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ABSTRACT 

The object of this investigation was to determine the molecular 
changes in polyamide and elastomeric polymers due to nuclear, ultra¬ 
violet, and thermal radiation. 

Several types of nylon fibers were exposed to gamma, ultraviolet 
and thermal radiation and different atmospheric conditions. The un¬ 
exposed and exposed specimens were examined by the following techniques 
for the purpose of obtaining information concerning the physical and 
chemical changes in the structure of the polymer; viscosity of solu¬ 
tions, melting point, infrared spectra, ultraviolet absorption and 
microscopy. The tensile strength was measured in some instances. 
Results show that no one method gives a complete picture, but the com¬ 
bined results from many methods give some insight into the molecular 
changes taking place as a result of irradiation. Some of these changes 
are; 1) the molecules break at the C-N bonds creating smaller molecules 
ami appreciable changes in the physical state, 2) the degree of 
crystallinity changes. 

The ultraviolet resistance of some nylons is improved by small 
doses of gamma irradiation. 
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I. INTI: oo uc: lor 

A. This final roport describe'; research on tho radiation effects 
on some polymers perform» d in t!.e i.ujii 1‘olymcr Division of the 

ical : Labóratery. TextIra turing th< period 
5 May 19/>0 - ’’l December 1%3. This researrl as initiated nndAr 
iliD MAli! HS 70IS Foundational Froject No. li), established S May 19.¾ 
"Molecular Changes in Polyamide and Elastomeric Polymers Due to 
Nuclear, Ultraviolet and Thermal hadiation" and was administered under 
the Directorate of the \erouautica 1 Materials laboratory, Naval \ir 
Engineering Center. 

U. i'he Space Age has created a need for materials capable of 
withstanding radiation privaient in both the lo>.°r and upper atmos¬ 
phere and in out'r space. The elements of spare environment that may 
have the greatest effect on materials and are also amenable to labor¬ 
atory studies are; ionizing, ultraviolet, ti, tmal radiation and high 
vacuum. Knowledge of the changes taking place in the molecule as a 
result of radiation is essential as a basis for developing methods of 
preventing degradation whethn by modifying ih polymer or by additive 
treatments. With these factors in mind, this study was begun. 

C. fhe degradation of these polyamides was studied as a part of 
the research program to find the fundamental r actions that occur 
when such I igh polymers an- exposed to gamma, ultraviolet or thermal 
radiation and varied atmospheric conditions, in. t.rm degradation is 
used to describe irreversible changes in th> chemical structure of the 
polymer as a result of external influences. 

D. Th. 'rnrly months of this investigation wen spent in; 1) 
searching the literature for information p rt.iinng ’o tin subject of 
polymer degradation; 21 determining suitabl 1 oratory methods, 
required chemicals, laboratory equipment and apparatus; and 3) nego¬ 
tiating a r rang* m» nt for ti. i'.>t .* i . nt ion of tan, laboratory equip 
mont m a m:,able work space. 

11 EQUIPMENT AND MAI Hi 1ALS 

\r, ulti violet radiation sourc wa< -i . .gn d and built. With 
this source, materials may h* irradiated with light of 2337 A wave- 

a-* ! >'>ti ns it ef . U' x 10 i . i,. under controlled con¬ 
it i i t température and humidity, in air, a vacuum or an inert 

atmosphere, ti iguri 1) Gaseous products of th** irradiation may he 
collected in the gas collecting botths for infrared or gas chromato¬ 
graphic analysis 

6 



B. Thermal Irradiation was carried out in a Hevi-duty combustion 
furnace. (Figure 2) Temperatures up to 1000°C could be obtained and 
held for extended periods. The exposure could be made in air, vacuum 
or an inert atmosphere. The gaseous product of combustion could be 
collected for analysis. 

C. The Gammacell 220 was used for the gamma irradiation. If the 
gaseous products were to be collected and the atmosphere controlled, 
the specimens were placed in flasks with tubes leading out of the ir¬ 
radiation chamber to the gas collecting bottles. (Figure 3) Some sam¬ 
ples were sealed in ampules before irradiation, after being evacuated, 
filled with nitrogen or with a normal atmosphere. The dose rate ranged 
from 1.16 -0.82 x 106 rads/hr. 

D. In order to learn the effect of combined gamma and ultraviolet 
radiation, a 2537 A wavelength light with intensity of 5.83 x 10-5 
watts/hr/in2 was built to fit into the Gammacell (Figure 4), with the 
specimens suspended around it. Irradiation was done in air or in 
nitrogen. The construction of the Gammacell did not permit evacuating 
the chamber when combining ultraviolet with gamma radiation. 

E. Nylon 66, nylon 6, and Nomex a more heat resistant nylon, 
obtained in the form of commercial yarns from several manufacturers were 
used as the polymers for the study. These were designated as: 

Fiber #0 300/210 bright high tenacity nylon 66 
Fiber *4 Nomex/200 modified more heat resistant nylon, 

formerly HT-1 
Fiber *7 SO/200 semidull nylon 6 
Fiber *9 330/210 bright sunlight resistant nylon 66 

111. EXPEK 1 MENTAL 1H0CEDÜKE 

A. The yarns were reeled into 100 yard skeins, scoured, rinsed, 
dried in an oven at 105°C, and placed in a desiccator until used. 

1. The skeins or specimens were placed in the quartz tube of 
the ultraviolet irradiation apparatus. (Figure 1) The exposure 
chamber was closed and the gas collecting bottle attached. (Alternately 
the yams were cut into 1/4" lengths before placing in the irradiation 
tube). When normal atmosphere was used, the ultraviolet light was 
turned on, temperature brought up to 38°C and the temperature in the 
chamber held at that point for the desired length of time. Or the 
system was evacuated to 10-5 mm of Hg. for 24 hours and then the stop¬ 
cocks to the chamber were closed and the ultraviolet light turned on. 
For other specimens the system was first evacuated, then flushed with 
nitrogen for 1/2 hour and sealed off under slight pres rc of ., , ¿en 
then irradiated as before. 
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2. For thermal irradiation the skeins or specimens were 
placed in combustion boats, covered and inserted in the combustion 
tube as shown in Figure 2. The system could be evacuated, filled 
with nitrogen, etc. as it was for ultraviolet irradiation. Tempera¬ 
tures were controlled by rheostats incorporated in the apparatus. 

3. For gamma irradiation the specimens were placed in 100 
ml flasks connected to tubes leading from the irradiation chamber to 
the gas collecting botties. (Figure 3) The system could be evacuated 
or filled with nitrogen. In one series the specimens were sealed in 
ampules with air, nitrogen or a vacuum, and placed in the irradiation 
chamber. 

4. lor combined gamma and ultraviolet irradiation the 
skeins were suspended around the ultraviolet source in the gamma 
irradiation chamber. These specimens were irradiated in the normal 
atmosphere or while continuously flushed with nitrogen. No arrange¬ 
ments for the use of a vacuum were practical. No gases were col¬ 
lected. 

B. Viscosity - After the specimens were exposed to gamma 
ultraviolet or thermal radiation under controlled conditions, the 
breaking of the polymer chains was determined by viscosity measure¬ 
ments of dilute solutions of the nylon specimens in a solvent made 
from a saturated solution of calcium chloride in methanol (CaCliCI^OII) 
(M). The viscosities were measured at 30°C using calibrated 
Ostwald-Fenske viscometers. (3.4,^) Duplicate runs were made using 
the average of five efflux time measurements determined to the nearest 
Ü.1 sec. Nomex was dissolved in lloSO*}. 

C. .4611 ing points were determined with a Kofler Hot Stage and 
microscope. The magnification was 100X. 

D. The infrared characteristics of the gaseous products and 
residues after irradiation were measured in order to determine any pos¬ 
sible chemical changes in the structure of the nylon. The infrared 
transmission spectra were obtained with a Beckman IT 4 iiecording 
Spectrophotomet er. 

F. Transmittance in the ultraviolet and visible region of the 
spectrum was measured with a Beckman DU Spectrophotometer, using quartz 
cells. The fibers were dissolved in CaCl2-CllßOil, m-cresol or l^SO«. 
The transmittance was measured against the solvent used with each fiber. 

F. Light microscopy - The changes in the nylon fibers as a result 
of exposure to radiation were studied by microscopical techniques 07). 
Photomicrogr phs of samples of nylon »0, #1, *7, (see Figure 19) 
differentiate the types of nylon and illustrate their relative resistance 
to gamma irradiation. A petrographic microscope was used for these 
studies. Photomicrographs were taken under crossed niçois at 150X 



magnification, using a vertical microscope camera, with a filament 
light source. A ground glass plate was used in the illuminator 
when the photographs wore made, 

j. lirfiKing strength - of the yarns wa»- measured ..it., the 
Instron by the method given in reference (12). 

IV. ANALYSIS O' K ES I'Ll S 

A. .iscosity data as shown in table 1 indicate thul some chain 
scission occurred as a result of irradiation. The data shows pro¬ 
gressive degradation or chain breaks with increasing amounts of 
radiation, by the lowering of the relative viscosity (rjr), the in- 

(lïen20V*28°S29]i ^ lnTr/C). and the intrinsic viscosity hi 

l. Table 2 relates relative viscosity, tensile strength, 
and melting point as affected by gamma, ultraviolet and thermal 
radiation, in different atmospheres for nylon 66, nylon 6 and Nomex, 
a more heat resistant nylon. As indicated by tensile strength 
measurements and viscosity measurements Nomex is improved by from 
Ü.Ö6 X lO'1 -6.06 X 10^ rads of gamma irradiation and shows little 
evidence of degradation after more than 1.72 x 10® rads of gamma 
radiation alone or in combination with 1.2 x 10“2 watts of ultra¬ 
violet radiation. This may be explained by the fact that in Nomex 
the basic nylon structure has been modified by the addition of one or 
more aromatic substituents, liadiation protection is afforded by the 
benzene ring which has many energy levels. Polymers containingrthis 
group show unusual resistance to thermal and gamma radiation. 

B. Melting point - Figure 5 illustrates j^he effect of gamma 
irradiation on the melting point cf nylon 66.^“^ _There is relatively 
little change in the melting point after 1.16 x 10^ rads of gamma 
irradiation, progressive lowering after 1.16 x 10^ - 4.40 x 100 hours 
irradiation, and a rapid lowering of the melting point for doses 
greater than 1.40 x 10® rads. Melville (24) states that one reason 
for the high melting point of nylon 66 is the hydrogen bonding between 
neighboring polymer chains. For this to be effective, it is necessary 
that the Ml groups of one chain be opposite the CO group of another 
chain, since hydrogen bonding can occur only over short distances - a 
few Angstrom units - it is expected that as the number of methylene 
groups between the CONH groups increases, lateral adhesion between the 
chains is less frequent and the melting point is lowered. Ihe decrease, 
however, is not uniform, but alternating. The reason is that with the 
odd numbered acids, the CO and Nil groups are not always in the most 
favorable position and lateral adhesion is decreased with the consequent 
lowering of the melting point. While this theory relates directly to 
nylon <>ii the melting point of nylon 6 was affected in the same manner. 
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1. Schwertassek (26) studied t!f> structure of polyamide 
fibers as reyar.ls their thermal behavior Uieltimj region), l.e 
stated that the partially crystalline state of the fiber is one of 
the main causes for the fact that the fibers gradually soften before 
attaining the mettirg 1,.peral urn, and that th» fiber skío ch0w> a 
higher melting temperatur> than the fiber core. Under the micro¬ 
scope as the temperature .increases the fibers were observed to move 
more or less slowly, then bend slightly or straighten out and shrink. 
11.is is probably due to the non-uniformity of the interior tensions 
of the fibers, especially in the amorphous regions. According to 
hill (Id the mobility of the molecular segments in the amorphous 
region is greater than in the crystalline region. Next, the fibers 
curl with greater speeds and shrink strongly. The temperature 
observed at this stage is evidently the melting temperature of the 
fiber core. At this stage, the skin is still present and maintains 
the fiber shape. When two fibers touch they do not flow together. 
Finally, the fiber structure is lost, the fibers flow together and 
the boundaries of the fiber surface disappear. This is the melting 
region of the fiber skin. The two points are the range in the usual 
melting point tables. ..lelting point determinations after ultraviolet 
and thermal irradiation of nylon indicated same relationships 
between radiation dose and change in melting point. (21,°0) * 

2. '.omex has no melt-flow characteristics, even at temper¬ 
atures above 100°C. It chars and becomes brittle but does not melt. 
Neither ultraviolet nor gamma irradiation causes Nomex to have a 
melt ing point. 

C. Infrared 

1. Ihe infrared analysis of Nomex as compared to that of 
nylon 66 1 iher «0 is shown in Figure 6. In the lb, 25, 27) wave 
length range of 2 - 6.4 microns ( ti) the absorption curve is the same 
lor Noraex and nylon 66. At 6.5H Nomex has a peak which is not seen 
in Uie nylon 66 spectrum, from 6.7 - 7.7|i the spectra are the same. 
It ..7 - U i nylon 66 has a broader band than Nomex. Nylon 66 has a 

: * r ** <t 10.. which is not dun ; in Jon x, rhest 
■ata in ’icnte that Nomex is a polyamide with the addition of an 
aromatic ¡actor, figure 7 shows spectra of gases from pyrolysis of 
nylon 0 iher so) at 31 >°l and Nomex (Fiber »11 if 016°C. The nylon 
spectrum shows peaks at 3.35, 1.25, 1.60 - 1.70 and 10.35 - 10.75,!. 
dese in'icate U ) the production of CH.i, CO*», CO and M'r>. i|¡o 
Nonex spectrum has a peak at 3.35 i indicating production of Cl¡4, 
and a very weak peak at 4.35, for C02, stronger peaks at 4.60 
4.70,1 indicating CO. and at 7.15*1 probably Cilj. ! igure Gb - 10b 
giving infrared analysis ol liber »0 show no significant changes in the 
spectra of the residue after 1.72 x 10° rads of gamma irradiation, 
whether in air, nitrogen or i vacuum. However, Fijure da on th< gaseous 
products after gamma irradiation in air of libei »0 shows weak 
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absorption at 3.JÕ ^ , 1.25^ , and 4.oO ■ l.7u t, iiulicitimj tlir 
production of Cllj, COo, and Cu. Figure 9a infrared analysis of 
Fiber »0 after 1.72 x 10^ rails gamma irradiation in nitrogn, shows 

orption ¡i iks it 1.25 ,:. an : t.60 i. 0 but nom ; 3.35 u. 
'V prak a* 1 '<) ''.TO ¡iro''1 . nrl t. . v:.**-r v'pot of a*mos 
picric origin. Figure 10a, after gamma irradiation in a vacuum the 
gaseous products are limited to CO. Since thes° irradiations were 
carried out in a closed system, it is possible that secondary re¬ 
act lo-.s occur Jiiiing tie irradiation. For thi< nylon 60 fewer 
gaseous products resulted from irradiation in a va uum than in air 
or in nitrogen. Figure 11a is the infrared >p‘:trn of the gaseous 
products after ultraviolet irradiation of Fiber »0 in air for a 
to’al lose of 6.01 x 10 - watts, and shows lOo and CO only. The 
infrared spectrum of the residue shows no significant changes after 
6.01 \ 10-- watts of ultraviolet irradiation. 

2. In Figure 12a gamma irradiation in nr of Fiber »I 
i omexl produ es COo, CO, C-C, Clio-Clio, group» as indicated by peaks 
at 2.60^- 2.70|i, 1.25 - 1.30 p. 5.70“- 5.90 p, 6.50 - 6.60 p, 

■'i md at ¿.'.‘Hi ■„ rhit is alio i lo I system o 
of the products are protiably the result of s-condary reartions. 

1 lrJl:r' i-'a -»lows on i \ o-- pi ik v i 'V ; n [his probabl) in 
dicatcs residual COn in the system. Figure lia is the infrared 
spectra of fiber "I after 1.72 x 10u ra Is of gamma irradiation in a 
vacuum. There was no evidence cf any gas being evolved. Figures l?h 
lib - infrared spectra of the residues from gamma irradiation of 

I iber c 1 in air, nitrogen and -a vacuum, appear unchanged. Figure 15 
gives the infrared spectrum of Fiber »1 after 6.01 x 10-2 watts of 
ultraviolet irradiation There are no significant changes. The 
gaseous products were analyzed by the gas rhromatoyrapl and showed CO 
aiidCto to be present. Figure 16a6b gives the infrared spectra of 

I iber 0 and fiber »I after 1 72 x 1Û6 rads of gamma irradiation at 
the same 11m1: with 1.2 x 10 watts of ultraviolet irradiatioi A com 
panson of these spectra with those of the same fibers shown in Figure 
b indicate that the combined radiation has produced structural changes 
in the mol'cules which are accompanied by chang"-. in th- infrared 
spoctra in the 10.5 - 15.Op region. The nylon if it'rr «0) showing the 
more pronounced effect in the almost complete absence of absorption 
a* 13.25 and 11 10 :. In 1 igur*1 16b the Fib^r »1 spectra shows the 
p' iks at ''.Ip 11.0 i to be missing. This indicates a change in the 
number of fr^e hydrogen atoms, and Cll out of plane deformations. 

H. l ij rnviolei - l is ible 

1. figure 17 illustrates the effects of 
violet irradiation of I iber ¿»0 as reveal-d in the 

gamma and ultra- 
Ultraviolet Visible 

region of the spectrum.(23) Ihc solvent used was CaCI2CH3OII. Carama 
irradiation causes complete absorption in the 220 - 300 m ,. region 
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than an increase in transmission in the region 100 - 700. Ultraviolet 
irradiation shifts the 2.80 mu peak to the right and produces a new 
peak at 340 mu. Transmission of Fiber »9 is unchanged by 5.% x lO'“ 
watts/in of uv irradiation. 

2. Figure 16 shows the transmission characteristics of Fiber 
C1 (Nomex) in the 320 - 700 mu region before and after irradiation. 
The solvent was H0SOj After 16.51 x 10n rads of gamma irradiation, 
the absorption shifts toward the longer wavelengths. After 2.89 x 
10'" watts/in- of ultraviolet radiation, there is an absorption peak 
at 3(>5 mu and a decrease in absorption 400 - 700 mu. The solvent - 
HoSOj absorbs completely in the 220 - 320u ultraviolet region, and 
is less desirable as a solvent than CaC^CH^OH. 

E. Figure l^a shows nylon 66 fibers before irradiation. The 
typical stress patterns of nylon 66 as they appear when seen with 
polarized light may be seen. Figure 19b shows nylon 66 fibers after 
2.00 x 10' rads of gamma irradiation. Breakdown of the crystalline 
structure is well advanced as evidenced by the crystal fragments at 
the point where the two fibers are crossed. Figur» 19c shows Nomex 
nylon before irradiation. Figure 19d show*; Nomex after 0.6 x 10^ rads 
of gamma irradiation. There are no visible changes in the fiber. 
1-igure l^e is tije before picture of nylon o. Figure 19f shows nylon 6 
after 2.00 x 101 rads of gamma irradiation. As with nylon 66, the 
fiber has begun to disintegrate at the point where the two fibers cross. 
The degradation of nylon 66 and nylon 6 increases rapidly with in¬ 
creasing dose and finally loses all fiber characteristics. Nomex after 
four times as much radiation shows no crystalline breaks after irradia- 
t ion 

V DISCISSION 

\ The degradation of Polyamides may by described by a series of 
reactions A primary reaction probably is on*- in which an -Ml-Clb- 
bond in the polyamide chain is broken, the main products being a poly¬ 
amide chain with a nitrile end-group, a polyamide chain with a hexanoic 
end-group and a molecule of water. The water may hydrolyze an amide 
linkage; end-groups formed in this manner may react to form a secondary 
amine group, carboxylic end-groups will give a keto group. Part of 
the reaction products may contain unsaturated hydrocarbon chains.(30) 

B. .then examined by X-ray or electron diffraction (1.15) many 
polymers including ’he nylons show evidence of crystalline structure. 
The crystals are small and each long chain moiecule runs through a 
number of crystals with amorphous structure between them. These 
crystals are responsible for the solidity and strength of nylon. When 
a polymer is irradiated, cross links may be formed but crystallinity 
may also be destroyed by increased doses of radiation. Figure 19 

12 



shows some of this. The progressive destruction of crystal orienta¬ 
tion in the nylon 6 and 66 fihers was illustrated in an earlier 
paper (13). The energy absorbed from a beam of ionizing radiation 
i' captured at random throughout the irradiated specimen, however the 
react’ons which take place depend largely on the chemical structure 
of the polymer. The benzene ring is known to provide a considerable 
degree of radiation protection to the molecules of which it forms 
a par*, lor example, in this study Nomex the more heat resistant 
nylon is known to contain an aromatic structure in the molecule. The 
fact that this protection arises from the resonant nature of the 
aromatic group has b?en demonstrated by Charl^sby (5) and others 
(11,7,10). While the benzene ring affords excellent protection when 
the polymer is exposed to ionizing or thermal radiation it does not 
afford the sam*> protection to ultraviolet radiation. This is shown in 
the results given in Table 2. (10,16) Fiber #9 the more sunlight 
resistant nylon f>6 has the «ame infrared spectra as Fiber *0 the con¬ 
ventional nylon 6f>. While that of Fiber *4 Nom“x nylon indicate the 
presence of aromatic substituents. «0 and »I are affected by ultra¬ 
violet radiation to about the same degree, *9 is much less affected 
by ultraviolet than either of the other two. Fibers »0 and »9 are 
affected by gamma radiation to the same degree, while Fiber #4 can 
withstand massiv» doses of gamma irradiation. 

VI. CONCLUS IONS 

A. llns study has left many gu stions unanswered, many gaps in 
the data, and it has also raised oth’r question-. Such as, why is 
Nomex nylon resistant to gamma and thQrmal radiation yet affected by 
ultraviolet radiation to about the samt ext nt as nylon 6 and 66? On 
the positive side it has been shown that Nomex has many desirable prop¬ 
erties and these may be enhanced by suitable doses of gamma radiation. 
1’articularly, the resistance to ultraviolet radiation is improved by 
small dosés of gamma radiation. This may also be true of nylon 6 and 
66 under certain circumstances 

H This work was earned out on filament yarn The results of 
other work on film or fiber indicate that the molecular changes that 
t ik»' pince ai a result of irradiation are the same for film or fiber 
11,22,29,30). 

The gaps in the data should be filled. Some phases of the 
investigation should be carried out under more rigorous conditions, 
such is a higher vacuum a purer nitrogen supply, and a more inte 
ultraviolet source. Specimens should be given small doses of gar a ir¬ 
radiation and th>n exposed to ultraviolet and/or thermal radiatio in 
order to determine if the resistance to ultraviolet radiation can be 
improved consistently by previous gamma irradiation. Even, if it should 
prove to h»1 true only, for Nomex njion am. not for nylon 6, or 66, that 
in itself would be va 1 uable'knowledg**. 
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GAMMA IRRADIATION APPARATUS

ni )TO NO: CAN-356»71(L)-l2-63 FIGURE 3



GAMMA PLUS ULTRAVIOLET IRRADIATION APPARATUS

I'HOTO NO: CAN-356970(L)-12-63 FIGURE 4
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Nylon 66 - Before Irradiation 
Finure 19a

Nylon 66 - After 2.08 x 10^ Rads Gamma 
Irradiation 
Figure 19b

I
I

Nonex Nylon - Before Irradiation 
Figure 19c

Nylon 6 - Before Irradiation 
Fiouro 19c

Nonex Nylon - After 8.9 x lo"^ Rads Gamma 
Figure 19d

Nylon 6 - After 2.08 x 10*^ Rads Gamma 
Irradiation 

Figure 19f



Table 1 

Viscosity Data for Solutions of Nylon (Fiber »0) ir. Cc'-'^CHßOH^ 

Specimen lnrV/c [ ^ ] 

Solvent 1.00 

*0 nylon unirradiated 1.80 0.588 0.65 

*0 nylon after 
6.04 X 10_2 - in air 
watts UV - in vacuum 

1.59 0.464 0.50 
1.53 0.425 0.46 

*0 nylon after 
4.7 X 10*^ watts UV - in air 
6.88 X 106 rad - in nitrogen 

1.46 0.378 0.40 
1.58 0.457 0.49 

*0 nylon after 
1.2 X 10_2 watts UV' - in air 
1.72 X 10*0 rad - in nitrogen 

1.18 0.166 0.17 
1.16 0.148 0.15 

°0 nylon after 
1 72 X 100 rad - in air 1.08 0.077 0.078 

y n = relative viscosity (3 ,j)* 

In r , c = inherent viscosity 

3( 1/3 .) 
1 ] = —-:— = intrinsic viscosity (D* 

c = 1 

• (1 ) Bibliography references 








