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Mechanism of the Degradation of Polyamides 
Bernard G . Achhammer, Frank W. Reinhart, and Gordon M. Kline 

Films of polyamides were exposed to heat, ultraviolet radiant energy, and different 
atmospheric conditions. The degradation products were collected in some cases and an
alyzed by mass spectrometric techniques. The unexposed and exposed specimens were 
examined by the following techniques to obtain information concerning the changes in 
chemical and physical structure of the polymer: infrared absorption, ultraviolet absorption , 
viscosity of solutions, measurement of dielectric constant and dissipation factor, photo
micrography, X-ray diffraction, electron microscopy, electron diffraction, and effect of 
organic liquids. In addition, pyrolysis studies were made and some physical properties 
were determined. The results of the investigation show clearly that no single method gives 
a complete picture but that the results from several of the methods give an insight into the 
mechanism of degradation of poly ami des. 

Polyamide molecules are relatively unaffected by exposure to moderate temperature 
(600 C). However, loss of water and other volatile materials may cause changes in physcial 
properties. The effects of exposure to ultraviolet radiant energy are more pronounced, 
and degradation of the polyamide molecule occurs with accompanying loss of water and other 
volatile materials that act as plasticizers. 

The results of this investigation show that the general course of the degradation of poly
amides is as follows : 

1. The polymer mol ecules break at the C- N bond of the peptide group creating 
smaller polymer molecules with the same unit of chemical structure. The fragments broken 
out are evolved as carbon dioxide, carbon monoxide, water, and hydrocarbons. 

2. The degree of crystallinity or local order changes, including alterations in hydro
carbon packing, dipole rearrangement, and hydrogen bridging. 

3. The amount of strongly bound water and/or organic liquids changes. These mate
rials are probably bound by hydrogen bridging to the oxygen of the peptide group. They 
act as plasticizers for the polyamides. 

r. Introduction 

One of the major problems facing the plastics 
industry is the degradation of some plastics when 
exposed to certain service conditions. This problem 
has been investigated extensively by accelerated 
tests involving one or more physical properties. 
While empirical investigations of this type give 
information of value, they yield little or no informa
tion on the basic changes in the material. As a 
result, the value of the information now aVi),ilable is 
not only limited, but in too many instances the 
information cannot be used to predict behavior in 
actual service [1).1 The physical changes observed 
during degradation may result from (1) changes in 
the chemical structure of the plastic material, and 
(2) loss or changes in the compounding ingredients. 
The logical method of attack is to determine the 
specific chemical reactions involved in the degrada
tion of the plastic and how these reactions are 
affected by the intensity of the conditions en
countered. 

The degradation of the plastic type of polyamides 
was investigated as part of a general research 
program to determine the mechanism or fundamental 
chemical reactions that occur when organic high 
polymeric materials are exposed to degrading forces 
such as heat, ultraviolet radiant energy, and constit
uents of the ambient atmosphere. The term 
degradation is used in this paper to describe in·ever
sible changes in the chemical structure of the polymer 
as a result of exposure to external forces . 

1 Figures ill brackets indicate the literat ure references at the end o[ this paper. 

Boulton and Jackson [2, 3] found that treatment 
with sulfmic acid, exposure to ultraviolet radiant 
energy from a carbon are, and exposure to sunlight, 
degrade nylon. The degradation was followed by 
measurement of tensile strength and the viscosity of 
solutions in m-cresol and formic acid. They found 
that a loss of over 50 percent in tensile strength is 
accompanied by a relatively small change in relative 
viscosity. A smaller decrease in viscosity for a given 
loss in tensile strength was observed for the ma
terials degraded photochemically than for those 
degraded by the acid. 

Hosino [4] reported that heating nylon with con
centrated hydrochloric acid for 12 hr causes almost 
complete hydrolysis of the polymer into adipic acid 
and hexamethylenediamine. 

Taylor [5] reported that ammonia is produced 
during the degradation of nylon. Peterson [6] 
depolymerized polyamides by heating them with an 
equal amount of water in an autoclave at 200 0 to 
210 0 C and 300 psi. 

Fuller [7] found that heating linear polyamides for 
a short period of time to a suitable temperature in 
the presence of air or oxygen increases their tough
ness flexibility, and resistance to embrittlement on 
aging. The temperature used, which must be above 
the melting point of the polyamide but below the 
decomposition temperature, may vary from 125 0 to 
450 0 C, depending on the chemical structure of ~he 
polyamide. To obtain this effect the polyamIde 
must be in the form of thin cross sections; otherwise 
the oxygen reacts with the material on the surface, 
leaving the interior unaffected. 
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TABLE 1. D escription of polyamides 

Oode desig- Approximate I Approximate Sample Ohemical composition na tion for Nominal melting discoloration designation chemical thickness 
composition point in air point in a ir. 

----- ---------------------
in. ' C ' C 

4405 _______ . Hexamethylenediamine- adipic acid salt, 50%; .-caprolactam, 50% _________ 66/6-50: 50 0.002 179 to 180 172 
4406 ________ Hexamethylenediamine-adipic acid salt, 50%; .-caprolactam, 50% _________ 66/6-50:50 . 004 179 to 180 174 
4401.. ______ Hexamethylenediamin e-adipic acid salt, 60%; .-eaprolactam, 40% ____ _____ 66/6-(,0:40 .002 188 to 190 In 
4408 ________ Hexamethylenediamine-adipic acid salt, 60%; .-caprolactam, 40% _________ 66/6-60:40 . 003 I SIl to 190 177 
4409 ________ H examethylenediaminc- adipic acid salt ; hexamethylenediamin e-sebacic 

acid salt ; E-caprolactam & ______ ________________________ _ ______ _ __________ 66/61O/6A . 002 165 to 1117 160 
4410 ________ Hexamethylenediamine-adipic acid salt; hexametbylenediamine-sebacic 

acid salt; .-caprolactam (more than in 4409) _____________________________ 66/61O/6B . 002 161 to 163 15S 

a Tbe percentage composition of sample 4409 is estimated to be 60% of 66 salt, 20% of 610 salt, and 20% of caprolactam. 

II. Materials 

The polyamide materials used in this investigation 
were copolymers of nylon salts with E-caprolactam 
and are described in table 1. The samples were 
obtained in the form of commercial films, 0.002 to 
0_004 in. thick, which were presumably cast from hot 
ethanol solu tions. There were some differences 
among the samples in transparency, attributable to 
differences in rates of cooling. 

The discoloration and melting points reported in 
table 1 were determined in air by the following 
procedure : The nylon film was cut into very small 
squares with a razor blade and the small pieces placed 
in a glass melting point tube. The tube was attached 
in the usual manner to a thermometer and the as
sembly placed in an agitated bath of silicone oil, 
which was heated by an electric coil heater. The 
temperature of the bath was raised at a fairly rapid 
rate to about 150° 0 and then at 1 deg O/min. The 
behavior of the nylon specimen was observed with a 
magnifying glass. Duplicate tests were made with 
all samples. 

The thickness of the films was measured with a 
Mikrolmtor gage, which has a scale range of 0.0014 
in. with graduations of 0.00002 in. The film was 
placed between gage blocks, 1 in. square, for meas
urement. The total force on the film was about 
11 oz. Particular care must be taken to prevent 
contamination with grease, dirt, and dust in order 
to measure the thickness of the films to ± 0.00001 in. 

It was necessary for some experiments to have 
thinner films. The following procedure was used 
for recasting the films: The nylon was dissolved in 
warm (above 45° 0) ethanol. The warm solution, 2 to 
4 percent, was poured on to a warm glass plate and 
spread to a uniform thickness with a doctor blade . 
In an alternate procedure the solution was poured 
into a brass ring on a warm glass plate and allowed 
to spread to a uniform thickness. This assembly 
was placed in a closed vessel with an ethanol-air 
atmosphere and maintained at 45° 0 for 1 hr. At 
the end of this time the vessel was opened and the 
ethanol was allowed to evaporate. The films were 
then washed in running water to free them of 
ethanol and dried over calcium chloride. The 
nylon films produced were clear and nearly free of 
surface defects. The film thi ckness was controlled 
by varying the concentration and depth of the 
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solution. The films ranged 111 thickness from 
0.0001 to 0.0008 in. 

A dipping technique was developed to recast the 
films for the work with the electron microscope, since 
films for this purpose must be less than 0.00004 in. 
(1 J..!) thick to permit sufficient t ransmission of the 
electron beam. The films were made by heating a 
1.5-percent solu tion of the polyamide in 95-percent 
ethanol to 50° to 60° 0 and immersing a warm glass 
microscope slide in the solution. The glass slide 
was removed, held vertically for a couple of seconds, 
and then placed under a bell jar in an atmosphere of 
ethanol. The thin polyamide film on one side of 
the glass slide was removed by rubbing with a damp 
cloth after the film had dried. The glass slide, 
bearing the thin film on one side, was partially 
immersed in a dish of water. The immersed portion 
of the film was freed from the glass by the water and 
allowed to float free. Five 200-mesh stainless-steel 
specimen-supporting screens O~ in. in diameter) were 
placed on the submerged portion of the glass slide, 
so that upon removal from the water the free floating 
portion of the film fell back in place over the screens 
on the glass slide. This procedure made it unneces
sary to apply tension on the film to remove it from 
the glass and place it on the screens as would be the 
case in the usual stripping and transfer technique. 

III. Apparatus and Procedures 

1. Apparatus to Produce Controlled Degradation 

The apparatus designed to degrade polymeric 
materials by exposure to controlled conditions of 
heat, ultraviolet radiant energy, and ambient atmos
phere is shown in figures 1 and 2. It consists of three 
integrated units : (1 ) a gas purification train, (2) an 
exposure chamber sui table for exposing polymer 
films to ultraviolet radiant energy at controlled tem
peratures, and (3) a gas-collection trap suitable for 
collecting samples for mass spectrometric analysis of 
the gaseous degradation products. Equipment of a 
somewhat similar nature was used successfully by 
Stillings and Van Nostrand [8] in a study of the action 
of ultraviolet radiant energy on cellulose. 

The atmosphere in the exposure chamber was 
conditioned by the purification train, 1- 9, shown 
schematically in figure 1. Any gas that is cylinder
packed could be used as the atmosphere. The gas 
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FIGURE l. A pparatus to produce controlled degradation. 

] , Gas cylinder; 2, fl owmeter; 3, need le valve; 4, drying tube; 5, rheostat; 6, 
copper gauze furnace; 7, cold trap (- 78° C); 8, carbon d ioxide absorption tu be; 
9, three-way stopcock; 10, automat ic temperature recorder with thermocouple 
cold junction ; H, manOTneter; J2, manometer; 13, constant-temperature bath; J ~ , 
source of ultraviolet rad ian t energy; 15, hoating platen; 16, Pyrex ri ng (shown 111 
fig . 2) used to hold fi lm fl at on heat ing platen ; 15; 17, desiccator li,1 placed on 18 
durin g evacu ation to protect th in glass, 21 , by evacuating both sid es simu ltaneous· 
ly; 18, Pyrex plate; 19, gas collection trap; 20, immersion pum p; 21, ultraviolrt 
transm itting glass; 226cooling D ewar; 23 , carbon c1 ixoidc absorbent; 24 , c1ry ill'~ 
tube; 25, reverse bub leI' foJ' pressure regulation; 2u, water trap ; 27, aspirato r; 
A- B , bypass valve; J, end of purification trai n and start of exposure chamber 
unit; M, beg iIU1 ing of water aspirator and flow control apparatus. 

was passed from the cylinder , 1, through a flow 
meter , 2. A flow of approximately 20 ml/min was 
maintained by m anipulation of a needle valve. The 
outlet pressure on the gage a ttached to the gas 
cylinder was kep t at abou t 2 psi. The gas passed 
from the flow meter through a needle valve, 3, which 
was used to close th e system during evacuation . Th e 
gas then passed tlll'ough a calcium chloride- copper 
sulfate tower , 4, t o remove water, a copper gauze 
furnace, 6, to remove oxygen, a cold trap, 7, an 
ascarite-anhydrone tower , 8, to remove carbon di
oxide, and finally into the exposure chamber through 
a three-way stopcock , 9. The temperat ure of the 
copper gauze furnace was controlled by a rheosta t, 
5. The furnace was removable from the train for 
regeneration of th e copper . Sections of the purifi
cation train could be bypassed by a ttachment of 
rubber t ubing from th e gas cylinder at A to th e 
three-way stopcocks B or 9. The gas used deter
mined the type and amount of purification required. 
The mercury manometer, 11 , connected to three
way stopcock 9, showed the pressure in the exposure 
chamber . The other manometer , 12, was llSed to 
maintain a pressure differential , which will be 
described subsequently. 

A Brown potentiometer , 10, recorded the tempera
ture of the platen on which the film was supported . 
The D ewar flask alongside the potentiometer was 
the cold junction for the copper constantan thermo
couple embedded in the platen of the exposure 
chamber. The temperature of this platen was con-
rolled by circulating silicone oil (DC- 500) from the 

bath , 13, with an immersion pump, 20 . The oil 
was circulated through a series of ballies and returned 
to the bath. 

The exposure chamber 15 is shown in figures 1 and 
2. It consists of an open-top brass cylinder 10 in. in 
diameter and 4 in. in h eigh t . The inside of th e 
chamber was gold plated because most other metals 

F IGURE 2. Exposure chamber, vertical view, assembled for 
operation. 

act as catalysts and migh t cause reactions between 
th e degradation products formed. Concentric 
grooves, 0.02 in. deep and 0.04 in. wide, on th e floor 
of th e exposure chamber are connected by radial 
grooves of th e same dimensions to the ou tlet tube. 
A glass ring, 16, placed on th e edge of th r film to 
be studied preven ted curling of the film . A Pyrex 
plate, 18, with a 5-in. aperture suppor ted the Corex 
D window, 21, which was 2 mm thick and 6 in . in 
diameter . This Pyrex plate was sealed to the ex
posure chamber by a ground glass to ground brass 
seal and silicone stopcock grease. The Corex D 
window was sealed to th e P yrex glass with beeswax
rosin mixture or with silicone grease. An R S sun
lamp, 14, was supported about 8 in. from th e film 
to be studied. This type of sunlamp was conveni en t 
to use as a source of ultraviolet r adiant en ergy. A 
blower (not shown) kept the tempera ture of the 
sunlamp, Corex D , and Pyr ex sections down during 
irradiat ion. 

Th e following assembly was used during evacua
tion of the sys tem: A desiccat.or lid, 17, was placed 
o.n the ,ground surface of .th e ,Pyrex .pla.te, 18. Be
cause the Corex D window was so thin, it was neces
sary to evacuate both sides of the window simultane
ously . A pressure differential was obtained by ma
nipula.tion of suitably placed stopcock:s. One manom
eter , 12, was used to read th e pressure in the lid, 
17, while another manometer , 11 , gave the pressure 
in the chamber . By keeping th e pressure slight ly 
greater in the top section it was possible to maintain 
a good vacuum seal. 

Gaseo us products of the treatmen t were collected 
in a trap , 19, designed for simple at tachment to the 

393 



mass spectrometer by means of spherical joints. 
The Dewar flask, 22, filled with acetone-carbon 
dioxide slush or liquid air, was used to condense the 
gaseous products in the collection trap. AU-tube, 
23, containing ascarite-anhydrone and calcium 
chloride-copper sulfate was used to trap carbon 
dioxide that passed through the collection trap, 19. 
The calcium chloride-copper sulfate eolumn, 24, 
prevented water vapor from entering the system. 
The inverse bubbler, 25, regulated the water supply 
so that a constant suction could be applied to the 
system. A trap, 26, was inserted to collect the 
water that might flow back into the apparatus if 
the water aspirator, 27, should not function properly. 
: The following procedure is representative of that 
:used to make a typical exposure: The polyamide 
film, which was previously dried at room temperature 
in ,~a desiccator and weighed, was placed in the ex
posure chamber. For study in an inert atmosphere, 
such as nitrogen, the exposure chamber was sealed 
land the system evacuated with a vacuum pump 
,from point M to point 3. The system was then 
liilled with purified nitrogen. This cycle was re
peated several times. The entire system was then 
flushed with purified nitrogen at a rate of 500 
ml/min for about }6 hr. The collection trap was 
then cooled; the sunlamp was turned on and the 
nitrogen flow was adjusted to 200 ml/min. 

On completion of an e)..'posure of a specimen to 
heat, to ultraviolet radiant energy, or to a combina
tion of those factors, either of two procedures was 
followed: (1) The entire system was evacuated 
through the cold collection trap, 19, to point 3, and 
the evacuated collection trap was removed; or (2) 
the system was flushed with nitrogen and the col
lection trap removed under a slight positive pressure 
of nitrogen. The gaseous products were analyzed 
with a mass spectrometer. The treated film was 
examined by suitable analytical methods to detect 
changes. 

The mass spectrometer is so sensitive that the 
presence of small amounts of volatile compounds is 
readily detected. This made it necessary to ensure 
that the experiments were made under conditions 
such that no volatile compounds were introduced 
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FIGU RE 3. Typical tensi le stress-strain characteristics of 
polyamide sample 4409. 

from any source other than the degradation of the 
specimen. Blank tests were made with the degrada
tion equipment. In one e).rperiment an excess of 
silicone grease was used to seal the glass Illates (18 
and 21 in fig. 2) to the top of the exposure' chamber 
and the chamber (15 in fig. 2) was exposed to radia
tion from an RS sunlamp for 6 hI' while nitrogen gas 
was passed through the equipment. The mass 
spectrometric analysis of the material in the collec
tion trap (19 in fig. 1) indicated the presence of no 
gases other than nitrogen. The results were also 
satisfactory in another blank experiment made at 
25° C for 6 hI' while nitrogen was passed through the 
equipment with a silicone grease seal at 18 in figure 
2 and a beeswax-rosin seal at 21 in figure 2. 

2 . Accelerated Weathering and Outdoor Exposure 

Accelerated weathering was conducted in accord
ance with Method No. 6021 of Federal Specification 
L--P- 406a [9], involving cyclic exposure to the 
radiant energy from an 8- 1 sunlamp and to fog. 
The total period of exposure to these two conditions 
is divided into multiples of 20 hI' of sunlamp radiation 
to 4 hI' of fog. 

Outdoor exposure was accomplished by placing 
specimens fastened to glass frames on outdoor racks 
at 45° facing south from Feb. 17 to Apr. 18, 1947. 
During this period of 61 days there were 12 clear, 
23 partly cloudy, and 26 cloudy days. The precipita
tion was 4.36 in. The temperature varied from 
15° to 86 0 F and the relative humidity from 22 to 
100 percent. The total sunshine was 530 hr. 

IV. Mechanical Properties and Weathering 
Resistance 

With J. J. Lamb, B. A. Hall, and C. Brown 

The tensile strength, elongation at failure in the 
tensile tests, tearing strength, resistance to accelerated 
weathering, and resistance to exposure outdoors of 
the six polyamide samples were determined. 

Tensile strength and elongation were determined 
at various temperatures and humidities after con
ditioning the specimens. The test specimens were 
cut with die D [10]. The results obtained utilizing 
two different machines are described in tables 2 
and 3. A typical stress-strain curve obtained with 
an autographic strain gage system is shown in 
figure 3. 

No significant differences were observed in tensile 
strength and elongation between the two orienta
tions of the specimens of each sample, or between 
the various samples at 25 0 C and 50-percent relative 
humidity. At - 29 0 C and 100-percent relative 
humidity, the differences between the samples are 
significant; the tensile strengths of samples 4405 and 
4406 are slightly lower than those of samples 4407 
and 44.08 and higher than those of samples 4409 
and 4410; the scatter in the elongation values as 
indicated by the coefficient of variation is so great 
that the differences are apparently not significant. 
The tensile strengths at - 29° C are higher than 
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TABLE 2. T ensile pToperlies • of polyamides 

Tests at 25° C atld 50·percent relative humid ity b T ests at _29° 0 and lOO·percent rela ti ve humidity ' 

Sample des ig- T ensile strength Elongation nation d 

Average SEe OV' Average SEe 
---------

lb/in. ' lb/in.' % % % 
440·>{L::: :: : 

8,400 240 8 440 8 
7,700 120 4. 440 6 

4406{O -.---.-. 7, SOD 150 6 440 6 
L _____ . _. 8,400 170 6 430 7 

4407{L:: :::: 
S,500 310 12 390 10 
9, 400 330 11 380 9 

440S{L :::::: 
7. 400 190 8 430 10 
7,900 120 5 430 " 4409{~ : ::::::: 9,400 150 5 440 5 
9, 200 320 II 430 5 

4410{L :::::: 
7,200 500 22 390 21 
8,700 290 II 460 9 

a Determined on a constant-speed spring-bala. l1ce testing m achine, 
2O-lb range, in accordance witb l'ederal Spocification ZZ-R-60la, 
Section II-5. Each average value was obtained with 10 specimens. 

b Specimens conditioned for at least 48 hr. 

T ABLE 3. T ensile properties· of polyaml:des at 25° C 

Sam p le '].lonsUe strength Elongation 
desig-

I I cv ' I SEb I nation Average SEb Average CV' 
I 

CONDiTIONED AT 50-PE RCENT RELATIVE llUlifIDITY d 

I 

lb/in.' 

I 

1~/in .2 

I 

% 

I 

% 

I 

% 

I 

% 
4408 7,000 170 6 350 4 2 
4409 6,000 330 13 280 25 20 

WE1 (IMM ERSED IN WATEH) e 

4408 

I 
3,700 

I 
530 

I 
34 

I 
330 

I 
45 

I 
30 

4409 5,400 640 29 360 24 15 

DRY (DRIED OVER CALCIUM CULORIDE), 

4408 

I 
8, 300 

I 
430 

I 
14 

I 
36 

I 
24 

I 
147 

4409 6,600 660 24 136 52 84 

• Determined on a Baldwin MTE tes ting m achine, 50·lb range, in aeeord
nnce with Federal Specification ZZ- R -601a, Section II-5. Each average 
value reported was ohtained with 6 specimens. 

b Stand ard error. 
c Coefficient of variation. 
d Specimens conditioned for fit least 96 hr. 
, Tests made immediatel y after removal of specimens from wa ter at 25' C 

in which they were immersed for 24 hr. 
, T ests marle immediately on removal of the specimens from a desiccator 

charged with dry calcium chloride in which they were stored for 1 weck. 

those observed at 25 ° C; the increase on going to 
the low temperature is greater for samples 4405, 
4406 , 4407, and 4408 than for samples 4409 and 
4410. The elongation values are much lower at 
_ 29° C than they are at 25° C. The tensile 
strengths of the samples were reduced by exposure 
outdoors for 2 months. Except for sample 4410, 
the elongations at break were also reduced by the 
exposure outdoors. 

The tensile strength of sample 4408 increases with 
a decrease in water content. Although a similar 
trend is apparent for sample 4409, it is not statisti
cally significant. The elongations at break for 
samples 4408 and 4409 wet and at 50-percent relative 
humidity are not statistically different. The elon-

'f ensile strength Elongation 

OVI I Average SE e OV ' Average SE e OVI 

------------
% lb/in.' lb/in.' % % % % 
5 13, 500 340 8 10 0 0 
4 12,800 230 6 16 2 36 
4 ll,300 130 4 10 2 70 
5 13, 100 100 2 7 1 30 
8 14,100 200 4 10 1 17 
7 15,300 380 8 10 1 29 
7 11,700 350 10 10 1 40 
4 13,200 190 4. 5 1 40 
4 10,800 480 14 10 2 80 
4 9,400 580 20 IS 6 100 

17 10,500 460 13 7 1 37 
6 10,700 230 6 12 1 22 

, S pecimens conditioned for at le~st 0.5 ill'. 
d Code for orientation o[ specimens: C=crosswisc; L=Jengthwise. 
• Standard error. 
f Coefficient o[ variation. 

gations of the dry specimens are much lower than 
those of the wet specimens of both samples. Thu 
it appears that water acts as a plasticizer. The 
stressed specimens of sample 4408 became cloudy, 
but those of 4409 remained clear. 

The tensile stress-strain curves show marked dif
fer'ences in characteristics betwecn the wet and dry 
specimens. As the water content is reduced, the 
modulus of elasticity is reduced and the elongation 
at break is decreased. The failures were quick 
brittle breaks, particularly for the dry specimens. 
The shape of the stresss-strain curves is typical of 
materials that undergo an instantaneous elastic 
response when tressed and that also work-harden 
when stressed beyond the yield point [11 and 12]. 
The character of the yield point is also different for 
the wet and dry specimens. A comparison of the 
curves for the wet and dry specimen uggests that 
the crystalline order is different for the different 
conditions near the breaking point, but the char
acter of this difl'erence is not known. The curves for 
samples 4408 and 4409 indicate that these materials 
probably have different degrees of crystallinity. 

The tearing strengths [13] of the polyamides at 
25° C and 50-percent relative humidity and at 
_29° C and 100-percent relative humidity are re
ported in table 4. There is no difference in the 
tearing strengths of the crossw"ise and length wise 
directions of samples 4405, 4407, 4409, and 4410 at 
25° C and 50-percent relative humidity, and of all 
the samples at - 29° C and about 100-percent 
relative humidity. There is a significant differcnce 
between the crosswise and lengthwise directions for 
samples 4406 and 4408 at 25° C and 50-percent 
relative humidity. The tearing strengths at _ 29° C 
are markedly less than those at 25° C. As the thick
nes es of samples 4405 , 4407, 4409, and 4410 are 
approximately the same, the results of the tear
strength tests show that samples 4405 and 4410 are 
inherently stronger in tearing strength at ordinary 
temperatures than samples 4406 and 4409. 

395 



TAB LE 4. Tearing strength of polyamides 

Elmendorf teMing strengtb por sheet a 

Sample desig- Tests at 25° C and 50-percent 'rests at _29° C and 100-
nation b relative humid ity percent relative h umidity 

Average SE' CVd Avef:l~I~~~ 
g g % g g % 

4405{C ------.- { 
• 90 11 27 40 G 3~ 
320 69 47 -- - --- -- --2- - - --

L __ ______ { • 170 30 38 40 10 
220 27 24 - - - - - - .- - - - - ----

4406{L:::::: 
220 37 37 70 19 63 
380 33 19 60 25 97 

4407{~:: : :::: : 65 14 46 40 2 12-
GO 3 10 35 ]0 49 

{C ______ { • 130 10 16 60 25 55 
210 .\0 53 - -- -. - - - ----

4408 L ________ { • 260 30 26 35 8 52 
410 10 5 - --- . --- -- -- -- - -

4409{L: ::::: 
150 IS 28 45 0 0 
130 17 29 40 4 18 

141~ C __ __ __ __ { 
e 250 40 34 35 I 8 

800 50 12 .-.-. ---
L __ ___ __ { • 290 29 22 35 1 6 

750 85 25 .-----.- --- - ----

• T ests made with Elmendorf T ear Tester in accordance with ASTM 
Method of Test D 689--44 [13]. Each average value reported was obtained 
with 5 specimens. 

b Code for orientation of specimens: C=crosswise; L = lengthwise. 
c Standard error. 
d Coefficient of variation _ 
• 'rhese values for samples 4405, 4408, and 4410 were obtained by plaCing 

tbe specimens in the grips of the Elmendorf T ear Tester and folding the free 
end to the left. All tbe other values for these samples were obtained with the 
free end folded to the right . The valnes for samples 4406, 4407, and 4409 did 
not depend on the way the test specimens were folded over in tbe test grips. 

The effects of accelerated weathering and outdoor 
exposure on some properties on polyamide films are 
shown in tables 5 and 6. The accelerated weathering 
test conditions caused all the polamide samples to 
become more brittle. The outdoor exposure tests 
show that the resistance to weathering of samples 
4406 and 4408 is superior to that of the other samples . 
The greater resistance of samples 4406 and 4408 to 
the action of the ultraviolet radiant energy is attrib
uted to their greater thickness, and infers a surface 
degradation that may retard further degradation in 
the interior of the films. 

Marked differences in the strength properties of 
the various polyamides are indicated in the results 
reported in this section. Variolls techniques were 
utilized to obtain data relating the observed changes 
in physical properties with changes in chemical 
structure of the polyamides. The results of these 
studies are described in the subsequent sections of 
this report . 

V. Mass Spectrometry 

With C. E. Wise, R. M. Reese, and L. M. Williamson 

Polyamide samples 4406,4407, and 4409 were ex
posed to controlled conditions of heat , ultraviolet 
radiant energy, and ambient atmosphere in the 
apparatus described previously in section III. The 
gaseous products were analyzed with a model 21- 102 
Consolidated Engineering mass spectrometer. 

The experimental procedure is described in section 
III. Some of the experiments were made with the 
nylon samples in the film form in which they were 
received and others with recast films. Most of these 

TABLE 5. Effects of sunlamp-fog acrelerated weathering test 
on the propel,ties of polyamides 

I Sample 
designa-

Effects of accelerated weathering test a 

Change in-
tion ____ , ____ 1 Condition (after 240 hr, unless otberwise 

noted) 

4405 

4406 
4407 
4408 

4409 
4410 

Width Lengtb 

% % 

-3.4 -2.6 

- 1.3 -1.7 

Very brittle and weak; fell apart at 
180 hr. 

Slightl y brittle ; edges curled. 
Very brittle and weak; fell apart. 
Slightl y brittle along edges nearest to 

sunlamp. 
Very brittle and weak; fell apart. 

Do. 

• Three specimens of each sample were tested, 

TABLE 6. Tensile properties a of polyamules b at 25° C 
and 50-percent relative humidity after exposure outdoors for 
2 months 

Sample Tensile strengtb Elongation 
Orientation of designa- specimens 

Average I 
tion Average R an ge Range 

-----
lb/in.' lb/in.' % % 

4406 ____ {CrOSSWiSC _____ 5, 700 4, 600 to 7, 000 350 290 to 450 
Length wjse ___ 5,000 4, 300 to 7, 200 240 50 to 450 

4407 ____ {CrOSSWise _____ 5,400 5, 200 to 5,800 200 50 to 325 
Lengthwisc . __ 5,300 4, 400 to 6, 700 280 200 to 360 

4408 ___ _ {CrOSswise . _. __ 5,400 5, 000 to 5, 000 280 140 to 350 
Len gth wise __ _ 4,800 4, 600 to 5, 000 190 110 to 300 

4410 ____ Length wise ___ 6,200 4,400 to 7, 400 400 300 to 470 

a Determined on a constant-speed spring-balance testing m achine, 20-lb 
range, in accordance with Federal Specification ZZ- R--601a, Section 1I- 5. 
Each average value reported was obtained with 5 specimens. 

b Specimens of samples 4405 and 4409 were not in satisfactory condition to 
m ake tensile tests. 

I 

films were dried in a vacuum at room temperature 
for 16 hr prior to use in the experiments. 

The results of the experiments with the nylon 
samples are presented in table 7. Only water, 
carbon dioxide, and ethanol were found in the vola
tile products obtained from specimens of sample 
4406 at 30° C with and without exposure to ultra
violet radiant energy (experiments 1 and 2). In 
experiment 3, a specimen of sample 4406 was dried 
in vacuum and then exposed as in experiment 1; the 
loss in weight was markedly less (0.2% , compared 
to 2.6%). It is apparent that part of the changes in 
properties observed in experiments 1, 2, and 3 can 
be attributed to the loss of absorbed water. Loss of 
the absorbed water causes the films to become brittle 
and crack readily. 

Specimens of sample 4406 were exposed to ultra
violet radiant energy at 35° and 50° C for 20 hI' 
(experiments 4 and 5). \1\-ateI', carbon dioxide, 
ethanol, and hydrocarbons were found in the volatile 
products from these experiments. Carbon dioxide, 
water, ethanol, and hydrocarbons were obtained in 
all the experiments with specimens of samples 4407 
and 4409 (experiments 9 to 13) . 

Carbon monoxide was evolved in all the experi
ments in which the specimens were exposed at tem
peratures of 90° to 100° C. Hydrocarbons were 
found in all experiments in which carbon monoxide 
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TABLE 7. Mass speclrometl'ic analysis of. volatile prod1icts obtained dUTinri exposure of polyamides to heat and ultraviolet radiant 
en ergy 

Exposure conditions 

ExperI
ment Pretreatment Ultraviolet 

Loss in 
weight Result s of analysis 

Sample 
designa

t ion 

Thick
ness of 

film Tem
pera
turc 

radiant Time Atmos
phere energy 

--- --- ---
in. 0 C 

1. ______ 4406 0.0036 None_. __ __________ ____ ____ 30 RS ________ 
2 _______ 44.06 _0036 _____ do ___ __________________ 30 None ______ 
3 _______ 4·106 . 0036 Vacuum dried _____________ 30 RS ________ 
4 _______ 4406 • 0036 _____ do _____________________ 35 R S ________ 
5 _______ 4406 . 0036 

_____ do ___ ______ ____________ 50 RS ________ 
6 _______ 4406 . 0036 None _____ 35 None. _____ 
7 _______ 4406 . 0036 _ ____ do..-__ : :::::: :::::: ::: 60 _____ do __ ___ 
8 _______ 4406 . 0036 __ __ .do _____________________ 100 _ __ __ do _____ 

9 _______ 4407 . 0016 Vacuum d ried _____________ 100 R S ________ 
10 ______ 4407 . 0016 _____ do . ___ ___ ____________ ._ 100 None . _____ 
11 ______ 4407 . 00044 Recast from ethanol, 

washed in water, dried. 
100 _ ____ do ____ 

12 ______ 4409 . 00096 _____ do _____________________ 90 RS ________ 
13 ______ 4409 . 00102 _____ do _____________________ 95 None. _____ 

was detected and ill experimen ts 4, 5, and 13, in 
which no carbon monoxi de vms found . 

It is apparent t bat a large part of the water given 
uff in experiments 1, 2, 6, 7, 8, 11 , 12, and 13 is 
absorbed water. fIowevcr, the resul ts of experi
ments 3, 4, 5, 9, and 10 indi cate that some of the 
water is bound more strongly than normally ab
sorbed water , since it was not removed by vacuum 
drying ; the amoIDlt appears to be sligh tly greater 
for sample 4407 than for sample 4406. 

A more detailed analysis of two experiments, 12 
and 13, is presented in table 8. More than 15 indi
vidual hydrocarbon compounds were detected in 
each case_ The results also indi cate that when the 
proportion of carbon dioxide is high , no detectable 
quantity of carbon monoxide was found. 1'\ hen 
carbon monoxi de was found , the proportion of carbon 
dioxide was lower t]lan in the former case. Th e 
principal component in the volatile products in all 
experiments was water. This compound redu ces 
the sensitivi ty and accuracy of the mass spectro
metric analysis markedly and for this reason the 
hydrocarbons are not reported separately_ 

T ABLE 8. Mass spectTometric analysis of volatile prod1icts 
obtained in experiments 12 and 13 

Component 
Experiment 
12, 20 hr ul

trav iolet 

Experiment 
13,20 hI' at 

950 C 
------------1-----1-------

Carbon dioxide _________ ________________ _ 
EthanoL ___________________ ___ ________ _ 
Carbon monoxide and nitrogen b _______ _ 
Nitrogen b ____ _________________________ _ 

Organic compounds, mainl y h ydrocar-
bons ____ _____________________________ _ 

Mole percent. 
24 
7 

63 

5 

Mole percent· 
71 
8 

15 

• 0)) a waler-free basis. T he pr incipal componen t in the volati le prod
ucts was water. 

b 'J'hese experiments were performed in a nitrogen atmosphere. 

VI. Pyrolysis 

With S. 1. Madorsky, S. Straus, and L. A. Wall 

Polyamid e samples 4407 and 4409 were pyrolyzed 
at 400 0 C, th e products separated into fractions, 

IIr 
7 Nz ______ __ 
7 N, ________ 
7 Nz ________ 

20 N z ________ 
20 Nz ________ 
20 Vacuum __ 
20 _____ do ____ _ 
20 _____ do ____ _ 

20 :Nz ________ 
20 Nz ________ 
17 N, ________ 

20 Nz ________ 
20 N2 ________ 

% 
2.6 Water, ethanol. 
2. 7 Do. 
0.2 Water, carbon dioxide, ethanol. 
. 4 W ater, carbon d ioxide, ethanol, h ydrocarhons . 

Do _ 
Watpr, ethanol. 
W ater, carbo)) dioxide, ethanol. 
Water, carbon d ioxide, ethanol, carbon 

monoxide, hydrocarbons. 
0.6 Do . 
1.0 Do. 

Do . 

Do . 
Do . 

and the gaseous products analyzed with the mass 
spectrometer . These experimen ts were made (a) 
to obtain reference patterns to assist in the i.n ter
pretation of the mass spectrometric analysis pat
terns of the products obtained on exposure to heat 
and to ul traviolet radiant energy, and (b) to deter
mine what bonds are broken when nylon molecules 
are ruptured by heat. 

Specimens of nylon samples 4407 and 4409 
weighing approximately 40 mg were condit ioned 
at ] 50° C for 2 hr in a vacuum of about 1 - 6 mm 
Hg to rew_ove sorbedwator and gases. Th e speci
m ens were then heated Lo 4000 U for 30 min in a 
vacuum of about 10- 6 mm H g and the produ cts 
fractionated in the apparatus shown schematically 
in figure 4. The material in the form of sections 
of thin film about 2 to 5 mm square, was placed on 
the platinum tray, H, shown in the bottom of the 
tube on the extreme righ t and h eated by the plati
HLim wire coil , K. A solid residu e remaining in the 
tray was designated fraction I. Most of the volatile 
fractions cond ensed on the walls of the heating 
chamber and on the liquid air condenser , B_ The 
material volatile at the tern_perature of liquid air 
(about - 190° C) was collected in the gaseo us 
fraction receiver and designated as fraction V_ 
After the pyrolysis, the liquid ail' was removed from 
condenser B and replaced with a carbon dioxide
acetone mixture (about - 78 0 C) _ Th e volatile 
fraction was collected at liquid air tempera t ure and 
designated as fraction IlIA. The carbon dioxide
acetone mixture was then removed and the con
denser allowed to come to room temperature (About 
25° C). The volatile fraction was also collected at 
liq uid air temperature and designated as fraction 
IIIB. The waxlike material remaining on the con
denser and on the walls of the heating chamber 
was designated as fractions II and IV, respectively . 
The apparatus and the procedure are described in 
more detail in [14] . The results of the analyses are 
presented in table 9_-
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TABLE 9. Results of pyrolyses of polyamides and mass 
spectrometric analyses of volatile fractions 

\Veight percentage of 
original specimen a 

Fraction Prodnct Polyamide 4407 Pol yamide 4409 

Exp.l E'"lJ · 2 Exp . 3 Exp . 4 
---------

L _________ R esidue; dirty-brown flak es, 7.87 5. 89 2.09 2. 37 
slightly 
ethanol. 

solnble in warm 

II and Semiliqnid resinous mass, 86. 71 88. 77 92.87 93. 12 
IV. fairly solnble in warm 

ethanol. 
Volatile at - 750 C ___ ___ _____ 1.72 1. 80 0. 19 0. 59 

Carbon dioxide _________ ___ 1. 67 1. 75 . 18 . 56 
Hydrocarbons ________ _____ 0. 05 0. 05 . 00 .02 

Methane __ ______________ .00 .01 .00 . 00 
IIIA ____ Ethane. ______ ___________ .00 .01 .00 . 01 

Propane _________________ . 00 . 01 .00 . 00 
Butanes . ________________ .00 . 00 . 00 . 01 
Ethylene _______ _________ . 00 . 01 . 00 . 00 
Butenes ___ ______________ . 00 . 01 . 00 .00 

Cyclopentanone ___ ________ . 00 . 00 . 01 . 01 
Volatile at room temperature_ 3.48 3.34 4.56 b3. 69 

Carbon dioxide ____________ 1.48 1. 89 4.38 
Hydrocarbons _____________ 0.39 0. 30 0.18 M ethane ________________ . 00 .00 .02 Ethane _____ _____________ .01 .00 . 01 

Butanes _________________ .03 . 03 . 00 
Pentanes ________________ .00 . 00 .02 
n -Hexane ________________ .00 . 00 . 02 

IIIB __ __ Ethylene ________________ .00 . 00 . 03 Propene _________________ . 07 . 05 . 00 Butenes _______ __ ________ .12 . ]3 . 03 Pentenes ________________ . 03 .03 .01 
Cyc]ohexene _____________ .02 . 00 . 00 
Pentadiene ______________ . 00 . 03 .00 
Cyclopentadiene _________ .00 .02 . 00 Benzene _________________ . 11 .01 .00 

Cyclopentanone ___________ 1.61 1.15 . 04 
Gaseous fraction . ____ ___ ____ _ 0.22 0. 20 0. 29 . 23 

Carbon monoxide _________ .09 . 12 . 00 
Carbon dioxide ____________ . 13 . 07 . 20 
Methane __________________ . 00 . 01 .03 

V ___ ____ Summary on dry basis: 
Carbon monoxide __________ . 09 . 12 . 00 .00 
Carbon dioxide ____________ 3. 28 3.71 4. 56 
Hydrocarbons _____________ 0.44 0. 36 0. 18 
Cyclopentanone ___ ________ 1.61 1.15 .05 

Water ___________________ ____ 1. 67 1.66 <. 1 <. 1 

• On a dry basis, except for percentage of water. 
b Peaks on mass spectrometer off scale; detailed analysis not possible. 
• Sample tube broken. 

The total amount of products in fractions IHA, 
HIB, and V from nylon samples 4407 and 4409 is 
about the same, 5 percent (by weight) of the original 
sample. However, a comparison of the distribution 
of the amounts of the various compounds among the 
fractions shows that the degradation of the two 
types of nylons is not the same, although similar. It 
is interesting to note that the solid residue obtained 
with sample 4409 is much less than that obtained 
with sample 4407. The semiliquid resin obtained 
with sample 4409 is greater than that obtained with 
sample 4407. The total solid and semiliquid ma
terials obtained with both samples are not very dif
ferent. 

Sample 4407 produced appreciable amounts of car
bon dioxide and cyclopentanone, and smaller 
amounts of carbon monoxide and hydrocarbons. 
Sample 4409 produced an appreciable amount of 
carbon dioxide and no carbon mono}'.'ide. The 
amounts of hydrocarbon and particularly cyclopen
tanone produced by sample 4409 were appreciably 
less than those produced by sample 4407. 

The production of the cyclopentanone on heating 
the nylon samples was not expected. However, it is 

well lmown [15] that cyclopentanone can be syn
thesized in high yields by the thermal decomposition 
of adipic acid in accordance with the following re
action: 

o H H H H 0 

Ho-~-6-6-6-6-~-OH 
I I I I 

Ba(OHh 
285 0 to 295 0 C 

75 to 80% 
yield H H H H 

Adipic acid 

Cyclopentanone 
(bp 130.6° C) 

A sample of adipic acid was pyrolyzed, and the prod
ucts formed were analyzed with the mass spectrom
eter. The pattern obtained matched the pattern 
of cyclopentanone obtained from the products of the 
pyrolysis of the nylon samples. 

The distribution of the total oxygen in the gaseous 
products from both polyamide samples is shown in 
table 10. No significance should be attached to the 
agreement between the total figmes, since it is ob
served from studying the data of the individual ex
periments that these results could not be duplicated 
this closely. The significant point is the difference 
in distribution of the oxygen between the two poly
mers . 

TABLE 10. Distribution of oxygen in gaseous products form ed 
on pyrolysis of polyamides 

Amount oC oxygen in-
Source of oxygen 

Sample 4407 Sample 4409 

Carbon dioxide __________ ... __ 
Carbon monox ide __________ _ 
Cyclopcntanonc ____________ _ 
Watel'. _____________________ _ 

Mole 
percent 

2.55 
0.06 
.30 

1. 48 

TotaL ________________ 4. 39 

Percent· 
ageoftotal 

16.8 
0.4 
2. 0 
9. 7 

28.9 

Jyrole 
percent 

3. 33 
0.00 
. 01 

<- O~ 

3. 43 

Percentage 
oftotal 

23. 5 
0.0 

. 0 
<. 6 

24. 1 

The results of an elemental analysis of the nylon 
samples presented in table 11 shows that the amount 
of oxygen absorbed by this polymer is negligible. 
Consequently, all the oxygen in the volatile products 
must come from the polymer and water in the 
polymer. 

It is interesting to note that there were no nitrogen 
compounds in the gaseous fractions as might be 
expected. 

398 



GASEOUS FRA CTION 

REC EI VER ----I 

c.TO M'LEOD GAGE 

FRA CTI ON V 

CAS HO LD ER 

SEAL· OFF 
POINT 

LIQU ID FRACTI ON 
RECE IVER 

K 

o 2 4 CM 
l...L..L...J... 

SCALE 

LI QU ID 

FRACTIoN 
n 

FRACTION I 

HG -DI FFUSION PUMP 
LI QU I D AI R 

T RAP 

FRACT ION m A 'AND B 

"2 
...=.!=..=---- •.. ~-
-.~=- -=---=-
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T ABLE 11. Elemental analysis of polyamides 

Elemental analysis 
Sample 
dcsigna· Source 

tion Oarbon H ydro- :-< it ["o· Oxy· 
gcn gcn gen 
----'--

Percent Percent Percent Percent 
{OhemiCal analysis ...... . .... 63. 1 9. 6 12. 1 15. 2 

4407 . .... Oalcula ted dr y ........ . .. . .. 63. 7 9. 7 12.4 14 . 2 
Oalculated co ndit ioned a ••.. 62. j 9. 7 12. 1 16. 1 

{OhemiCal analysis ........... 64.2 10. 2 11. 4 14. 2 
4409 b • • • • Oalculated d!.y . .. .. . . ....... 64. 8 10. 0 11.8 13.5 

Oalculated condit ioned a . . .. 63. 2 10. 0 11.5 15. 4 

a Water content at 250 0 and 50·percent rela tive humidity assumed to he 
2.5 percent of total weight. 

b Composition est imated to he 60 percent of 66 sal t , 20 percent of 610 salt, 
a nd 20 percent of caprolactam. 

VII. Ultra violet Spectrometry 

With M. J. Reiney and 1. A. Dunlap 

The ultraviolet transmission characteristics of 
polyamides 4407 and 4409, subj ected to various con
trolled conditions of heat, ultraviolet radian t energy, 
and ambien t a tmosphere, were determined with a 
model DU Beckman photoelectric quartz spectro
photometer , range 220 to 1,000 mJL. 

A critical factor in comparative ultr aviolet tran -
mission measurements is the thickness of the speci
mens. The thicknesses of specimens of sample 4407 
were measured ; one set of the films was heated in air 
at 1000 C for 20 hI', and another set was exposed to 
ultraviolet radiant energy from an RS sunlamp for 
24 hr at 45° C in a nitrogen atmo phere. The 
changes in thickness were less than 0.00004 in. The 
maximum change in ul traviolet transmission that 
could be a ttributed to this ch ange in thickness was 
calculated to be 2 percen t at 280 mJL, which is con
siderably less than the observed changes in ultra
violet transmission. 

The ultraviolet transmission curves of untreated 
films of the polyamides show an absorption band 
between wavelengths of 260 and 330 m IL wi th m axi
mum absorption at approximately 280 m JL (figs. 5, 
6, 7). Transmission in this region is increased by 
exposure to ul traviolet radian t energy, as shown by 
curve B of figures 5 and 6. The greater portion of 
the absorp tion band is eliminated during the first 
hour of exposure to the ultraviolet radian t energy 
and the band is entirely eliminated after exposure 
for 20 hr. H eat alone tends to decrease the over-all 
transmission of the films, although the shape of the 
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Curve for sample 4407 is no t changed , as shown in 
CUl've C of figure 5. Treatment with ultraviolet 
radiant energy followed by heating resul ts in an 
ul traviolet curve representative of the effects of both 
treatm ents, as sllOwn by curve D of figures 5 and 6. 

Specimens of nylon samples were subj ected to a 
120-h1' accelerated weathering test . The effects of 
this treatment, shown in figure 7, are similar to the 
combined effec ts of separate exposures to ultraviolet 
radiant energy and to heat . The decrease in trans
mi ssion in sample 4409 is much greater than that in 
sample 4407. 

After 3 weeks at room conditions, treated speci
mens of sample 4407 showed changes of less than 1 
percen t in ultrav iolet transmission values from those 
made immediately after the treatments. 

Experiments were made with samples 4407 and 
4409 to determine the effect of absorbed water and 
ethanol on the ultraviolet transmission character
lStlCS. Immersing specimens in water at 60° C for 
72 hI' caused the absorption band for sample 4407 to 
become stronger at approximately 280 mil and had 
no appreciablc effect on the absorption for sample 
4409. The wet specimens wer e subj ected to vacuum 
drying at 40° C for 22 hI', whi ch cau sed a slight 
decrease in thc transmission of both samples; the 
absorp tion band for samplc 4407 became more 
pronounced and that for sample 4409 remained about 
the same shape. The dried specimens were nex t 
immersed in 95-pel'cent ethanol for 17 hr , whi ch 
resulted in a marked increase in transmission for 
both samples ; tll(' shape of the curve for sample 4407 
remained about the same, and the absorp tion b and 
for sample 4409 became more pronounced. 

E xposure to ultraviolet r adiant energy for 2.5 hI' 
was nearly sufficient to remove the absorp tion band 
for both the un treated specimens of samples 4407 
and 4409 and specimens soaked in water for 72 hI' 
01' in ethanol for 17 hr . 

Specimens of samples 4407 and 4409 that had been 
exposed t o 20 hr of ultraviolet radiant energy were 
immersed in water and in ethanol , respectively, for 
72 hr. The absorption band in the curves for t he 
untreated specimens did not return. ]~ven films 
recast from ethanol solu tions of specimens that had 
been exposed to 20 lu· of ul tr aviolet radi ant energy 
did not show the absorption band. 

No differ ences were observed in the results of 
experiments conducted in oxygen and ni trogen , 
respectively. 

VIII. Infrared Spectrometry 

With M. I. Reiney and E. K. Plyler 

R ecast polyamide films were subj ec ted to heat 
and to ultraviolet radiant energy and the infrared 
t ransmission charac teristics measured before and 
after expOSUl'e to determine changes in chemical 
structure. A ch ange of at least 2 per cent in the 
amount of a chemical group is r equired for detection 
by the infrared spectrometers used in this inves tiga
t ion. R ecast films were used for t his phase of the 
investigation because the original films were too 

thick to distinguish individual characteri tic t rans
m i sion bands. 
T~Tpi cal infrared transmission curves ob tained with 

a B aird recording spectrophotometer arc shown in 
figure 8. Curves A and B show that polyamide 
samples 4407 and 4409 give essentially the ame infra
red transm ission, although there is a difrcrence in 
the number of methylene groups in the r epeating 
uni ts of the polymer chain. 

Treatment of the polyamide fi lm s by heating and 
by exposure to RS sunlamp radian t energy for various 
periods up to 2 weeks in the presence of air and in 
nitrogen produced no extensive changes in thc infra
red spectrum of the films, that is, no new bands were 
created or former bands destroyed as a res ult of the 
treatments. Slight deCI'ease in absorption at . 3.2j.1 
sugges ted possible changes in intermolecular bridging 
in some experiments; bnt the slight changes observed 
were considered to be within experimental elTor. 

Specimens were exposed for periods of 120 lu' and 
217 hI' to accelerated weathering. The 217-hr test 
consisted of 179 hI' of expo ure to ul traviolet radiant 
energy and 38 lu' of expos ure to fog. The tes twas 
stopped at 217 hI' because th e films were ,vater 
spo t ted , had whi te spo ts of undetermined origin, and 
were spli t . N o change in appearance were observed 
in the 120-lu' test. The infrared spectrum after 
217 -lu' exposure showed that no appreciable changes 
in chemical sLructure occurred as a resul t of this 
treatmen t. The sligh t decrease in t ransm ission ob
served between 2.8 and 16. 01l is a ttributed to experi
men tal errol' . 

Specimens of sample 4407 were exposed outdoors 
for 2 months (F eb. ' to Apr. ). At the end of thi s 
period, th e films wer e torn, th e surfaces were badly 
scarred, and par ticles of dir t were imbedded in the 
film. The specimens were di ssolved in warm eth anol, 
the solu tion cen trifuged to remove the dir t par t icles, 
and r ecast films made by the usual techniq Lle. No 
appreciable changes occllrred in chemi cal structure 
as a r esult of this treatmen t . 

The results obtained wi th nylon sample 4409 paral
lel very closely those observed with nylon sample 
4407 . It was observed in the accelerated weath ering 
trea tmen t tha t the spli t ting of the films of sample 
4409 was more sever e than the spli tting of the films 
of sample 4407. 

Film specimens of the pol~Tamide samples we~'e 
soak ed in ethanol, r emoved , and allowed to dry m 
a ir and th e infrared transmission characteristics 
m e'asured . No appreciable changes from th e original 
films were observed . 

IX. Viscosity 

With C. C. Chang, N. Dominguez, and S. G. Weissberg 

Polyamide sample 4410 was subj ected to controlled 
conditions of heat, ultraviolet radian t energy, and 
relative humidi ty, an d to ou teloor exposure and the 
degradation of the polymer chains determined from 
the measurement of the viscosities of dilu te solutions 
of the exposed nylon specimens in m-cresol. This 
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procedure can be used to determine whether or not 
the polymer chains are broken or crosslinked but will 
not reveal any other changes in chemical structure 
[2 , 5]. The viscosities of the solutions were measured 
at 30° C, using calibrated Ostwald-Fenske viscom
eters [16 , 17]. Duplicate parallel runs were made, 
using the average of five efflux time measurements 
determined to the nearest 0.1 sec. 

The viscosity data for the various nylon specimens 
are presented in table 12 and figures 9 to 11, inclusive. 
Not enough data were obtained on the treated nylon 
specimens to determine the curvatures of the plots 
of (1n 'YJ r)/c versus C and of 'YJ sp/c versus c. Since these 
plots for the untreated specimens show distinct cur
vature, the plots have been drawn as curved lines, 
as shown in figures 10 and 11, simply to indicate 
the general tendency, but they are by no means 
representative of the exact shape of the plots. 

The r elation between the intrinsic viscosity of 
polyamide sample 4410 and the time of exposure to 
heat and to ultraviolet radiant energy is shown in 
figure 12. This shows that the viscosity is decreased 
as the period of exposure to the degradation condi
tions is increased. 

A study of the moisture sorption of nylon sam
ples 4406, 4407 , 4408,4409, and 4410 showed that at 
50-percent relative humidity the films contained 2 to 
3 percent of water. The data observed for the ma
terials used in this study do not show increased water 
sorption with decreased crystallinity. However, the 
levels of crystallinity were not determined experi
mentally, and these results may be indicative of a 
balancing factor in the changing total concentration 
of polar groups. It has been reported that for a 
given concentration of dipoles of a certain type 
increase in crystallinity markedly decreases moisture 
sorption in polyamides [18, 19]. As these types of 
nylon wi th varying compositions and degrees of 
crystallinity all contain between 2 and 3 percent of 
water in equilibrium with a relative humidity of 50 
percent, and as a reduction in the water content of 
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FIGURE 9. Relation between absolute viscosity and concentration 
of solutions of polyamide 4410. 

/'" A- I , Undegraded , specimen I ; 0 , A- 2, undegraded, specimen 2; 7, B, 
22-hr ultraviolet; (t , C, 168·br ultraviolet; 0 , D , 25 hr at 1050 C; X, E, 169 hr 
at 105" C; 0, F, 2 months outdoors; cw-ves D and F are identical. 

approximately 2 percent causes the film to become 
brittle, it is reasonable to assume that treated speci
mens that remain intact have water contents of the 
same order of magnitude. 

It is interesting to examine the consequences of a 
hypothesis that the lower relative viscosities of speci
men B, as compared with solutions of specimen A, 
are due solely to an increase in water content of B, 
as compared with the water content of A. Calcula
tion shows that specimen B would require 30-percent 
moisture to give the results obtained. Therefore, 
the hypothesis that the lowered viscosity is due only 
to an increase in water content of the degraded nylon 
requires an unreasonably high water content. 

These results indicate that the effect of water con
tent in the viscosity study is negligible and recalcu
lation of the viscosity results to correct for moisture 
content is unnecessary. 

TABLE 12. l'iscosity data for solutions of polyamide 4410 in ?It-cresol 

Specimen 
designation 'l'reatment I Coneen- Absolute 

tration of viscosity, 
solution ~ 

Relative 
viscosity, 

~r 

Inherent 
v iscosit y, 

In ~rlc 

Specific 
viscosity, 

~." 

Reduced Intrinsic viscosity a 

specific /---,--
viscosity, 

~8:P Ie Average 
[~J 

Viscosity 
average 

molecular 
weight,b 

'M. 
------------------/----11----/----1--- - ---- - ----------- ----I 

gldl m-CresoL ______________________________________________________ _ 

A-1... ________ _ None __________________________________ { ~:~~~ 

A-L ____ ____ _ _____ do... ______________________________ { H~ 

. { 1. 006 B ______________ U ltravIOlet, 22 hr______ __ ______ _____ ___ 3.001 
C ______________ Ultraviolet, 168 hr_____________________ 0.984 
D ____________ _ IW C, 25 hr.. ________________________ { ~: ~~~ 

E ______________ IW C, 169 hr. ________________________ ( ~: ~~ 

F _____________ _ Outdoors, 2 mo ____ ____________________ { ~:~g 

cp 
8.67 

26.8 
103. 
26.5 

108. 
2i6. 
20.3 
66.1 
12.9 
21. 2 
67.6 
14.8 
31.6 
21. 2 
67.8 

1. 00 
3. 10 

11. 8 
3.06 

12.5 
31. 8 

2.34 
7.62 
1. 49 
2.44 
7. 80 
1.71 
3.64 
2. 44 
7.82 

dllu 

1.09 
0.821 
1.12 
0. 831 

.6g4 

. 845 

.677 

. 403 

. 880 

.683 

.527 

. 432 

.884 

.689 

2. 10 
10.8 

2.06 
11. 5 
30.8 
1. 34 
6.62 
0.486 
1.44 
6.80 
0.711 
2. 64 
1. 44 
6.82 

dllg 

2.03 
3.60 
2. 06 
3.78 
6.17 
1. 33 
2. 21 
0.495 
I. 42 
2. 26 
0.698 
.882 

1.43 
2.28 

• 'l' h e intrinsic viscosities w ere calculated as 3(~rl /3- 1) I c, where~, is the relati vc viscosity and c is the concentration in aid!. 

dllg 

1. 33 
1.28 
1. 32 
1. 30 
1. 30 
0.98 
.97 
. 43 

1. 03 
0. 98 
.58 
.54 

1. 03 
0.99 

dlly 

}--------- ------------

} 1. 31 16,300 

} O. 97 10,800 
. 43 3,500 

1 1. 00 11, 200 

} 0.56 5, 000 

} 1.01 11,400 

b Estimated viscosity average molecular weight [66] based on the a pplicability of Taylor's equation and on the use of a different solvent, since the value for 
intrinsic viscosity depends on the sol vent [67] 

;';;;'=13,000 [~]l. 39; 0.9[~]m-cresol= [~] formic acid 
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FIGU RE 10. Relation between inherent viscosity and concentra
tion of solutions of polyamide 4410. 

6, A- J, Undegraded, specimen 1; 0 , A-2, undegraded , specimen 2; \1, B , 
22·br ultraviolet ; (), Ch 168·ill" -ultraviolet; 0 , D, 25 br at 1050 C; X, :E, 169 Ilr 
at 1050 C; . , F, 2 mont s outdoors. 

X. Light Microscopy 

With C. P. Saylor 

The changes in films of polyamides as a result of 
exposure to natural and accelerated weathering were 
studied with a microscopical technique. Photo
micrographs of untreated and treated samples 4406, 
4407, 4408, 4409, and 4410 were taken. Samples 
4407 and 4409 were studied in greater detail to dif
ferentiate the two types and to compare their relative 
resistance to aging. 

A petrographic microscope was used to examine 
the film specimens. Pho tomicrographs were taken 
under crossed nicols at magnifications of X 600 and 
X 950 (oil immersion lens), using a camera arrange
ment with a filament type lamp as the light source. 
Unless otherwise stated, a ground glass plate was 
u ed in the illuminator during the photographing. 
The heated specimens were exposed in a vacuum 
oven, "cracked" with dry air, at 87 0 C. 

A serie of photomicrographs of specimens of nylon 
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FIGURE 11. Relation between reduced specific viscosity and 
concentration of solutions of polyamide 4410. 

6: A - I, Undegraded, specimen 1; 0 . A- 2. undegraded, specimen 2; \1, B, 
22·br ultraviolet; (). C. 168·llr ultraviolet; D, D, 25 h r at 1050 C; X. E, 169 hr 
at 1050 C; • • F, 2 months outdoors. 

samples 4407 and 4409 before and after exposure to 
an accelerated weathering treatment and outdoors 
is shown in figure 13. These photographs were 
taken at a magnification of X 600 with crossed nicols 
at extinction. No ground glass was used in the 
illuminator. 

The photomicrograph of an unexposed specimen 
of sample 4407 is shown in plate A of fjO'ure 13. The 
grain structure of sample 4407 is smaller than that 
of sample 4409, a compari on of plates A and C 
shows. The specimen of sample 4407 that was ex
posed to the 120-hr accelerated weathering test is 
shown in plate B. The dark spots, in this case, are 
attributed to dirt particles attracted by static charge 
to the surface of the film, or imbedded in the film. 
These films develop considerable charge when rubbed 
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FIGURE 12. Effect oJ degradation conditions on intj'insic viscos
ity oJ polyamide 4410. 

A , I-Icated in air oven at 1050 C; TI , irradiated with u1trav iolet from 8- 1 in ai r , 
at 60° C. Value of intrinsic viscosity of sample weathered outdoors for 2 months I 
was 1.01 dljg. 

with a cloth. Both dark and bright lines arc ob
served in plate B. This is a resul t of the orientation 
of the specimen under the crossed nicols. These 
lines become alternately dark and bright as the stage 
of the microscope is rotated, thus changing the 
orientation of the :film under the crossed nicols. 

Comparison of plates C and D in figure 13 shows 
the effect of exposure of specimens of sample 4409 to 
the 120-hr accelerated weathering test. The density 
differences in the photomicrographs are not relevant 
in this series. Bright lines are shown to be dominant 
in the exposed specimens, particularly after outdoor 
exposure. Photomicrographs of a specimen of 
sample 4409 that was exposed outdoors for 2 months 
are shown in plates E and Ii'. Photomicrograph Ii' 
was taken with a first-order retardation plate. 

At first it was thought that the bright lines in plates 
E and Ii' in figure 13 were caused by scratches on the 
surface resulting from dirt particles being blown 
across the surface. However, two later observations 
tend to throw doubt on this hypothesis: (1) Where 
samples have been cut by scissors, a bright band ap
pears between crossed nicols. This brightness is 
much greater than appears at any unaltered part of 
the original film. It is caused by deformation and 
flow within the film so that the two directions paral
lel and perpendicular to the cut edge are no longer 
nearly equal in refractive index. The interference 
figures on these edge zones indicate extremely rapid 
changes in molecular orientation within short dis-

100 J..l 

F IGURE 13. Photomicrogra phs (X 600, crossed nicols) of poly
amides 41r07 and 4409. 

4407: A, untreated film; B, a fter 120-hr accelerated weathering test. 4409: C, 
untreated film; D, after 120-hr accelerated weathering t~st; E , after 2 months' out
door exposure; F , after 2 months' outdoor exposure (first-order retardation plate) . 
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tances. A somewhat similar effect is shown in the 
specimen of 4409 , whi ch was exposed on the roof. 
There ar e stripes on the surface with apparently 
greater birefringence than the main area of film. 
This is par ticularly true when the objective has a 
small aper ture. Interference figures show that these 
stripes are places wh ere the orientation of the mole
cules wit hin the plane of the film has been disturbed . 
(2) imilar bright lines were observed in photomicro
graphs of untreated specimens (see plate C), and in 
those which had been exposed to the accelerated 
weathering test. However , t hese bright lines ap- . 
peared to be more dominant in the exposed speci
mens. These lines may have been caused by slight 
abrasion (and hence deforma tion) of the surface, by 
strains from shrinkage of the film , or by mechanical 
distortion. 

It is stated in the literature [20] that when molten 
nylon 66 polymer is cooled slowly large spherulites 
are formed that are visible with a microscope. Th ese 

spheruli tes show a characteristic cross hape under 
crossed nicols . An optically clear material is obtain
ed wh en the molten polymer is cooled rapidly. The 
spherulites disappear when the polymer is h ea ted 
above 250 0 C and are elongated in to cylinders on 
drawing. No formation s resemblin g spheruli tes as 
found in rubber [21] and in polyhexamethylene adip
amide [22] ' v'ere found in the nylon film , un treated 
or treated; used in this investigation . 

Another series of photomicrographs of specimens 
of samples 4406,4407, 4408, 4409, and 4410 is shown 
in figure 14. These photomicrographs were taken 
with an oil immersion lens at a magnificat ion of 
X 950 under crossed nicols at maximum brightness. 
All variable factors such as light intensity , exposure 
t ime, t emperature of the developer, etc., which 
would affect the apparent brightness of the final 
photomicrographs, were kep t as constan t as possible. 
No ground glass was used in the illuminator to take 
the photographs of samples 4409 and 4410 because 

4406 4407 4408 4409 4410 

100 J..l 

FIG URE 14. Photomicrographs (X 950, crossed nicols) of polyamides. 
A Series, untreated film ; B Series, a fter 2-111onths outdoor exposure; C Series, arter exposure to 8-1 sunlamp radiant energy. 
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POLYAMIDE 4407 

FIGURE 15. Electron micrographs of unshadowed specimens of polyamides 4407 and 4409. 

A, Untreated; B, after 168·hr ultraviolet (S- I) ; C, after 336·hr ultraviolet (S- l ) ; D, alter 168 hr at 1000 0 in air oveu; E, after 336 hr at 1000 C in ail' oven. 

these films were relatively quite dark even at maxi
mum brightness. The exposure time for sample 
4410 was 0.5 min instead of 1 min as used for 
the others. As more crystalline materials appear 
brighter under crossed nicols, it was hoped that the 
comparative brightness of the specimens in the 
photomicrographs would give some conception of 
the comparative degree of crystallinity. 

The photomicrographs of the untreated specimens 
are shown in series A in figure 14. All the specimens 
of these samples are anisotropic. As the stage of 
the polarizing microscope was rotated, the dark 
areas changed to bright and vice versa. A marked 
difference in brightness is observed. Nylon sample 
4408 is much brighter than 4409 by comparison. 
Nylon sample 4410 has no actual maximum bright
ness, as revolving the stage of the microscope merely 
reversed the dark and bright areas that are numeri
cally almost equal. 

Photomicrographs of the specimens exposed out
doors for 2 months are shown in series B of figure 
14. Differences in maximum brightness are shown 
for nylon samples 4407 and 4408. Nylon sample 
4408 appears much darker under crossed nicols, 
while sample 4407 appears somewhat brighter. The 
tendency toward generally increased brightness m 

samples 4406, 4409, and 4410, shown in the photo
micrographs, is not great enough to warrant consid
eration. In nylon sample 4410, however, areas of 
increased brightness such as those that appear in 
the lower portion of the photomicrograph are ob
served. Dark spots are exhibited particularly in 
samples 4406 and 4407. Similar spots are observed 
in untreated specimens (see samples 4407 and 4408, 
series A of fig. 14) and appear to be present in greater 
quantity in exposed specimens. 

Photomicrographs of the specimens exposed to 
radiant energy from an S- l sunlamp at 60° 0 for 
186 hr are shown in series 0 of figure 14. Samples 
4406,4407, and 4408 are much darker under crossed 
nicols. In general, sample 4409 appears darker as 
seen in the upper section of the photomicrograph. 
The bright line was photomicrographed to show the 
appearance of this type of area in nylon sample 
4409. Nylon sample 4410 again shows no extensive 
change that is visible under the crossed nicols. 

A closer comparative examination of nylon samples 
4407 and 4409 was made with a petrographic micro
scope. Specimens of each sample, in the original 
condition, after exposure on the roof, after 68 hI' at 
87° 0, and after 168 In- of exposure to ultraviolet 
radiant energy from an 8-1 sunlamp at 60° 0 were 
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studied and the results compared. These specimens 
were tored at 50-percent relative humidity and 25 0 

C after t reatment. In all instances the specimens 
are optically negative with the acute bisectrix 
approximat ely normal to the film except in small 
areas. 'rhe significance of this is that t he long axes 
of the molecules tend to be more or less parallel to the 
surface of the film. The orientation as between 
length and breadth of the film is slight as compared 
to the tendency to be parallel to the surface of the 
film. Sample 4407 exhibits a greater optic axial 
angle than sample 4409. Since the plane of the optic 
axes is parallel to neither of the edges of the film, this 
must be construed as accidental rather than as a 
result of strains introduced during formation of the 
film. 

XI. Electron Microscopy 

With M. Swerdlow and M. J. Reiney 

Polyamide samples 4407 and 4409 were examined 
bJ an electron mi croscopic technique before and after 
exposure to ultraviolet radiant energy and t o heat to 
determine anJ changes in structure resulting from 
these treatments. It was established that t itanium 
dioxide, a delusterizing agent for nylon that would 
interfere with the electron microscope examination, 
was not present in these samples [23]. The film 
specimens were prepared by the dipping t echnique 
described in section II. 

Four slides each of nylon samples 4407 and 4409 
were selected on the basis of uniformity, thickness, 
and cleanliness with the aid of a light microscope. 
Two of the coated screens were removed from each 
slide, one for examination of the unexposed material 
and the other for electron diffraction work. The 
glass slides with the remaining tllTee coated screens 
were exposed to ultraviolet radiant energy and to 
hea t at 1000 C. One slide of each sample was 
exposed to the ultraviolet radiant energJ from an 
S- l sunlamp for 168 hI' and another set for 336 hr. 
The distance between the bulb and the specimens 
was 6 in. , and the temperature of the specimens was 
about 60 0 C. The exposure to heat was made in a 
circulating-air oven at 1000 C. One slide of each 
sample was exposed for 168 h1" and another for 336 hI'. 

An RC A type EMU transmission electron micro
scope with an accelerating voltage of 50 kv and an 
operating pressure of less than 10-4 mm H g was used 
to examine the specimens. Representative areas 
were selected and micrographs were taken at an 
exposure of about 10 sec. All the electron micro
graphs were taken at about 6,000 diameters under 
constant conditions except that the beam curren t 
intensity had to be altered slightly because of 
variation in film thickness between samples. Shadow 
casting was done in an RCA type EMV vacuum unit 
at a pressure not hi.gher than 10- 4 mm Hg. 

Figure 15 shows a series of micrographs 
surfaces of nylon samples 4407 and 4409 . 
surfaces were no t shadowed with chromium. 

of the 
These 
Speci-

men A of each sample give a view of the urface 
that is represen tative of the unexpo ed films. Speci
mens Band C are representa tive of the pecimens 
exposed to the ultraviolet radiant energy. Speci
lllens D and E are l'epre en ta tive of the specimens 
exposed to heat in air at 100 0 C. A defini te grain 
structure is shown in all the specimens. N o defini te 
changes in the structure of the surfaces of these 
specimens are observed. 

The effect of shadowing in emphasizing the surface 
detail by increasing the contrast, resulting from the 
oblique deposition of a thin layer of chromium, is 
shown in figure 16. The small pherical pieces of 
dirt shown in these micrographs indicate the appear
ance of an elevated portion of the surface and its 
shadow. 

Shadowed unexposed specimens of sample 4407 
are shown in figure 16. The more crystalline appear
ance of specimens A and D may be a r esult of the 
film-making procedure. The slower the film cools, 
the grea ter the degree of molecular orien ta tion. A 
comparison of the views of the specimens of sample 
4407 before and after treatment wi th ultraviolet 
radian t energy and wi th heat shows that exposure 
to ultraviolet radiant energy appears to increase the 
degree of molecular orientation, whereas exposure to 
heat has very li ttle effect. 

The shadowed untreated and treated specimens of 
sample 4409 are also hown in figure 16 . Sample 
4409 appears to have a larger grain s tructure than 
sample 4407. However , th e grain structure of the 
specimens of sample 4409 varies considerably. The 
exposure to ultraviolet radiant energy and to heat 
appears to have little effect on the surface structure 
of sample 4409 when examined with the electron 
microscope. The effect of shadow casting with 
chromium is shown quite markedly in view H' of 
figure 16; the right-hand part of H' was shielded by 
a large foreign par ticle and is unshadowed, while the 
left-hand par t is shadowed with chromium. 

The very thin film s used in this part of the work 
did not develop the amount of split ting ob erved in 
the tes ts in which the original films were exposed to 
ultraviolet radiant energy. Splitting of the films of 
sample 4407 was observed with the electron micro
scope in a few isolated instances, but this was the 
exception and not the rule. The splitting observed 
with these thin films was in the top layer only; the 
film appeared to be laminated, wi th the top layer 
split and the bot tom one intact. The splitting ob
served with the films in the original thickness was the 
usual type in which the split was completely through 
the film . 

XII. Electron Diffraction 
With M. Swerdlow a nd M. J. Reiney 

Samples 4407 and 4409 'were examined by electron 
diffraction technique to determine any changes that 
may have occurred as a resul t of exposure to ultra
violet radiant energy and to hea t. 

The diffraction stage of an R CA type EMU electron 
microscope was used to make transmission electron 
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UNTREATED 4407 

UNTREATED 4409 

TREATED 4409 

10)..1. 

FIGURE 16. Electron micrographs of chromium shadowed polyamides 4407 and 4409. 

A' and E ' , Sample of A and of E aftcr 168-hr ultraviolet (S- 1); B ' and F'. sam ple of B and of F afte.· 336-hr ultraviolet (8-1); C' and G', sample of C and of G 
aftcr 168 hr at 100° C in air oven; D ' and H ', sample of D and of H after 336 hI' at 100° C in air oven. 
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diffracti.on patterns of unexposed and exposed speci
mens of the samples. Electron diffraction is especial
ly suitable for the study of the structure of thin 
surface layers and films. The electrons are diffracted 
much th e same way X-rays are by crystalline ma
terials [24]. The thickness of films that can be used 
with this technique is limited because electrons are 
scattered a million times more effectively than 
X-rays. The average thickness of the nylon films 
used was 0.4 ± 0. 1 /.l. as determined by an interferome
ter. The films were made and mounted on screens 
according to the procedure described in section II. 

The electron diffraction patterns of samples 4407 
and 4409 showed several diffuse rings. The inter
planar spacings in angstrom units that were de
termined by comparison of the negative with a 
secondary standard are presented in table 13. 

TABLE 13. Electron di.ffmction spacings of polyamides • 

Di[· 

Sample [rae· lntcrplanar spacings, in angst rom uni ts tion 
ri ng 

A R C D Ra 
---------------

4407 (untreated). { 

I 25. 15 23.89 11. 95 11. 95 25. 15 
2 3.98 3.95 3.59 4. 16 4.23 
3 2. 09 2. 13 2. 06 J. 9i 2.02 
4 - ---- ---- - 1. 18 1. 11 - -------------------

A' R' C' D ' H' (l. 
--------------

4407 (treated) . . . _ { 

I 9.75 12.91 9. 19 11. 38 10.86 
2 4. 08 3.89 3.85 3.92 4.02 
3 1. 95 1. 99 2. 03 2. 06 I. 97 
4 1. Oi 1. 16 1. 09 ----- I. 16 

---------------
A B C D Da 

---------------

4409 (wltrcated) _ { 

1 13.65 11. 95 10.86 9. 18 10.84 
2 4.02 3.92 4. 27 'I. 12 4. 16 
3 2.07 1. 97 1. 88 2. 16 2. Jl 
4 1. 08 1. 096 1.11 I. 99 1. 15 
--------------

A' B' C' D' D'a 
---------------

4409 (treated) .. _ { 

1 9.75 10.39 9.75 10. 17 8.69 
3 3.95 3.82 3.79 3.73 4.12 
3 I. 89 I. 96 1. 99 1. 87 2.04 
4 1.1 2 .I. 10 1. 12 1. 13 1. 12 

a rl'h e patterns with a subscript a were Jllade with an ex posure of 7 sec; all 
other exposures were 15 sec. 

XIII. X-Ray Diffraction 

With H. E. Swanson 

The X-ray diffraction patterns of samples 4407 
and 4409 were obtained before and after specimens 
weI' exposed to outdoor and accelerated weathering 
treatments to determine whether or not these treat
ments cause any changes in structure that might 
be revealed by this techinq ue. 

The X-ray patterns were obtained with a Philips 
X-ray spectrometer with various modifidations. 
CuKa l radiation at 40 kv and 15 rna was used. The 
spacings listed in table 14 were obtained by diffrac
t ion of the X-ray beam from the surface of the films. 
Penetration X-ray patterns were taken on photo
graphic film 2 cm from the pinhole used to collimate 
the beam. The polyamide specimen was placed over 
the pinhole, which was 0.025 in. in diameter . 

T AB L E 14. Spacings from X-ray reflecti on measurements with 
polyamides 

Nylon 
sam pie '"!"' I'cntmcnt 

Fi lm 
th ick· 
nrss 

Ob3crvod spacings in X-f3Y 
mC:lsurcmcnts 

----_· __ ·-----1-- ---,--,---;---.-

in. A A 
None . ___ _________ ____ _ .. _ 0.0016 3.8 'U 
Exposed ou tdoors ....... _ . . 0016 3. 8 'I 4 

4407 Exposed to 120·hr ul tra· 
v iolet fog cyclic b • •..... . 0016 3.9 '1. 4 

Exposed to 217·hr ultra· 
v iolet·fog cyclic b • .....• .00081 '3.8 

N one. __ __________________ . 0023 3.9 I.\. 3 
Exposed outdoors .... _. _ .. . 0023 3.9 4. 4 
Exposed to 120·hr ultra· 

violet-fog cyclic b __ _____ .0023 3.9 4.4 
4409 

Exposed to 217·hr ul tra· . 00092 3.8 d 4. 4 
violet·[og cyclic b .. .• _ .. 

a Very din-usc, low peak. 
b Method No. 6021 o[ F edera l Specincati oll L- P ·-406a. 
c Very weak, poor pattern. 
d POOl' pattern. 

A A 
6.8 aJl.O 
6.9 

7.2 a ll. O 

7.5 aJl.O 
7.0 

7. 1 • 11.0 

The X -ray pa tterns of samples 4407 ana 4409 
showed that there is a very sligh t molecular orienta
tion in sample 4407 and none in sample 4409. 
Sample 4407 ap peared to be more crystalline than 
sample 4409 . No difference in degree of molecular 
orientation were observed in the unexposed and ex
posed specimens of ei ther sample. 

Foul' X -ray spacings were observed with the 
Geiger-counter spectrometer at approximately 3.8, 
4.3, 7, and 11 A. A high concentration of polar 
bridges along thc polyamid e chains has been associ
ated with extended chain configurations having the 
calculated length per r epeating uni t and side spacings 
of 3.7 and 4.4 A, respect ively [25]. Even though 
the X -ra,v pat terns showed no molecular orientation 
for sample 4409, the prcsence of th e spacings at 3.8 
and 4.3 A indicates that there is some degree of 
crystallini ty [20]. 

The resul ts of the tests indicate that the 4.3-A 
spacings are stronger when the nylon sample is 
penetrated at righ t angles by the X-rays. This 
indicates a perpendicular position to the plane of the 
film. The 3.8-A spacing appears to be more in the 
plane of the film. 

If nylon sample 4409 were completely amorphous, 
a 4.18-A spacing observed by Baker and Fuller [25] 
in quenched polyamides would be expected . It 
appears that there is some crystallini ty in both 
samples 4407 and 4409 and that sample 4407 is more 
crys talline than sample 4409. 

XIV. Electrical Properties 
With A. H. Scott 

The d ielectric constant and dissipation factor of 
nylon samples 4406 and 4407 were measured before 
and after expos ure to ul traviolet radiant energy to 
determine whether or not these properties changed 
sufficiently to indicate the degradation of the ma
terials. 

The dielectric constant and dissipation factor of 
dry 610 nylon polymer have been reported as 3.5 
and 0.02, respectively, at room temperature; at 
temperatures above 100° C, the values are much 
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greater and are similar to values of polar, hydrogen
bonded liquids such as alcohols [20]. En'era and 
Sack [26] have reported the following dielectric 
constant values for nylon, presumably the 66 type: 
4.2 at 10 kc/s, 3.26 at 500 kc/s, 3.15 at 4 mc/s, and 
3.15 at 10 mc/s. 

The dielectric constant and dissipation factor 
measurements were made with a conjugate Schering 
bridge in accordance with ASTM Method of Test 
D 150- 47T [27]. Tinfoil electrodes were applied to 
the film, using Vaseline as an adhesive. Measure
ments were made at 1,000 and 100,000 cis. The 
measurements were made at 25° C and 50-percent 
relative humidity after the test specimens had been 
at these conditions for 24 hr. The ultraviolet treat
ment was made by exposing specimens of the films 
to radiant energy from an RS sunlamp for 20 hr in 
nitrogen at 100° C. 

The tests were designed to determine the electrical 
uniformity of the nylon samples. Electrodes were 
placed on the specimens at three different positions, 
namely, in the center and at two positions off center. 
The latter two are designated as the second and 
third positions. The results are presented in table 15. 

The films were found to be electrically nonuniform. 
The difference in the dielectric constant of different 
parts of the same specimen is as great as 50 percent. 
These large differences would tend to obscure changes 
resulting from exposure of specimens to heat, ultra
violet radiant energy, or other degrading forces. 
However, the results indicate that the dielectric con
stant of sample 4406 is not affected by the exposure 
to ultraviolet radiant energy and that the dielectric 
constant of sample 4407 is decreased markedly by 
the exposure to ultraviolet radiant energy. No par
ticular trends are noted in the dissipation factor 
values. 

The dielectric constant of both samples increased 
as the period of contact with Vaseline increased. 

The dissipation factor of sample 4406 increased, and 
that of sample 4407 decreased at the longer periods 
of contact with the Vaseline. 'The reason for these 
changes was not apparent since any swelling result
ing from absorption of Vaseline by the polyamide 
would cause the dielectric constant to decrease. 

XV. Effects of Water and Alcohols 
With M. J. Reiney 

The effects of water, methanol, and ethanol on the 
polyamide samples were investigated by immersing 
the films in these liquids before and after exposure 
to heat, ultraviolet radiant energy, and outdoor 
weathering. The effects of these particular liquids 
were investigated because in any actual use the 
polyamide films come into contact with water and 
in casting the films alcohols are probably used as the 
solvents. 

The results of the tests made with original un
treated specimens of the polyamide film samples are 
presented in table 16. Continuous immersion in 95-
percent ethanol and methanol caused the polyamide 
films of the 66/6 and 66/610/6 types to split or dis
integrate. Continuous immersion in water caused 
the 66/6 type films to disintegrate but caused only 
clouding of the water for the 66/610/6 type. Im
mersion in absolute ethanol had no effect on the 66/6 
polymers and disintegrated the 66/610/6 polymers. 

The effects of alcohol immersion on specimens of 
the polyamide samples that had been e:~:"posed to 
heat, ultraviolet radiant energy, and outdoor weather
ing are shown in table 17. Exposure to ultraviolet 
radiant energy causes an increase in the degree of 
attack by 95-percent ethanol and methanol. Im
mersion in 95-percent ethanol for 1 hI' had no effect on 
any of the specimens that had been heated to 87° C 
for 68 hr. Exposure outdoors for 2 months had no 

TABLE 15. Electrical uniformity of polyamides 

Sample . 
desig- Specimen 
nation number 

Exposed to Time after 
ultraviolet electrodes 
radiant were 
energy applied 

,« _I' N" 1 
\ , _ YO ____ / 

hr. 
o 
1 

96 
144 
312 

o 
o 
o 

L _______ No ___ ___ _ 

4407 ___ _ 

2 _______ _ 

72 
264 

o 
24 
o 
o 
1 
2 

120 
o 
o 

24 
o 
o 

336 
o 
2 

24 
o 

Position of electrodes 

Centcr _____________________ _ 
_____ do ______________________ _ 
__ ___ do ____________________ __ _ 
____ _ do _____ _________________ _ 
_____ do ____ __________________ _ 

2 ___________________________ _ 
3 ______ ____ _________________ _ 
Center ____ ______________ ___ _ 

_____ do ___ ______ _____________ _ 
_____ do ___ ___________________ _ 

2 _____ ____ _______ _______ __ __ _ 
2 ___ ______ ___ ____ ___________ _ 
3 ___________________ . ____ __ _ _ 
CenteL _________________ ___ _ 

_____ do ______________________ _ 
_____ do ______________________ _ 
_____ do ______ __ 0 _____________ _ 

Center (reapplied) _________ _ 
2 ____ ______ _________________ _ 
2 ____ ____ _____ ______________ _ 
3 ___________________________ _ 
Center __________________ ___ _ 

_____ do __________________ ____ _ 
2 _____________ ____ _____ ___ __ _ 
2 ___________________________ _ 
2 _______________ ______ ______ _ 
3 ___ _____ ______ _____________ _ 
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Dielectric constant at-

10' cis 

6.5 
6. 7 
6.8 
7. 1 
7. 1 

12.3 
11. 7 
6.4 
6.2 
6. 2 

10.8 
11.7 
11.0 
7.9 
7. 9 
7. 9 
8.3 
8.4 
9.4 

10.1 
9.5 
4. 9 
4. 8 
5. 8 

6.0 
5.4 

10' cis 

4. 2 

7. 5 

4. 3 

5.7 
5.9 
7. 0 
5. 3 

5.6 
,\.9 
5.6 
3.0 

3.5 
3. 8 
3.5 
3.3 

Dissipation factor at-

10' cis 10' cis 

0. 17 0. 27 
. 17 
. 17 
.17 
. 18 
.18 . 25 
. 17 
. 16 .10 
. 15 
. 15 
.23 19 
. 23 . 20 
. 25 . 20 
. 15 . 16 
. 15 
. 15 
. 14 
. 13 
. 17 .IS 
. 18 . 20 
. 17 . 19 
. 13 . 13 
. 15 
.16 . 21 

. 16 
. 17 . 17 
. 17 . 18 



TABLE 16. E:O'ects of water and alcohol i mmersion on un
treated polyamides • 

Poly· Degree of at tack b after immersion for-
Imm ersion ami de ---m cd:um sample IS (lays 31 days i month s 18 months 

--_._-- ------------ - - - - ---

j 440 j 
P2 U2 U2 U2M ; S.5; V5 

4407 P 2 U2 U2 U2; S5; V5 
W ater, d isti lled. 4408 P 2 U2 U2 U2M ; S4' V.5 

4409 P 2 U2 U2 U2M ; 82: V2 
4410 P2 U2 TJ 2M U2M; S2M'; V2M 

j4401l 
U4 U'I U4 U4: 84; V4 

440i P4 U4 U4 U4; 84; V4 
E thanol, 95% __ 4408 P4 U4 U4 U4 ; S4; V4 

4409 P 4 U4 U4 U.S; S5; V5 
4410 P 3 U3 U3 U3; S3; V3 

1 hour 24 h OLlI'S 20 days 4 m onths 15 months 
------

4405 VI VI VI U l ; VI V I 
4406 VI VI VI Ul ; VI VI 

Ethanol, abso· 4407 VI VI VI U I; VI VI 
lnoo . _. ______ 4408 VI VI VI Ul ; VI V I 

4409 VI VI VI U3; V3 V4 
4410 VI V3 V3 U3 ; V3 V4 

5 min 30 min 3 days [mont h 6 16 
m onths mo nths 

--- --- -- --- - ----

[ "" 
U2 V4 V4 V4 V4 V4 

440(i U3 V4 V4 V4 V4 V4 
Methanol, abo 440i U2 V3 V3 V3 V4 V4 

solute __ _____ . 4408 U2 V3 V3 V3 V3 V4 
4409 U3 V5 V5 V5 V5 V5 
4410 U5; V5 V5 V5 V5 V5 V5 

• Pieces of the films approximately 2 in .' in area were placed in a tes t tuhe or 
in a wide·moutheci bottle and covered with t he test Iiqnids. The conta iners 
were stoppered a nd allowed to stand at 21° to 26° O. T he specim ens were exam· 
ined at various time intervals . 'rhe test specimens were all conditioned at 25° C 
and 50·percent relative humidity p rior to immersion in t he liquids. '['h e film s 
were examined b y observing the changes in appearance after staDding undis
turbed, after shaking the conta iner, and afoor p robing the tes t films wit h a glass 
rod . 

b Oode for indicatin g d egree of attack on film ; U = undisturhed ; P = probed 
gently with a glass rod ; 8 = after gent le shaking; V =afier v igorous shaking; 1 = un· 
affected ; 2=sed im en t or c loud in liquid, film intact; 3= craeks through fi lm; 4= 
broken into large pieces; 5= broken into small pieces; 6=80Iuble; M = d eveloped 
a green·m old growth . 

effect on the degree of attack by methanol. Ex
posure to ultraviolet radiant energy increased the 
degree of attack by methanol. 

The behavior of sample 4410, a 66/610/6 polymer, 
is different from that of the other polymers. Before 
eArposure the specimens are more r esistant to water 
and 95-percent ethanol , less resistant to ab
solute ethanol and methanol, and after eArposure to 
ultraviolet radiant energy are affected more by 
absolute ethanol and methanol. 

-(CH 2)x-N-C-(CH 2) x-

TABLE 17. Effects oj alcohol i mmersion on polyamides exposed 
to heat and ultraviolet radiant energy 

Degree of a ttack b after 
Immersion Poly· E xposure prior to immersion lor-

amide medium sam p le immers ion a 

5 min 30min 60 min 
---------

4406 

}U1traViOlet; 168 h r.. . j 

VI V5 V5 
4407 VI V5 V5 
4408 VI V4 V4 
4409 VI V5 V5 

E tha nol , 95% ___ 4410 V6 V6 V6 
4406 

j 870 0 ; 68 l1r. _. __ ____ { 

V I VI VI 
4407 VI VI VI 
4408 VI VI VI 
4409 VI VI VI 
4410 VI VI VI 

5 min 10 
months 
---

4406 

jUltraViOlet ; 168 hr __ . j 

U2; V5 V.5 
4407 U3; V5 V5 
4408 Ul ; V4 V5 
4409 U3 ; V5 V5 

M ethanol, abo 4410 U6; V6 VR 
solu te. 4406 

jOll tdoo rs ; 2 m ouths . j 

U2; V4 V4 
4407 U l ; V4 V4 
4408 U l ; V4 V4 
4400 U I ; V4 V5 
4410 U 5; V5 V5 

• The exposure to ultraviolet radiant eoergy was m ade with an 8- 1 sunlamp. 
T he heat ing at 87° 0 was done in a vacnum oven. 

b.See table 16 for cod e indicating degree of at tack . 

XVI. Discussion of Results 

1. Changes in Molecular Constitution 

(a ) Mass Spectrometry 

The presence of the products detected by mass 
spectrometry, namely, water, carbon dioxide, ethanol, 
carbon monoxide, and hydrocarbons, may be ex
plained as follows: 

Most of the water was absorbed on the polymer 
molecules. A small part of the water may have 
resulted from a reaction of the type: 

- N= C-

6 
H 

~ ~ 
[A] 

tautomeric 
- - -----> 

- H, O 
---> 

- N = C -

0 / 
o H 
II I 

-(CH 2)x- C- N-(C H 2)x-

shif t 

411 

/ 
- C= N -



Such a reaction would result in cross linking of the 
polyamide chains. However, if cross linking did 
occur as 9, result of the treatments it was not suf
ficient to affect the solubility of the polymers in 
ethanol. 

Carbon monoxide was evolved in all the experi
ments in which the specimens were exposed at 
temperatures of 90° to 100° C. Hydrocarbons were 
found in all experiments in which carbon monoxide 
was detected. A possible source of these two 
compounds is as follows: 

H 0 0 H 0 0 
I II II I uv II II 

[B] - N - C-(CH2)x- C - N- --> - C - (C H 2)x-C- --> H ydJOcarbons+ CO 

r r 
The arrows indicate the points of cleavage in the 
polymer chain. The carbonyl group of the peptide 
linkage absorbs energy at 280 mM, and this energy 
apparently results in the scission of the bond between 
the imine group and the carbonyl group. 

Presumably most of the carbon dioxide shown by 
the analysis was originally sorbed by the polymer. 
In the experiments made at th e higher temperatures 
and/or with ultraviolet radi.ant energy, a small 
amount may be formed by the decarboxylation of 
the chain ends. D ecarboxylation at temperatures 
of 100° C appears to be reasonable. 

The ethanol evolved from these films is probably 
resid ual solvent. The specimens used in most of the 
experiments were studied in the condition in which 
they were r eceived. The literature [28] indicates 
that sample 4406 is similar to the German Igamid 
5A, which was made by casting the film from solution 
of the polyamide in ethanol. R esidual ethanol could 
be attached at the peptide linkage during manufac
ture and act as a dipole associated plasticizer. The 
ethanol found in the products obtained at the milder 
conditions was evolved from the polyamide film when 
the apparatus was evacuated (see section III ). 

(b) Pyrolysis 

Water was one of the gaseous degradation products 
resulting from pyrolysis of these polyamides. The 
conditioning period in which the films were heated 
for 2 hr at 150° C in vacuum should have removed 
sorbed water and gases. Water may be formed by 
reaction [A] . The probability of reaction [A] occur
ring in sample 4407, where there is the possibility of 
more peptide linkages in proximity to each other, is 
greater than in nylon sample 4409 where the formula
tion suggests a more dispersed dipole population. 
It is interesting to note that the water produced on 
pyrolysis of 4409 is almost insignificant. This water 
represents about 0.6 percent of the total oxygen of 
the polymer. With nylon 4407, 9.7 percent of the 
total oxygen of the polymer was evolved as water. 
The mechanism proposed above would lead to cross 
linking of the polymer. A relatively small percent
age of cross linking leads to insolubility. The 
residues of these pyrolyses showed only partial 
solubility in ethanol; but no quantitative study of the 
relative solubility of samples 4407 and 4409 was 
made 

The cyclopentanone formed in the pyrolysis ex
periments may be accounted for in two ways. The 
polymer molecule may break as follows: 

[C] 

H HOHHHHOH H 

-~-(C H 2)6-~-~-6-6-6-~-~-~-(CH2)6-~
r k k k ~ r 

Scission at these places is logical since the C- N 
bond is weaker than the C- C bond, 66 kcal com
pared to 82.5 kcal [29]. The radical produced may 
split off carbon monoxide and form cyclopentanone: 

rD] 
H H 
I I o H H H H 0 H - C---C- H 

-~-6-6-6-6-~-~H-6 ~-H+CO 
I I I I I'" / I 

H H H H H C H 
II o 

If this mechanism is correct and if it represen ts the 
only so urce of cyclopentanone, cyclopentanone and 
carbon monoxide should be produced in the molal' 
ratio of 1:1 , but the observed ratio was 4:1. 

Another possible mechanism to explain formation 
of the cyclopentanone is as follows. If adipic acid 
terminated the polymer chain, a reaction of the 
following type may occur: 

[E] 

H H 0 0 

-~-(C H2) 6-~-~-(C H2) 4-~-OH---> 
r 

If a slight excess of adipic acid were used in the 
manufacture of the polymer, a large portion of the 
chain ends would be carboxyl groups. 
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It is possible that cyelopentanone is produced by 
both mechani ms described. There is sufficient 
carbon dioxide and carbon monoxide to account 
for these mechanisms. The moles of cyclopentanone, 
carbon dioxide, and carbon monoxide produced are 
about 0.017, 0.08, and 0.004, respectively, for sample 
4407. 

A very small amount of cyclQpentanone was found 
in the products from sample 4409. This polymer 
contains some adipic acid salt. The ratio of cyelo
pentanone to adipic acid component for sample 
4407 is about 40 times the same ratio for sample 
4409. Evidently the sebaeic acid component mark
edly affects the course of the reaction. If the ten 
carbon unit breaks out in a manner similar to the 
reaction in equation [0], the production of cyelo
pentanone would not be expected. If a ten carbon 
cyelic ketone formed, its existence would be transi
tory at the temperatures of the experiment consider
ing the well-known weakness of ten carbon rings. 
It should be noted that no carbon monoxide was 
produced by sample 4409. 

The carbon dioxide found is in excess of the maxi
mum possible calculated on the basis of two carboxyl 
groups per molecular chain. If a molecular weight 
of 16,000 is assumed (table 12), the total possible 
mole percent of carbon dioxide that may be gener
ated is about 0.3 percent; the mole percent of carbon 
dioxide found is about 3.5 and 4.6 percent for 
samples 4407 and 4409, respectively. This shows 
that a large part of the carbon dioxide was sorbed 
on the original material or comes from parts of the 
chains other than the ends. 

The amounts of oxygen in samples 4407 and 4409 
are 15.2 and 14.2 percent, respectively. The 
amounts of oxygen found in the gaseous fractions are 
about 2.9 and 3.3 percent, respectively. Although 
the gaseous fractions constituted only 5 percent of 
the weight of the polymer, these fractions contained 
19 percent of the oxygen in sample 440'7 and 23 
percent of the oxygen in sample 4409. This can be 
explained on the basis tha t the 0 - N bonds break as 
indicated in equation [C] and that the fragment 
broken out decomposes as indicated in equation 
[B] or [D]. 

An obvious postulate to account for the large 
amount of carbon dioxide and hydrocarbons formed 
on the pyrolysis of these polyamides is that the 
0-N bonds break as indicated in equation [0] and 
that the fragment , of either six or ten carbon units, 
decomposes by some unknown mechanism to give 
carbon dioxide and hydrocarbons. In the case of the 
SLX carbon unit, part but not all of the fragment gives 
cyclopentanone and carbon monoxide as shown in 
eqnation [D] . 

(c) Ultraviolet Transmission 

Nylon is a polypeptide, and absorption character
istics similar to polypeptides and proteins would be 
expected. A region of selective absorption at 
approximately 280 m,u has been attributed to the 
peptide group [30,31] and more particularly to the 

carbonyl unit of this group [32]. Thus it seems 
probable that the absorption in the region of 280 m,u 
found in the polyamides is caused by the peptide 
group and more specifically by the carbonyl unit in 
this group. 

The absorption band between 260 and 330 m,u 
with the polyamides may also be attributed in part 
to an associated structure between the peptide group 
and water or ethanol. The loss of the water and/or 
ethanol by the polyamides may cau e an increase in 
the transmission in this region. The results obtained 
in this investigation show that exposure to ultra
violet radiant energy causes the disappearance of 
this absorptio,n band; however, soaking the exposed 
specimens in water or ethanol does not cause it to 
return. 

Anslow and Nassar [30] exposed solutions of egg 
albumin to ultraviolet radiant energy and found that 
the solutions fITst became rapidly more absorptive 
and after several hours of exposure to the radiation 
became Ie s absorptive. They attributed this to 
breaking of the peptide linkage followed by recom
binations producing hydrophobic molecules . About 
4.4 electron-volts were required to break the peptide 
linkage. The effect of solvents such as aqueous 
sodium hydroxide and ethanol was to reduce the 
energy required to break the peptide linkage in egg 
albumin. In fact, exposure to sunlight through 
ordinary glass was sufficient to effect dissociation in 
such solu tions. 

Carpenter [33] exposed benzylstearylamine and 
,B-phenylethylstearylamine to ultraviolet radiant 
energy and observed that both were decomposed. 
He found that peptide groups adjacent to side chains 
such as aromatic groups can be decomposed on 
exposure to ultraviolet radiant energy with the 
liberation of the absorbing amino acid from the 
molecule. Mitchell [34] tates that exposure to 
ultraviolet radiant energy produces hydrolysis of 
peptide groups. The following reaction has been 
suggested [35J for the photochemical hydrolysis of 
stearic anilide: 

Pep tones and proteins were found to yield alde
hydes, ammonia, and carbon dioxide when e~.'posed 
to ultraviolet radiant energy in the presence of 
oArygen. The decomposition of amino acids by ultra
violet radiant energy in the presence of oxygen was 
found to be as follows [36]: 

H 0 
I O 2 /" 

[G) R - C-COOH--7R- C + NHa+C02 

I "-NH2 H 

928109- 51-5 413 



Exposure of a dilute solution of protein to ultra
violet radiant energy in the presence of oxygen 
resulted in the disappearance of the characteristic 
transmission minimum at 280 m,u [37]. The effect 
was considerably slower in nitrogen. The products 
resulting from the degradation of the protein caused 
an over-all decrease in the total transmission of the 
solution. 

It is known that peptide groups form hydrogen 
bridges, possibly of the following nature: 

[H] 

-N-C-

~ ~ 
o H 
II I 

-C-N-

It is probable that denaturation by agents such as 
ethanol [38] causes these hydrogen bridges to be 
broken. The ethanol used to dissolve the nylon 
in making the film may break the hydrogen bridge 
and give a structure such as 

-N-C-

~ ~ 
[I] C2H5-OH HO-C2H5 

o H 

-~-~-
or some similar type of structure. 

Exposure to heat and to ultraviolet radiant energy 
could eliminate the ethanol since the energy in
volved in a hydrogen bridge is only about 5 kcal 
[38]. However, if both these treatments remove 
ethanol, the structures left in the polyamide must be 
somewhat different; heating does not eliminate the 
absorption but does cause an over-all decrease in 
transmission, whereas ul traviolet radiant energy 
causes an increase in transmission so that the ab
sorption band is removed. Water may be bound in 
a manner similar to that holding the ethanol. 

The following hypothesis is suggested to explain 
the difference in the behavior of these polyamides on 
exposure to heat and to ultraviolet radiant energy. 
The heat may cause breakdown of the associated 
complex between the carbonyl group and the ethanol 
and/or water, resulting in an over-all decrease in 
transmission. If the absorption in the region of 
280 mJk is attributed to the carbonyl group, it would 
not be appreciably affected by elimination of the 
complex. The ultraviolet radiant energy causes 
some reaction to take place that eliminates in part 
the absorption supposedly characteristic of the car
bonyl and peptide groups. The greatest change in 
transmission in the region of 280 m,u, observed with 
sample 4407, was about 9 percent, that is, from 48 
to 57 percent. 

It may b e that the characteristic dip can be at
tributed to structures such as that shown in [I] and 
that the structure shown in [H] has a somewhat 

greater transmission. The reaction in the presence 
of ultraviolet radiant energy could be as follows: 

- N-C-

~ ~ -N-C-
I II 

[J] C 2H5- OH HO - C 2Hs hv H 0 
c -> o H o H 

-~-~- -~-~-
Another type of cross-linking reaction that elimi

nates the carbonyl group [39] has been suggested for 
proteins as follows: 

-c=o H-N- Ho-6-N-
I 

(K) -N 

~ 
, 

T 6--> -~ 6-
~ ~ ~ 

It has b een found that the exposure of spread films 
of protein (the completely uncoiled form of the 
molecules) causes some degree of coiling, evident 
through collapse of the film [40]. The coagulation 
of proteins with ultraviolet radiant energy has been 
reported by many investigators [41]. This suggests 
another possible explanation for the splitting and 
brittleness of the polyamide films observed after 
exposure to sunlight. 

The splitting of the C-N bond and removal of 
C= O as a result of ultraviolet exposure are possible 
and could be responsible for the changes in the ultra
violet spectra. 

(d) Infrared Transmission 

The infrared transmission curves of the polyamides 
are interpreted as follows: The absorption of the 
imine group (NH), which is ordinarily at 2.83 to 
2.93 Jk, is relatively weak. However, a shift to a 
longer wavelength with increased intensity of absorp
tion occurs with bridging, indicating that the 3-,u 
band is probably caused by linear NH.O bridging 
[42 to 44]. Absorptions at 3.36 and 3.42 ,u are usually 
a result of carbon-hydrogen bond stretching. The 
intense absorption at 6.1 ,u is attributed to the car
bonyl group, which usually absorbs at 5.76 to 5.84 
microns but is displaced to longer wav elength in 
nylon 66 and amides in general probably as a re6ult 
of interaction between the carbonyl and imine groups 
[42]. The intense absorption at 6.46 ,u may result 
from N-H bending and could cause a harmonic effect 
at 3.2 ,u. 

The doublet band at 6.8 and 7.05 ,u has been ob
served in diallyl adipate [45]. This pair of bands 
may be connected with CH2 deformations, such as 
-CH2 - and =CH 2 [42]. A band at 7.3 Jk is at
tributed, in some cases, to -CH3 deformation. 
Single bond stretching might absorb in this region, 
and the band has been observed in diallyl adipate 
[45]. Thompson and Torkington [42] claim that in 
polyamides "much of the absorption between 8.34 
and 5.88 Jk must be due to vibrations of the 
-C-CO-NH - C- part of the structure" . 
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The ab orpLion at about 9.0 J..I. was attributed to 
the hydroxyl group in the case of polyvinyl alcohol 
by Thompson and Torkington [42]. From 14.3 J.I 
to lower frequencies broad absorption h as been ob
served wi Lh oxygenated hydrocarbons and some 
oxidized hydrocarbon polymers. Methyl alcohol 
bas a broad absorption band here according to 
Thompson and Torkington. 

In the presen t study no extensive changes wer e 
revealed by the infrared transmission measurements. 
In some cases, structural differences of significance 
for physical properties cannot be detected by in
frared methods because the relative number of 
chemical linkages affected is too small [46]. Ap
parently the degradation of nylon under the condi
tions used in this study results in either a change in a 
small proportion of the chemical linkages or in altera
tions in chemical structure that are not accompanied 
by a change in infrared absorption, or both. 

(el Viscosity Measurements 

It seems probable that some chain SCISSIOn oc
curred during the treatments, as shown by the 
lowering of 11 , In l1 T/ C, and l1 sv/ C (table 12 and figs . 9 
to 12). The data obtained on solutions of specimens 
D and E show that the difference in degree of deg
radation is quite pronounced . No measurement 
was made with the 3-percent olution of specimen 
C since there was evidence of contamination. N ever
theless, by comparing the r esults obtained from the 
I-percent solution of specimen C with those from the 
I-percent solution of specimen B , it is evident that 
the degree of degradation exhibited by specimen C 
shows the same r elationship to that of specimen B 
as that observed for specimens E and D. 

The applicability of Baker 's equation [47] 

to the polyamide solutions was examined. The 
value of Z= 3 was found to fi t the data adequately. 
The value of intrinsic viscosi ty, [11], calculated as 

are tabulated in table 12. The agreement between 
values of [11] obtained for the same specimen but 
with solutions of different concen trations is fair. 
Figure 12 is a plot of the values of [11] vers us the tim c 
of exposure to the degrading treatment. 

T aylor [5] has expressed the relation between th e 
inLrinsic viscosity of nylon fractions in formic ac id 
and the molecular weight as lU fy = 13 ,000 [11] 1.3 a , where 
MN is the number-average molecular weight and [11] 
is the intrinsic viscosi ty in formic acid . The meas
uremen ts of intrinsic viscosity in this laboratory on 
sample 4410 were made in m-cresol. In 90-percent 
formic acid the intrinsic viscosity values are approxi
mately 0.9 of those determined in m-cresol [20]. 
Application of T aylor's relation to the intrinsic 

viscosities of unfractionated ' polymers leads Lo a 
vi cosity-average molecular weight (LVI,). 

Calculations from the r es ulLs presen ted in table 12 
indicate that 0.4 percent of all chain bond were 
broken in the specimen degraded by exposure to 
ultraviol et radiant cnergy for 168 hr , Lhe Lreatment 
tha t res ulted in the greatesL decrease in intrinsic 
viscosity. Since the strength of the C - N bond is 
rather weak compared to the C - C bond, Lhe chain 
break probably occm's at the pepLide linkage. If 
this is the case, about 3.5 percen t of the peptide 
linkages were broken in this ~pecimen. 

2. Changes in Molecular Orientation 

Investigations were made to detect any changes 
in molecular orientation or crystallini ty of the polya
mides under study. The terms " molecular orien ta
tion" and "crys tallinity" are llsed in this discussion to 
de cri be a condition or state in which sections of the 
macromolecules are more or less si tuated spatially in 
orne definite pattern or alinement to one another. 

The development of crystallini ty in films of polya
mides would be expected to lead to increased brittle
ne sand pli tting with a corresponding limitation of 
pIa tic flow. A decrease in the water or alcohol 
content below a specific minimum value would also 
produce the same changes in phys ical properties. 

There appeal' to be two types of molecular oriell
tation possible in polyamide. One is hydrogen 
bridging through adjacent peptide groups. Thi is 
also r eferred to as intermolecula r bridging and dipole 
association. The higher the degree of dipole asso
ciat ion, the greater the degree of crystallinity attrib
utable to hydrogen bridging. The other type is 
hydrocarbon paeking or alinement of the polymetliyl
enic sections between the peptide groups. It has 
been shown that smaller polymer molecules increase 
the possibili ty of more crystallinity or local order 
[48] and that molecular size has a deLermining effect 
on the uniformity of proper ties [49] . 

There are two other factor's that may affect the 
degree of crystallinity. One is the association of 
molecules of water and alcohol by hydrogen bridges at 
the pep tide gro ups. The other is the dispersion of 
liquids or gases in the form of minute sph erical 
inelusions in the body of the polymer. The presence 
of molecules such as wa ter and alcohol in any way in 
the matrix will reduce the po ten t ial for molecular 
orientation because of spatial factors. 

On the basis of chemical constit ution, the pol.va
mides used in this investigation can be divided 
roughly into t wo classes as regards pos ibility of 
molecular orientat ion. Samples 4405, 4406, 4407 , 
and 4408 would be expected to h ave 01' develop a 
higher degree of dipole a sociation than samples 
4409 and 4410 because of the regularity in the spacing 
of the peptides. The 10-carbon aciel along with the 
6-carbon acid in samples 4409 and 4410 creates an 
irregularity and causes the displacement of sLlccessive 
peptide groups along the chain. The caprolactam 
that is present in both classes also tends to create 
irregularity. This situation i analogous to the one 
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described by Baker and Fuller [18] for a 50:50 com
position of a 66/610 polymer, which shows the effect 
of copolymerization in decreasing the concentration 
of polar groups in the average planes . The unequal 
polymethylene group spacings cause some of the polar 
peptide groups to fall along the polymer chain where 
they cannot contribute to dipole interaction. 

(a) Miscroscopic Examination 

As all of these samples exhibit relatively small 
optic axial angles, and since the acute bisectrix is 
approximately normal to the film , microscopical 
examinations made with crossed nicols, especially 
with objectives of small aperture, are extraordinarily 
sensitive to slight changes in optical directions. This 
is interpreted to be the reason for the large difference 
in brightness exhibited in the photomicrographs of 
figure 14. 

The effect caused by cutting the film with scissors 
is noticeably less on the samples that were exposed 
to ultraviolet radiant energy. This is probably 
because the greater brittleness has limited plastic 
flow under the stress of the cutting edge. 

Each of the samples exhibits dark spots with low
power lenses. With higher power lenses it can be 
seen that many of the spots are transparent and only 
appear dark because of the scattering of light that 
they have caused. The larger spots occur in the 
untreated film as nearly spherical liquid, or at least 
optically amorphous, inclusions. They have re
fractive indices noticeably but not greatly less than 
the rest of the films . With exposure these spherical 
inclusions shrink somewhat, with attendant strain 
in the surrounding plastic, and their refractive index 
becomes much less than that of the rest of the film. 
The most plausible explanation is that a dispersed 
liquid has diffused out and been replaced by air or 
vapor. 

These polyamide films are anisotropic. Sample 
4410 is apparently quite heterogeneous as compared 
to sample 4408 , which appears to be very homo
geneous. Sample 4410 shows less effects from the 
exposures to ultraviolet radiant energy than sample 
4408. 

The bright lines observed in both untreated and 
treated specimens are apparently places where the 
orientation of the molecules within the plane of the 
film has been disturbed. These lines may have been 
caused by slight abrasion (hence, deformation) of 
the surface, by strains from shrinkage of the film, or 
by mechanical distortion. 

(b) Electron Miscroscopic Examination 

The electron micrographs of the unshadowed sur
faces of the untreated specimens and of those exposed 
to ultraviolet radiant energy and to heat show no 
appreciable differences as a result of the exposures. 
The examination of the shadowed surfaces was more 
frui tful . 

The electron micrographs of the shadowed sur
faces of the untreated samples and of those exposed 
to ultraviolet radiant energy show that the crystal-

linity of sample 4407 appears to be increased and 
that of sample 4409 not affected as a result of the 
treatment. Exposure to heat appears to have no 
effect on the crystallinity of samples 4407 and 4409. 
Exposure to ultraviolet radiant energy may permit 
rotation of a segment of the polymer chain into a 
more highly ordered state. If this is the situation, 
then sample 4407 would be affected more than 
sample 4409 . 

Some of the difference in grain structure between 
samples 4407 and 4409 may be caused by differences 
in rate of cooling. 

(c) Electron Diffraction 

Assuming that the spacing in the region of 4.0 A 
(see table 13) represents hydrogen-bridged peptide 
linkage, the intensity of this ring should be pro
portional to the degree of order in the molecular 
chains. Positive determination of the crystallinity 
from such criteria as the intensity and width of the 
lines could not be made even with such measuring 
devices as the recording densitometer and the com~ 
parator because of the diffuse background and 
halolil\:e character of the patterns. Visual estima
tion of the intensity and width of the rings was 
made by several experienced observers. There 
was no correlation between their observations and 
the treatments to which the films were subj ected. 

These electron diffraction studies revealed no 
changes in the degree of molecular orientation of the 
polyamides as a result of exposure to heat and to 
ultraviolet radiant energy. 

(d) X-Ray Diffraction 

The results obtained with the X-ray penetration 
photographs show some correlation with those 
expected on the basis of chemical constitution. 
Sample 4407 appears to be more crystalline than 
sample 4409. The differences are sufficient to 
identify the samples. 

Like proteins, the sorption of water has a marked 
effect on the physical properties of polyamides. 
The effect of water and of ethanol on samples 4407 
and 4409 was studied with X-ray diffraction tech
niques . Specimens of each sample were subjected 
to the following treatments for 1 month : (1) dried 
over magnesium perchlorate, (2) conditioned at 
50-percent relative humidity, l3) immersed in dis
tilled water, and (4) immersed in 95-percent ethanol, 
respectively . The spacings and intensities obtained 
by measuring the X-ray reflections with a Geiger
counter spectrometer are so similar that no definite 
t rends can be recognized. There appears to be a 
tendency for the 4.3- A spacing to decrease in 
intensity from the dry to the wet specimens . 

It is possible that the 7- A spacing observed may 
be an identity period along the polymer chain. 
The . increase in this spacing on exposure of sample 
4407 to ultraviolet radiant energy may be attributed 
to the unkinking of the chain when dipole associated 
compounds, such as water, ethanol, or caprolactam, 
leave the polymer. This would permit bridging 
at the peptide groups and tend to extend the chain. 
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I~ the case of sample 4409, the chain may tend to 
Junk on exposm e to ultraviolet radiant energy. 
This may be explained by interference bet"ween the 
polar groups and by a tendency of the longer methyl
ene chain to twist. As the polar linkages are broken 
the longer hydrocarbon chain section may coil, thu~ 
causing a decrease in the spacing. These phe
nomena would be related to the action of any dipole 
associated plasticizer. 

Spacings at 17 .4 and 26 A were observed by 
Baker and Fuller [25] and were associated with the 
identity period spacings. These spacings were 
observed to change on retraction of the material. 
Sponsler , Bath , and Ellis [50] sta te that for gelatine 
tJ;te II- A side chain spacing may be expected to 
dISappear when the water content is great enough 
to make the side chain spacing so large that the 
layers b ecome too distorted to form diffraction 
patterns. 

There is evidence that the weakening of intermo
lecular forces may allow ro tations to occur that would 
result in more complete lattice formations [25 , 51] . 
The theory of l'Otation and furth er polymerization 
in the solid st~te may be explained by the "Segment 
the?ry of cham polym ers" [51] . The probability of 
a given segment rotating is determined by the con
centration of energy in the segment. This is shown 
in the annealing work done on linear polyamides by 
Fuller, Baker , and Pope [51] . Bo th amorphous and 
crys talline regions can exist in the film . Crys talline 
regions might be formed if sufficient energy is dis
tributed along the molecular ch ain. 

The splitting observed on exposure to heat and to 
ultraviolet radiant energy may be attributed to a 
rearrangement to a more crystalline state. In this 
case, evidence of increased crys tallinity would be 
expected in the X-ray pattel'l1s; however no in-
crease in crys tallinity was observed. ' 

X-ray studies by Bakel' [52] and Brill [53] show 
that hydrogen bond rup ture occurs on heatinO' 
polyamides. A study of the rupture of intermolec~ 
ular forces in molten nylon sugges ts tha t some of the 
intermolecular bonds rup ture before melting, and 
thus permit "rotational movements and realinements 
infel'l'ed from X-ray diffraction data" [54] . 

(el Electrical Measurements 

The polyamides used in this investiga tion are elec
trically nonuniform to a high degree. This variation 
in electrical properties t ends to obscure changes that 
migh t arise from alterations in molecular orien tation 
due to exposure to heat, ultraviolet radiant energy 
and other degrading forces. However , the res ult~ 
ob tained indicate tentatively that exposure to ul tra
violet radiant energy reduces the dielectric constan t 
of sample 4406 slightly and tha t of sample 4407 
markedly . 

It seem s highly probable that the nonuniform re
sults reported here may be connected with local 
variations in the degree of dipole association. The 
change in dielectric constant with respect to time 
when the elec trodes are not moved may be attributed 
to a change in the degree of dipole association under 

Lhe influence of the electrical fi eld. Changes in the 
degree of association of water at the free dipole m ay 
fLl 0 be a fac tor . Baker and Yager [55] have dis
c~ ssed ~he effect of hydrogen bri.dging in nylon on 
dLelectn c measuremen ts. 

(f) Effect of Water and Alcohols 

The apparen t relation between the degree of mo
lecular orien~ation and degree of attack by liquid 
may be explamed by the following hypothesi: Since 
the degree of intermolecular bridging in samples 
4409 and ~410 is less than in the other samples, 
more unbndged carbonyl groups are available in 
samples 4409 and 4410 to associa te with the liquid. 
The decreased degree of a t tack by the water in 
samples 4409 and 4410 is explained by the water 
molecules being sufficiently small to remain between 
the polymer chains without causing linear and lateral 
disorder sufficien t to weaken the intermolecular 
forces holding them together. The alcohol mole
cules, on the other hand, are sufficiently large to 
cause enough disorder to weaken the in termolecular 
forces holding the polymer molecules together and 
permit further at tack by the solvent. 

The a ttack by water on amples 4406 , 4407, and 
4408 m ay be directly a t pep tides tha t ar e hydro O'en 
bridged. Water being a very strong polar solv~nt 
may cause dissociation of the existing bridge and be 
held bet"ween the pep tides cau ing a resul tan t strain 
on the molecular relations. 
. Ethanol, a larger molecule, apparen tly cannot 
m terleave between chains of samples 4406 , 4407 , 
and 4408. Absolute ethanol does not show effects 
that indicate that i ~ is breaking in termolecular 
bridges between adjacen t peptides. In the case of 
samples 4409 and 4410, with more free dipoles and 
possibly less packing between the polymer chains, 
ethanol possibly can be absorbed. The size of the 
ethanol molecule, however , strains the chain con
figurations of these polymers. 

The effects observed wi th 95-percen t ethanol seem 
to indica te a preferen tial absorp tion of the water in 
samples 4406, 4407 , and 4408. Samples 4409 and 
4410 show effects similar to absolute ethanol. In 
general, cosolvent effec ts result. 

M ethanol represents a molecule of intermediate 
size. The data seem to indicate that the main 
attack by methanol is at unassociated dipole. The 
associa tion of a polar liquid a t a free dipole may 
displace polymer chains with resul tan t strain tha t 
may make intermolecular bridging be tween the 
polymer chains more suscep t ible to a t tack by the 
polar solvent. 

M ethanol a ttack is greaLer after exposure of the 
films to ultravi.olet radian t energy. Considering 
the immediate attack to be a t free dipoles in the 
polymer, it seems logical to ass ume that exposure to 
ultraviolet radian t energy releases intermoleculady 
bridged pep tides, thus causing a decrease in the 
degree of crys tallini ty. A decrease in molecular 
weight may also result in increased a t tack by 
methanol because of increased association at chain 
ends. 
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Hill and Walker [56] in their work on polymer 
constitution show that the melting point of a 
crystalline polymer depends on the arrangement of 
the molecules and the relative amount of inter
molecular forces between the molecules in the 
crystal lattice. Polyamides with high melting points 
have peptide arrangements that permit a high degree 
of bonding between carbonyl and amino groups in 
adjacent molecules. The data obtained by Biggs, 
Frosch, and Erickson [57] on the effect of varying 
the degree of N -alkylation on the melting points of 
polyamides support the view that hydrogen bridging 
is the main cause of the high melting points observed. 
Additional information on the effect of hydrogen 
bonding on melting points is reported by Baker and 
Fuller [20, 25]. 

The relation between the melting points of the 
original polyamide samples used in this investigation 
and the final effects of the liquids are shown in table 
18, in which the materials are arranged in order of 
decreasing melting point. If the melting points of 
these polyamides, which are similar in chemical con
stitution, are an indication of the intermolecular 
forces or the degree of crystallinity, the data in the 
above table indicate that the more crystalline poly
m ers are more readily attacked by the water and the 
less crystalline polymers are more readily attacked 
by the absolute ethanol and methanol. The effect of 
the 95-percent ethanol is erratic, since the mixture 
exhibits cosolvent effects. 

The relation between the effects of absolute 
methanol and the melting points of the original and 
exposed samples is shown in table 19. The effec t of 
absolute methanol on the original untreated speci
mens is about the same as that on specimens exposed 
outdoors, and the melting points are practically the 
same. The melting points of the specimens exposed 
to ultraviolet radiant energy are less than those of 
unexposed specimens, and the effects of the absolute 
m ethanol are greater. If this is interpreted in terms 
of the hypothesis advanced above, it is indicated 
that there is little or no change in crystallinity in the 
specimens exposed outdoors and a decrease in 
crystallinity in the specimens exposed to ultraviolet 
radiant energy in the laboratory. 

TABLE 18. Relation between effects of liquids and the melting 
points of the polyamides 

Degree of attack' 

Sample 
dcsi~a- 95% Methanol 

tion Melting point "Vater, ethanol, Ethanol, 
18 mo 15mo 18 mo 30 min 16mo 

--- -----------

o C 
4407 1S8to 190 5 4 1 3 4 
4408 186 to 191 5 4 1 3 4 

4405 179: 0180 1 4 4 
4406 179 to 180 5 4 1 4 4 

4409 165 to 167 2 5 4 5 5 
4410 161 to 163 2 3 4 5 5 

• See table 16 for code indicating degree or attack. 

T A BLE 19. Relation between effects of methanol immersion and 
melting points of original and exposed polyamides 

Untreated Exposed to ultra· Exposed outdoors 
violet 2 months 

Polya· 
midc 

sample Melting Effect Melting Effect Melting E ffect 
ofmeth· ofmeth· of meth· point anal a 

point anol a 
peint anol a. 

-- ------
o C ° C ° c 

4405 179 to 180 4 -------- --- - - -------- -----
4406 179 to 180 4 163 to liO 5 180 to 183 4 
4407 188 to 190 4 173 to 178 5 1S8 to 189 4 
4408 186 to 191 4 180 to 182 5 190 to 191 4 
4409 165 to 167 5 152 to 160 5 162 to 169 5 
4410 161 to 163 5 145 to 151 6 164 to 166 5 

a See table 16 for code indicating degree of attack. 

3. Relative Effects of Environmental Conditions 

The present study indicates that exposure of poly
amides to ultraviolet radiant energy results in deg
radation. This is attributed to absorption of the 
short wavelengths by the carbonyl groups of the 
polymer with a r esultant breaking of adjacent C-N 
bonds. Strongly bound water or organic liquids 
that act as a plasticizer are also removed. The n et 
result is a decrease in strength and an increase in 
brittleness. 

The viscosity, mass spectrometric, and ultraviolet 
transmission studies show that the polyamides are 
affected by exposure to heat. This effect is less 
pronounced than that caused by exposure to ultra
violet radiant energy and may be of a different type 
or order. 

4. Relation Between Stability and Chemical 
Constitution 

The 66/610/6 polyamides have compositions that 
should be favorable to less intermolecular bridging 
than the 66/6 polyamides. However, factors such 
as cooling rate from the molten state, which appar
ently has a considerable effect on the degree of asso
ciation between chains, must be considered. It has 
been suggested [58] that a 66/610 (30:70) polymer 
is qualitatively less crystalline and consequently has 
a lower melting point than a 66 polymer. One can 
expect that the more heterogeneous the chemical 
composition of a polyamide is, the more resistance 
it will have to degradation. 

The carbonyl groups in the polymer are a seat of 
ultraviolet absorption and consequently are detri
mental to stability of the molecule. The adjacent, 
comparably weak, C - N bond is an arrangement that 
is susceptible to chain scission. 

A superpolyam.ide with properties similar to the 
66 polymer has been prepared from piperazine and 
dicarboxylic acids and is thought to contain no 
hydrogen bridges between molecules [59]. The re
sistance of polyamides to embrittlement on degrada
tion increases when an amino hydrogen of an aro
matic amine having at least two cyclic nuclei (e. g., 
!3-naphthylamine or phenothiazine) is incorporated 
in the polymer molecule [60] . It is also reported 

/ 418 



that the La biliLy of polyamides to heat and ligh t is 
incr eased by adding 0.5 to 4 mole percent of an 
amid e-forming aromatic compound in the monomer 
mix Lure prior to condensation [61] . Plas ticization 
of polyamides has also been sugges ted [62, 63]. 
M eLhylation of a fraction of th e amide bonds results 
in polym er molecules with the same strength as th e 
original ones but eliminates the possibili ty of the 
formation of hydrogen bridges [25 , 64]. N-substi
tu ted polyamides obtained when mixtures of disec
ondary, secondary-primary, and diprimary amines 
arc poJym.erized with dibasic acids have less hydrogen 
bridging and molecular interaction because of th e 
lateral substituents [65] . The amount of N -sub
stitution determines the properties of the polya
mides; they can be varied from the h ard tough 
polymers of the unsubstituted types to the soft 
tacky polym ers of the 100-percent substi t uted types. 
Higher alkyl-N-substitu ted 610 polym ers are less 
crys tallin e, have less poten tial crystallinity, and 
possess a higher d egree of long-range elasticity than 
m ethyl-N-substituted 610 polymers. The bas ic idea 
involved in modifying these chemical s tru ctures is 
to prevent proxim ity of dipoles between the mole
cules. 

5 . Improvement of Service Life of Polyamides 

The service life of polyamides could be e xtended 
by adding materials that 'will absorb the u ltraviolet 
radian t energy instead of allowing the shor t ~vave
lengths to be absorbed by the carbonyl group m the 
polyamide or by coating or covering wi th a material 
that would keep the ultraviolet r adiant energy from 
ge t ting to the carbonyl group . It appears unn eces
sary to protec t from heat except under extraordinary 
circumstances. Maintaining the water content a t 
a relatively high v alue would also extend the service 
life. Precautions should also be taken to prevent 
the loss of organic liquids or if they are lost to make 
certain that they are replaced with water or some 
other material capable of formin g a similar associa ted 
complex. The absorption of excess amounts of 
water should be avoided since they cause a change 
in the strength proper ties . Water and organic 
liquids held in this manner act as vola tile plasti
cizers. The use of less volatile water-insoluble ma
terials that would be bound in a manner similar to 
the way water and alcohols are held is suggested . 

The detrimen tal effects of changes in crys tallinity 
or order on degradation may be remedied partially 
by changing the ch emical constitution as men tioned 
in section XVI , 4. The changes in chemical consti
tution would need to be car efull y controlled to 
r etain the desirable physical characteristics. On 
the basis of our presen t limi ted knowledge of such 
effects, experimen tation is the only method of de
termining how much of th e problem can be solved 
by Lhis method . It appears that as long as the 
peptide group is present, a definite fo cal point of 
a ttack for degradation exists. The addi tion of 
groups, uch as phenyl, may only act as radiant 
energy absorbers and may be capable of transferring 

this a bsorbed energy to the weaker C - J bond 
causing it to break. The resul ting smaller polym er 
molecules would be preven ted from crystallizing by 
the presence of the large side groups. H owever , i t 
is probable that any appreciable incr eases in stabili ty 
by changes in chemical consti tu t ion would also 
produce soft tacky polymer . 

XVII. Summary 

The degradation of polyamides may involve the 
following: (1) change in chemical s tructure of the 
polym er molecule, (2) chan ge in crystallinity (molec
ular orien tation) including effects produced by 
hydrocarbon packing, dipole r earrangemen t, and 
hydrogen bridging, (3) change in the amount of 
molecularly associated ma terials that have a plasti
cizing effec t, such as water and ethanol. 

Infrared transmission studies of samples before 
and after exposure to heat and ultraviolet radiant 
energy how that there arc no fundamental changes 
in the repeating uni t of chemical tl'u ctUl'e of the 
polyamide molecule as a resul t of sLlch treatment. 
Vi cosity measuremen ts show t hat the molecular 
weight decrea es wi th the severity of the expo ure 
conditions and wi th an increase in the period of 
exposure. The decreased resi tance to immersion 
in water and alcohols as the material is degraded 
also indicates a decreasc in molecul ar wcigh t. It is 
concluded from these studies that the polymer 
molecule breaJ\:s into smaller molecules. The resul ts 
of the ma pectrometrie and pyrolysis tudies 
show tha t the polymer molecule breaks at the C- I 
bond of the peptide group and tha t the nitrogen 
atom remain att ached to the polymer molecule. 
From the nature of the products it is eviden t that 
C- N bonds in adj acen t pep tide groups of a molecule 
break, releasing a bicarbonyl polymethylene frag
ment. This bicarbonyl polymethylene fragment 
reacts to form water, carbon monoxide, carbon 
dioxide, hydrocarbons, and cyclopentanone, the 
particular products depending on the exposure 
conditions. The breaking of a very small proportion 
of the C-N bonds would resul t in an appreciable 
decrease in molecular weigh t and an apprecia ble 
change in physical characteristics. 

The evidence for a change in crys tallinity on 
exposure of the polyamides to heat and ultraviolet 
radiant energy is no t as positive a that for a change 
in chemical stru cture and composition. The results 
of the ligh t and electron microscopical studies sug
ges t an increase in crys tallini ty particularly on 
exposure to ultraviolet r adian t energy. The electron 
diffraction, X-ray diffraction, and electrical studies 
fail to reveal any changes in crystallini ty. The 
increased degree of attack by alcohols after exposure 
to ultraviolet radian t energy may be a ttributed 
either to the reduction in molecular weight or to 
reduced crys tallinity. 

The loss of water , alcohols, or similarly dipole 
associated materials results in appreciable changes in 
physical characteristics. These small molecules are 
probably bound by hydrogen bridging to the oxygen 
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of the peptide group or some other associated molec
ular complex. They act as plasticizers for the 
polyamides. The results of the mass spectrometric, 
ultraviolet transmission, microscopic, and mechttnical 
property studies show that sorbed water and ethanol 
are released on exposure to ultraviolet radiant 
energy. The loss of associated molecules as well 
as a decrease in the size of the polymer molecules 
will tend to foster an increase in crystallinity. 

The results of the investigation show clearly that 
no single method gives a complete picture but that 
correlation of the results from several of the methods 
gives an insight into the mechanism of degradation 
of polyamides. 
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