisl, Supplier, and Designation

Fluorocarban

DuPont Polychemicals Department

Teflon 1

Polyester

DuPont Film Department

Mylar A

Styrene

Plax Corporation

Polyflex

Vinyl Chlorides

B. F. Goodrich Chemical Company
Geon 8630%

Geon 8640%

‘Type or Description and Specific Gravity

Pol%'tetrafluorootlvleno s Do additives ~
2.160

Pol;;ethwleno terephthalate, no additives
1.390

Polystyrene, no addit’ves - 1,050

Polyvinyl chloride, plasticized - 1,340
Ditto

*

Materials evaluated in more than one thickness (See Table II),
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POLYCARBONATE

POLYETHYLENE

POLYTETRAFLUOROETHYLENE

POLYESTER

POLYSTYRENE

POLYVINYL CHLORIDE

FIG. | — REPEATING STRUCTURAL UNITS OF PLASTICS
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FIG. 3— CHEMICAL EFFECTS AND ABSORPTION FREQUENGIES
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The function Q, which is proportional to the radiation efficiency (as
shown below) has been defined to eliminate the need of determining specific absorp-
2 the garbonyl groups., Theso ars w’..icalt w0 determine because
acid, ketone, and aldehyde groups are all contributing to the intensity of the ab-
sorbance and the resolution of the prism spectrometer is not sufficient to determine
the individual contributions, The principle asswaption is that each of these groups
contributing to the band would be formed in the same ratio, independent of total

exposure and thickness,

The weight fraction of a functional group is given by(n)'

_ log (To/T)
Weight Fraction (P) (K.1) (L) (20)

where T is the percent tranamission of light (about 1720 em~l) through the sample;

To is the background transmission which has been corrected to 100%; P is the density
in gra.ns/cmB; Ky { is the speciﬁé absorption coefficient in cmz/gra.m for a 0,1 mm
sample cell; and L ig the thicknsss in m,

The above equation assumes Beer's Law to hold. Rugg et al.(s) have dem-
onstrated this in 30 mil films of polyethylene with up.to 0.1% by weight C=0. It is
probable that the concentration of carbonyl in the irradiated films is higher than

this but the assumption will still be made.

The radiation efficiency G (molecules of functional group per 100 e.v.
absorbed by sample), is given ly:

6 = Weight Fraction X N X 100
- MXD

Fig. 13 - Derivation of Chemical Effecta Function Q
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where N is Avagadro's mmber; M is the molecular weight of functional group in

grams/mole; and D is the radiation dose in e.v,/gram (it is assumed that the

Roentgen equivalent is 83.3 ergs/gram} By combining these equations and rearrang-
ing we have:

(P) (Ko,8) (10) (M)  _  leg (To/)
G T ————————
(N) (100) LD

Multiplying by a constant k to change D to Mr (Megaroentgens; 5.24 x fI.O13 e.v./gram

equals one Roentgen; see also assumption for D above) we have:

k — _log (T
o () (K1) () ¢ = e (I/T)

For a given material and functioral group measured, (P) (Kg,1) and (M) are constant.
k/10N is a constant (see above), therefore let

k

K= = (P (K1) (0

end finally:

_ _ Log (T /T)
Q= K = ——=2— (6)

Fig. 13 - Contimed
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An interesting property of Q as defined previously can be shown as follows:
the reciprocal of (6):

where A equals Log (T,/T). Figure 17 shows a plot of 1/Q ve., L which is seen to
give a siraight line., Thus,

i S
& = ol + b

LM
A

i
2
+

mL+4+ b

where m and b are constants. Taking Mr as constant and defining B equal to b/Mr,
and C equal to m/Mr, we have

— L
b= BL+ C
and rearranging:
L. — pf ’
- = PLtC (7)
Fig. 16 - Derivalion Reiating Carbonyl Abéorption With Sample Thickneas
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