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SUMMARY 

The effects of electron radiation on Ultem, a polyetherimide manufactured by 
General Electric, were studied for doses from 2 x 10^ to 6 x 10^ rad.  Specimens for 
tensile property testing and for electron paramagnetic resonance (EPR) and infrared 
(IR) spectroscopic measurements of molecular structure were studied.  The spectro- 
scopic data were used to determine the effects of radiation on molecular structures, 
and these effects were used to explain the radiation-generated changes in tensile 
properties. 

Because the cross-sectional area of the electron beam was limited to a 6-inch 
diameter, miniature tensile specimens were used.  Extensive testing was conducted to 
develop the size and test procedure for the tensile specimens.  The miniaturization 
was based upon ASTM Testing Standard 882.  A design for a Faraday cup and the use of 
a remote IR temperature sensor are also described.  The Faraday cup was used to mon- 
itor the electron beam current; it was calibrated with NBS-traceable nylon films, 
which were used to measure the total dose.  The IR temperature sensor was used to 
remotely monitor the specimen temperature during exposure. 

The spectroscopic data showed that radiation caused dehydrogenation of the pen- 
dent methyl groups, rupture of the main-chain bonds at the ether linkage sites, and 
opening of imide rings, all to form radicals.  The spectroscopic data also indicated 
that the so-formed atomic hydrogen attached to phenyl radicals, but not to phenoxyl 
radicals, which would have formed hydroxyls.  Therefore, the observed decays of the 
radiation-generated phenoxyl, gem-dimethyl, and carbonyl radicals were interpreted 
as a combining of the radicals to form crosslinking.  This crosslinking is the prob- 
able cause of the major reduction in the elongation of the tensile specimens after 
irradiation.   The tensile testing showed a 22-percent decrease in tensile strength, 
a 96-percent decrease in strain to failure, and an 8- to 10-percent increase in mod- 
ulus for the 6 X 10^ rad dose.  Subsequent classical solubility tests indicated that 
the irradiation did cause massive crosslinking. 

INTRODUCTION 

For approximately two decades aerospace scientists in materials research have 
recognized the advantages of using fiber-reinforced resin composites (FRRC) for 
space structural components.  The principal advantages are high specific strength, 
stiffness, and low thermal expansion.  Moreover, the specific values for these prop- 
erties are easily tailored.  However, the long-term stability of these materials 
when subjected to electron, proton, and ultraviolet radiations must be established. 
For large space structures that have mission lives up to 30 years, in orbit about 
Earth in radiation belts, radiation durability is an important consideration. 

The literature contains much information about the space application of poly- 
meric materials and the effects that space environmental parameters may have on 
material properties.  Useful, though not fully current, information is available in 
a materials handbook for space (ref. 1).  The handbook includes data and models for 
the amounts of radiation in orbital environments about Earth, descriptions for 
classes of materials (thermal control, optical, adhesives, structural, and elec- 
tronic), descriptions of the effects of environmental parameters on materials, data 



from space applications of materials, and guidelines for the selection of materials. 
Reference 2 provides an additional description of Earth-orbital environments, refer- 
ence 3 describes low Earth-orbital environments, and reference 4 provides environ- 
mental data for geosynchronous orbit.  The models for these descriptions are contin- 
ually updated.  Also, reports have been published which review and summarize 
research regarding radiation effects on materials.  An example is reference 5; it 
contains information from a NASA meeting on space radiation damage and on proposed 
additional research within the agency.  References 6-9 are also summary reports 
which address the environmental effects issue and indicate that interest in radia- 
tion effects is increasing within a very broad research community. 

Several textbooks (refs. 10-15) discuss radiation effects at a generic level. 
The data are for relatively simple molecular systems and make a valuable contribu- 
tion toward a general understanding of radiation effects. 

The number of reports of studies of radiation effects on specific materials is 
very large, so only a few relevant ones will be discussed.  Reference 16 is an exam- 
ple of a study of radiation effects on polymeric systems.  The data show that the 
net effects of radiation are crosslinking and bond scission.  However, the effect 
which dominates varies with the polymer system in question.  For simple chemical 
structures, polymers may be grouped according to the net effect.  This report also 
evaluated the radiation resistance of two more complicated polymer systems, epoxy 
and polyimide.  Although the quantitative meaning of the expression "radiation 
resistance" is not defined in the report, the epoxy and the polyimide generic 
classes were suggested as more suitable for a radiation environment than the other 
polymers studied. 

The study of radiation effects on polyimides has centered on Kapton manufac- 
tured by E. I. du Pont de Nemours & Co., which is available in film form.  Refer- 
ence 17 reported a study of the tensile properties for radiation doses up to 
2x10^ rad.  The changes were found to be insignificant.  A more recent investiga- 
tion of the same material (refs. 18 and 19) also showed that the tensile properties 
did not significantly change.  Using IR spectroscopy, this study determined that the 
effects on the chemical structure, which occurred at the carbonyl sites and at the 
ether-linkage sites, were small.  Any changes that may have occurred resulted 
primarily from thermal effects because of the high dose rate. 

During the early to mid 1960's, a series of radiation-effects studies were made 
for polymeric structures (refs. 20-28).  These reports showed that if radiation 
doses were applied too quickly, they caused thermal effects that could be misinter- 
preted as simply radiation effects.  The studies also found that radiation durabil- 
ity of polymer materials could be improved by using more complicated structures. 
The limitation of this solution for the radiation problem was that sufficiently 
radiation-durable polymers were intractable to processing.  An example of this 
limitation was pyrrone (short for polyimidazopyrrolone), a ladder polymer which was 
essentially radiation resistant. 

These and other data provide a basis for a general understanding of radiation 
effects.  However, for new, complex polymer systems, many of the questions dealing 
with radiation durability will have to be readdressed.  There are several reasons 
why.  First, energy absorbed at one site in a molecular structure is frequently 
transferred to another.  The absorption site, the site to which transfer occurs, and 
the final effect depend not only on the polymer's individual components of molecular 
structure but also on how the components are tied together.  Consequently, simpler 
molecular systems, whose structures are a part of the complex ones, do not model the 



complex system's response to radiation.  Similarly, the response of one complex 
system is not necessarily that of another, because of the differences in their 
molecular structure. 

Another reason for continuing radiation-effects studies is the concern for 
whether or not laboratory simulations of exposure to space environmental parameters 
are sufficiently correct.  An example of this is dose rate.  Some of the research 
reported in references 20-28 indicated that thermal effects could be avoided if a 

Q 
dose rate of 3 x 10 rad/hour was not exceeded.  It was assumed that if the dose 
rate did not cause an increase in temperature up to the polymer's glass transition 
temperature, then the thermal effects were not important. T^rtiile that may be true, 
the assumption would appear to be undergoing reconsideration. 

This paper reports a study of a polyimide which possesses thermoplastic proper- 
ties.  The material is Ultem, a polyetherimide.  Ultem is one of the many newly 
available, toughened polymers.  Because it is a thermoplastic, Ultem can be used in 
film, casting, and FRRC forms.  Thus it may be both radiation durable and 
processable. 

Q Q 
Total radiation doses from 2 x 10^ to 6 x 10 rad were investigated because 

these are representative of the dose expected for a 10- to 30-year mission in geo- 
synchronous orbit.  The specimen temperature during exposure and the time interval 
between exposure and testing were important considerations.  The polymer was studied 
in film form in order to compare infrared and electron paramagnetic resonance spec- 
troscopy data with tensile mechanical data. 

EXPERIMENTAL 

Electron Gun 

The source of electron radiation was an RCA model EMU3-H transmission electron 
microscope.  The microscope was operated at 100 keV.  The objective lens was removed 
in order to obtain a higher than normal beam current at the fluorescent surface of 
the viewing area.  The beam was approximately 6 inches in diameter at the viewing 
surface.  The beam uniformity was determined to be within 5 percent by using an 
array of collectors placed upon the viewing surface.  The specimens were mounted on 
holders and placed in the viewing area for exposure.  The front window of the view- 
ing area was modified for easy access to the specimens within 1 minute after the end 
of an exposure. 

Faraday Cup and Thermal Sensor 

The standard RCA fluorescent surface in the viewing area was replaced with a 
ZnS-coated plate which held a Faraday cup at the center position of the electron 
beam.  The ZnS was covered with a 0.2-mil-thick film which prevented contamination 
of specimens during exposure but which was thin enough for electron penetration and 
luminescence of the ZnS. A cross-sectional view of the cup and a portion of the 
ZnS-coated plate is shown in figure 1.  The collector was graphite and was shaped to 
minimize backscatter.  The entrance hole diameter was 1/8 inch and the collector's 
interior length was 1 inch.  The collector was shielded by an aluminum jacket; the 
insulation between the jacket and cup was Teflon manufactured by E. I. du Pont 
de Nemours S Co.  The Faraday cup current was monitored with a model 425A DC micro 



volt-ammeter manufactured by Hewlett Packard Company.  The cable from the cup to the 
meter was triple-shielded and routed to prevent spurious inputs. 

The temperature sensor was a model 12-521 infrared research thermometer manu- 
factured by Barnes Engineering Company.  The thermometer monitored the specimen's IR 
emission at 8 to 13 micrometers through a sodium chloride single crystal which was 
inserted into one of the viewing area's side windows. 

Mechanical Tester 

A model 1130 table-top Instron mechanical testing instrument was used for 
measuring tensile properties. Pneumatically actuated grips with hard rubber- 
surfaced, steel faces were used. A  direct-current displacement transducer (DCDT) 
was attached to the grips to record their separation.  The DCDT output was used as 
an input to the X-axis of a recorder, while the load cell signal was the input for 
the recorder's Y-axis.  All mechanical property measurements were made at room 
temperature. 

Infrared Spectrometer 

The IR spectra were recorded from 4000 to 200 cm~^ with a model 599B Perkin- 
Elmer spectrometer.  The spectrometer was a grating type with a 1-cm~^ resolution. 
The scan time was 6 minutes.  The spectrometer was controlled by a model 3500 
Perkin-Elmer data station.  Spectra were recorded and stored for each specimen 
immediately before and after exposure.  For each recording, the spectrum of a poly- 
styrene standard was also recorded and stored to provide a basis for normalizing the 
effects that any day-to-day variation in recording had on spectra magnitudes.  The 
specimens' IR spectra were recorded at room temperature. 

Electron Paramagnetic Resonance Spectrometer 

A Varian E-line Century Series EPR spectrometer (model/part no. 90679007 AL) 
was used to measure the unpaired electron (radical) sites caused by the irradiation. 
A precision frequency meter was used to monitor the frequency of the microwave 
source.  A variable temperature accessory was used to maintain the specimen temper- 
ature at -188°C during a measurement. 

Specimens 

Fabrication.- The specimens were fabricated from Ultem film.  The molecular 
structure of Ultem is shown in figure 2.  The tensile and EPR specimens were approx- 
imately 0.003 inch thick.  The IR specimens were approximately 0.0003 inch thick. 

The tensile and EPR specimens were fabricated in two steps.  First, strips were 
cut to the respective dimensions of the two different specimen widths by using the 
fixture shown in figure 3.  The fixture consisted of a 1.0-inch-thick glass plate to 
which was attached a Teflon-coated steel guide bar. A truck mounted on the guide 
bar was hand propelled to cut a strip in a single stroke.  The cuts were made by two 
standard single-edge razor blades whose stiff backs had been removed to facilitate 
holding the blades flush with the spacer between them.  The dimensions of the 
spacers were machined to provide the widths of the respective specimens.  Second, 



the specimens were cut to length from the strips.  The lengths of the EPR specimens 
were critical; therefore, a second fixture, shown in figure 4, was used to cut them 
to exact length with their ends perpendicular to their sides.  The cutting bar for 
this fixture consisted of two single-edge razor blades (stiff backs removed) whose 
edges were separated by the bar by an amount equal to the EPR specimen length.  The 
cutting bar was lowered between the Teflon-coated guide blocks to the glass surface, 
where the strip of film was held perpendicular to the blades by an alignment bar. 
The cutting bar was then pressed upon the strip, and the blades cut away a specimen 
of very precise length.  Since the lengths of the mechanical specimens and the 
direction of their ends were not critical, the mechanical specimens were cut from 
their strips with scissors.  The edges of each specimen were inspected with an 
optical comparator and discarded if any imperfections were found. 

The IR specimens were fabricated from approximately 0.0003-inch film so that 
transmission IR spectroscopy could be performed.  The dimensions of the IR specimens 
were not critical, except that the specimens needed to be sufficiently large to 
cover the spectrometer entrance slit. 

Tensile.- The tensile specimens were 0.2 ± 0.001 inch wide and 6.0 ± 0.25 inch 
long.  Each specimen thickness was determined to within 0.00005 inch with a Starrett 
no. 673 bench-top comparator.  This is a smaller specimen for tensile properties of 
film than recommended by ASTM standard D 882 (ref. 29), but its dimensions are based 
upon that standard.  The smaller size was required because the exposure area, as 
explained above, was limited to a 6-inch diameter.  The 0.2-inch width was chosen 
because reference 29 suggests widths from 0.2 to 1.0 inch.  For a 0.2-inch width, 
the minimum requirement of a width-to-thickness ratio of 8 is exceeded.  Since 
reference 29 also requires the ratio of gauge length (distance between grips) to 
width to be at least 10, a gauge length of 2.0 inches was chosen.  An additional 
length of 1.5 inches was required for each grip and another 1 inch was included for 
handling the specimen during alignment in the grips.  Hence, the length of a 
specimen was 6 inches. 

Six specimens were used per exposure.  They were tested for elastic modulus 
properties at a crosshead speed of 0.02 inch per minute; the speed was determined 
from the initial strain rate suggested by reference 29.  This crosshead speed was 
also used for testing their ultimate stress.  For nonirradiated specimens, a cross- 
head speed of 0.10 inch per minute was used for the ultimate-stress portion of the 
test. 

Each group of six specimens was held on a rectangular metal frame by polyimide 
tape for an exposure as shown in figure 5.  Within 3.5 minutes after completion of 
an exposure the six specimens were immersed and kept in liquid nitrogen until just 
prior to each specimen's testing.  The specimens were then brought, one at a time, 
to room temperature in a dry environment, installed in the grips, and tested at room 
temperature.  (Separate tests determined that the temporary storage in liquid nitro- 
gen had no effect on the film's nonirradiated tensile properties.) 

Other separate tests on nonirradiated specimens were conducted to determine 
what differences there were for tensile properties for small (0.2 inch by 6.0 inch, 
2.0-inch gauge) and full-size (1.0 inch by 14 inch, 10.0-inch gauge) film specimens. 
Table I contains the results for two materials, Kapton (a polyimide) and Union Car- 
bide P1700 (a polysulphone).  For each material, 50 small and 20 full-size specimens 
were tested.  A comparison of the data clearly indicates that for measurements of 
changes in tensile properties of films the data for small specimens are acceptable. 



Before any radiation exposures were conducted, approximately 200 small speci- 
mens of Ultem were tested to establish a data base.  The data from these tests are 
given in table II, which also contains data obtained from the manufacturer of Ultem. 
The manufacturer used dog-bone shaped, molded specimens and testing procedures as 
recommended by ASTM D 638 (ref. 30).  Even though different ASTM standards were used, 
making the specimen shape and procedures different, the two sets of data compare 
well for modulus and ultimate stress, while the elongation data agree within a 
factor of 2. 

Electron paramagnetic resonance.- The EPR specimens were 0.100 ± 0.001 inch 
wide and 0.600 ± 0.003 inch long.  Each specimen thickness was measured to within 
0.00005 inch.  Precision and repeatability were required for specimen dimensions in 
order to interpret the EPR signal in units of spins per cubic centimeter.  (After 
all measurements were completed, the specimens were also weighed on a semimicro- 
balance to determine the EPR signal in terms of spins per gram and to check the 
spins per cubic centimeter using the polymer density.) 

During an exposure, the EPR specimens were held on a metal strip by lengths of 
bent wire, as shown in figure 6.  This method of holding minimized the amount of 
shadowing caused by the holder.  The specimens could not be held with adhesives, 
tapes, etc., without introducing foreign substances into the EPR measurement. 

Within 3.5 minutes following the end of an exposure, four specimens were in- 
serted into each of four quartz glass EPR tubes.  The tubes were temporarily sealed 
with silicon rubber caps and nylon clamps and immersed in a liquid nitrogen bath. 
When the specimens were to be maintained under vacuum, the tubes were partially 
raised out of the liquid nitrogen and a vacuxim pulled with a turbo molecular pump. 
When a vacuum of approximately 10"^ torr was reached, the tube was sealed with a 
propane torch to form an ampule.  The specimens remained in the bottom of the tube 
at liquid nitrogen temperature throughout this procedure. 

The specimens were kept in the liquid nitrogen bath until EPR data were to be 
recorded.  A tube of specimens was then immediately transferred to the EPR spectro- 
meter's resonance cavity where the temperature was maintained at -188°C, the lower 
limit of a Varian EPR variable temperature accessory.  At the end of an EPR scan the 
tube was returned to the liquid nitrogen bath. When radical decay data were de- 
sired, the tube was next brought to 22°C or 125°C (depending on the decay tempera- 
ture studied) for the desired time interval; then additional EPR data were taken at 
-188°C.  This cycle of liquid nitrogen storage, decay, and EPR scanning was repeated 
until the collection of decay data was completed. 

Infrared.- There was one IR specimen per exposure.  Specimens were mounted with 
polyimide tape on a rectangular, thin-metal frame which was the size of the speci- 
men.  Specimens were scanned at room temperature beginning approximately 5 minutes 
after the completion of exposure. 

RESULTS AND DISCUSSION 

Dose and Temperature Measurements 

Prior to exposures, the radiation doses and specimen temperatures were estab- 
lished as a function of Faraday cup current.  Both variables can be difficult to 
measure; unforeseen parameters can affect the measurement results.  Consequently, 
considerable time was given to understanding the measurement results. 



Dose measurements.- The doses corresponding to Faraday cup currents were deter- 
mined with NBS-traceable nylon film whose optical density varies in known amounts 
with radiation dose.  Figure 7 is a plot of the nylon's actual absorbed dose, as 
determined from densitometer readings, for a number of Faraday cup currents.  The 
exposure time was 1 minute.  Calculations of the absorbed dose were made using the 
Bethe-Block stopping power expressions (refs. 31-33) for several Faraday cup cur- 
rents.  These expressions can be used for a wide assortment of target materials 
(refs. 34 and 35).  The calculations took backscatter into consideration, as pre- 
scribed by S. M. Selzer (an author of ref. 34) in personal communication.  The back- 
scatter was caused by the surface which supported the nylon in the target area.  The 
dose predicted by the calculation agreed within 10 percent with the dose indicated 
by the nylon film. 

The dose indicated by the nylon film was then corrected for the differences in 
density and stopping power between nylon and Ultem, in order to determine the radia- 
tion dose for Ultem in terms of Faraday cup current. 

Temperature measurements.- Infrared remote sensing, instead of thermocouples, 
was selected for measuring specimen temperature during irradiation.  The arrangement 
for measurements is shown in figure 8.  Before making the measurements of specimen 
temperature in a radiation environment, the infrared sensor's measurements were cal- 
ibrated against those of a calibrated thermocouple.  A film specimen on an electri- 
cally heated surface was temporarily placed in the exposure chamber.  The IR sensor 
was located and oriented to view the same spot on the specimen surface adjacent to 
the Faraday cup's entrance hole as it would, later, during radiation exposure.  A 
thermocouple bead was placed on the specimen adjacent to the spot being viewed by 
the IR sensor.  The IR sensor readings were then calibrated against those of the 
thermocouple while the chamber was under vacuum. A single-crystal sodiiam chloride 
window was used for the viewing port of the IR sensor.  The effects of aging of the 
sodium chloride window were monitored. 

Finally, prior to monitoring the temperature of the film as a function of dose 
rate (Faraday cup current), calculations using the Stephan-Boltzmann equation were 
made to determine the temperature rise during various dose rates due to radiative 
transfer.  Since the equation does not include a conductive term, it is a highest 
temperature analysis and was not intended for accuracy.  During the first portion 
of an exposure with the specimen supporter by the Ultem 0-ring (fig. 8), there was 
no radiative conduction.  The temperature increase measured at the beginning of an 
exposure did appear to be in agreement with predicted values from the Stephan- 
Boltzmann equation.  For long exposures, several hours, the temperatures became 
higher as the general environment within the exposure chamber absorbed the radiation 
energy and came to equilibrium. 

Figure 9 shows the equilibrium specimen temperatures at various cup currents 
for two methods of specimen support. The copper plate (coated with zinc sulfide) 
was the arrangement used for specimen support for the property data to be discussed. 

A temperature of 38°C (100°F) was selected as the maximum elevated temperature 
to be allowed during an exposure.  This temperature was not quite reached for a 
Faraday cup current of 20 nanoamperes.  For Ultem, this current corresponds to an 
upper limit for the dose rate of 10^ rad per hour. 

Whether or not setting a low temperature limit is an adequate criterion for 
accelerated exposures is not certain.  The work reported in references 20-28 limited 
the dose,rate to approximately 3x10^ rad per hour.  From figure 9, this dose rate 



would cause a temperature of approximately 70°C (155°F).  Obviously, the temperature 
criteria are more stringent for the work in this report. 

Radiation Exposure Data 

Electron paramagnetic resonance spectra.- EPR spectroscopy detects and measures 
the presence of unpaired electrons, which are called radicals.  The EPR data were 
used to identify the radicals created by the radiation and to determine their con- 
centrations and decay rates.  Radicals are the intermediate products of electron 
radiation for polymers, and they are created by the homolytic cleavage of covalent 
molecular bonds.  The radical density is a measure of the level of chemical activity 
created by the radiation and, therefore, should vary with dose rate, if the dose 
rate is sufficiently high.  Figure 10 shows that the radical density at the end of a 
total exposure of 4.0 x 10^ rad was the same for an 8-hour (5.0 x  10 rad per hour) 
and a 16-hour (2.5 x 10^ rad per hour) exposure.  Consequently, there was no dose- 
rate effect observed.  (Also, no differences were observed in the infrared and me- 
chanical data for these same two exposures.)  Whether or not a saturation had oc- 
curred at these dose rates cannot be stated because lower dose rates were not used. 
However, comparison of these dose rates with those reported in references 36-39, 
3.0 X 10^ rad per hour for electron radiation and 2.25 x 10^ rad per hour for gamma 
radiation, suggests that the radiation effects upon Ultem reported in this paper are 
probably the ones which would occur in the geosynchronous orbital environments. 
This is because the referenced work showed that the effects of the electron and 
gamma radiation were the same.  The gamma radiation dose rate was only 10 to 100 
times that in geosynchronous orbit.  That probably was not high enough to cause an 
acceleration effect. 

Figure 11 shows the post-exposure decay in air at 125°C and 22.5°C.  The decay 
rate increased with temperature.  (No decay occurred at the temperature of liquid 
nitrogen; consequently, it was chosen as the storage temperature.)  Figure 12 shows 
that the decay was significantly faster in air than in vacuum.  This was the reason 
for storing in vacuum. 

Figure 13 shows a typical EPR spectrum for irradiated Ultem.  This spectrum is 
representative for the doses studied, in that it consists of four individual parts 
as indicated in the figure.  Each part was due to a different radical.  Each part 
was a first-derivative curve of an absorption peak; however, the four overlapped as 
shown.  The total radical density (sum of the four parts) varied with radiation dose 
as shown in figure 14; i.e., the radiation increased the radical (spin) density by 
over two orders of magnitude.  These spin densities were recorded immediately after 
the completion of each exposure.  The decay of the total spin density for all four 
radicals, at room temperature and under vacuum, is shown for a total dose of 
6.0 X 10^ rad in figure 15. 

One important use of the EPR data is to identify the radicals formed by the 
radiation.  The information extracted from the spectra - such as the total width of 
each part, the peak-to-peak widths, the electronic g-values, and the decay rates - 
contributes to the identification. 

Figures 16 and 17 combine to demonstrate an example for using decay rates for 
spin labeling.  Kapton is another polyimide, the structure of which, though very 
similar to that of Ultem, differs in that it does not have methyl pendent groups. 
In air (fig. 16), the radical decay was more rapid for Ultem than it was for Kapton. 



In vacuvim (fig. 17), the decay rate was the same for the two materials.  The dif- 
ference in air was that, for Ultem, the molecular oxygen from the air was first 
taken up by the gem-dimethyl radical to form a peroxide radical.  The peroxide 
gem-dimethyl radicals decay faster (ref. 40) than the gem-dimethyl radicals.  The 
EPR signals due to the peroxide gem-dimethyl (ref. 40) and the gem-dimethyl 
(ref. 41) are very characteristically different.  The reference values for the 
g-values and line widths were used to assign part 2 of the EPR spectrum as due to 
the gem-dimethyl radical. 

An additional ingredient for radical identification is the radical lifetime 
after the completion of exposure.  Figures 18 and 19 demonstrate that the lifetime 
of each radical was different.  From both figures, one observes that the magnitudes 
of the individual parts decayed and that the relative values of these magnitudes 
changed with time.  These observations are substantiated by the fact that the 
g-value for the sum of the four parts changed with time.  The change in the g-value 
is a guide to the amount the magnitudes of the four radical densities were changing 
with respect to each other. 

Figures 18 and 19 show that the g-value for the sum of the four parts also 
changed with dose.  This is shown more clearly in figures 20 and 21.  The g-value 
consistently increased with dose and consistently decreased with time.  Thus, 
irrespective of the initial spin densities and their distributions, the respective 
radicals each decayed in an individual manner. 

The four parts of the EPR spectrum are identified in figure 13.  Radical 1 is 
believed to be a phenoxyl (ref. 42); radical 2, as stated earlier, is a gem-dimethyl 
(refs. 40 and 41); radical 3 is a carbonyl (ref. 43); and radical 4 is a cyclohexa- 
dienyl (refs. 44 and 45).  The total line widths for these four radicals are approx- 
imately 41, 94, 108, and 160 gauss, respectively.  These four radicals are shown in 
figure 22, along with the phenyl radical and atomic hydrogen.  Although the latter 
two were not observed, they had to have been formed during the exposure.  These 
highly reactive radicals were not observed because their lifetimes were too short 
for them to have been seen (refs. 46-48).  One reason for the short lifetimes is 
that the phenyl structure has a strong affinity for hydrogen (ref. 49). 

Infrared spectra.- Infrared spectroscopy provided a fingerprinting for the 
material.  The recording of a specimen's IR spectra before and after radiation 
exposure facilitated the measuring of changes in the absorption bands of the mate- 
rial, that is, changes in atom-atom bond populations caused by the radiation.  The 
IR spectrum for nonirradiated Ultem is shown in figure 23.  The bands in figure 23 
are numbered; they are identified in table III.  The bands were identified using 
references 50-52. 

The changes which occurred upon exposure to the radiation doses are shown in 
figure 24 and listed in table IV.  The spectra in figure 24 are differences of the 
absorption bands for the Ultem specimen before and after irradiation.  A positive 
value represents an increase in the magnitude of the absorption band. 

Comparison of EPR and IR spectra.- Only the changes due to 6 x 10 rad exposure 
are discussed.  The IR C-H methyl band at 2960 cm~^ decreased because of dehydroge- 
nation of the methyl pendent group.  This is substantiated by the occurrence of the 
EPR spectra for a gem-dimethyl radical.  As noted in the discussion of the EPR spec- 
tra, an atomic hydrogen radical also had to be formed, even though it was not ob- 
served.  The hydrogen radical was not seen because it is highly reactive; it either 
forms molecular hydrogen or attaches to a phenyl site.  Molecular hydrogen is a 



typical outgassing product.  The attachment to a phenyl site was substantiated by 
the EPR data showing the formation of cyclohexadienyl radicals and by the IR data 
showing increases in the mono-substituted phenyl and in the C-H (phenyl) bands.  The 
mono-substitution was interpreted as occurring at a phenyl radical site created by 
homolytic chain scissioning of the ether linkage at the para-substituted benzene 
ring.  The phenyl radical combined with the hydrogen atom to form a mono-substituted 
phenyl structure.  The formation of the cyclohexadienyl radicals was not surprising, 
since the benzene ring does trap atomic hydrogen.  The EPR spectra included phenoxyl 
radicals (fig. 13) which were observed to decay (figs. 18 and 19).  Chemically, one 
very likely mode for this decay would be to form hydroxyl end groups; however, no 
hydroxyl formation was observed in the IR spectra.  (Of course, the hydroxyl forma- 
tion may be hard to see in the IR spectra.)  Therefore, the phenoxyl radicals most 
likely formed crosslinking bridges upon their decay. 

The formation of phenoxyl radicals and a decrease in the IR absorption band for 
ether (aromatic) were definite indications of chain scissioning at the ether link- 
age.  Which side of the ether linkage was severed is not clear.  The IR bands at 
775 cm" and 845 cm~ represent both para- and tri-substituted phenyl structures.  A 
decrease in the tri-substitution results in an increase in the ortho-substitution, 
while a decrease in the para-substitution produces mono-substitution.  There was an 
indication of a mono-substituted product because of the small increase in the band 
at 680 cm~^.  On the other hand, since the bands for ortho-substitution overlap 
those for para- and tri-substitution, any increase in ortho-substitution would not 
be detected. 

The 6 X 10 rad dose also caused a significant amount of opening of the imide 
ring as interpreted from the decreases in the absorption bands at 1780, 1720, 1355, 
and 740 cm" ,  Indeed, this would appear to have been the case because the EPR 
spectra showed a carbonyl radical.  The carbonyl radicals were probably formed by 
bond breakage between the carbonyl carbon and the phenyl carbon.  This is suggested 
by a lack of change in the C-N band.  The formation of both para- and meta- 
substituted phenyl structures can occur when the imide ring is opened in this 
manner; both products further complicate the interpretation of changes in the magni- 
tudes of the substituted-phenyl bands. 

The molecular structural changes which occurred are summarized in figure 25. 
The top line shows the two possibilities for scission at the ether linkage, along 
with dehydrogenation of the methyl group and mutual cancellation of the phenyl and 
atomic hydrogen radicals.  The center line shows the formation of the cyclohexa- 
dienyl radical, which can accompany dehydrogenation when the ether linkage remains 
intact.  The bottom line shows the carbonyl radical formed when the imide ring is 
opened.  There are two possible openings, both of which are accompanied by hydrogen 
attachment to the phenyl radical.  As one sees from figure 25, given the lack of 
availability of hydrogen, the most likely mode of decay for the carbonyl, gem- 
dimethyl, and phenoxyl radicals was crosslinking, because hydrogen attachment at 
phenyl sites prevented recombination, and because there was no evidence of hydroxyl 
end-capping. 

The interpretation of changes in tensile properties.- The changes in the aver- 
age tensile properties of the Ultem film are shown in figures 26-28. Table V lists 
additional data for these changes. The radiation reduced the tensile strength; the 
maximum change was 22 percent for 4x10 rad. The modulus changes were less than 
10 percent. The changes in elongation were larger. A 96-percent decrease occurred 
for 6x10 rad. This suggests that significant embrittlement occurred. Since the 
strength did not increase (indeed, it decreased), this embrittlement may also be 
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interpreted as a decrease in material toughness.  Figure 29 is a drawing of the 
elongations which occurred.  For nonirradiated specimens the failure was preceded 

by a localization of sample necking. 

Most of the elongation for nonirradiated Ultem is a plastic deformation. 
Therefore, it is reasonable to assume that the reduction in elongation of the 
irradiated specimens was due to a radiation-induced mechanism which reduced the 
slippage of the adjacent linear molecules relative to one another.  This is exactly 
what is shown by the IR and EPR data.  These spectroscopic data showed main-chain 
breakage at ether linkages and dehydrogenation of the methyl pendent groups.  The IR 
data showed no formation of hydroxyls, and the EPR data showed no oxygen radicals 
and no phenyl radicals.  Thus, the radicals most likely combined to form aliphatic-, 
carbonyl-, and oxygen-bridging cross linkages between molecules.  Indeed, subsequent 
solubility tests on the irradiated and nonirradiated material, using chloroform and 
tetrachloroethane, showed that the radiation caused massive crosslinking.   This 
crosslinking was the cause of embrittlement.  Some of the oxygen bridges were most 
likely peroxide structures.  Since the oxygen-oxygen bond is several times weaker 
than the oxygen-carbon bond, which was severed at two sites in order to form the 
peroxide linkage, the resulting molecular structure is weaker.  This weaker struc- 
ture would contribute, in part, to the decrease in tensile strength. 

A potential contribution to the smaller decrease in tensile strength at the 
highest dose can be argued on the basis of the observations from the IR and EPR data 
that the imide ring was opened at higher doses.  The crosslinking formed by the 
dangling side of the carbonyl structure would lead to ladder crosslinking, which is 
both strong and rigid.  Hence, the net effect of both the peroxide and the ladder 
crosslinking would be less change in the tensile strength. 

Another effect of the ladder structure would be an increase in the modulus. 
This is because the ladder crosslinking would increase the load required for an 
elastic deformation.  Indeed, there is an increase in modulus, although a small one, 
at the 6x10^ rad dose. 

Perhaps the most significant observation to be made from the mechanical data is 
that considerable embrittlement occurred along with a decrease in ultimate strength. 
This results in a less tough resin. 

CONCLUDING REMARKS 

The effects of 100-keV electron radiation on Ultem, a polyetherimide, were 
studied for doses from 2 x 10^ to 6 x 10 rad.  Specimens for tensile property 
testing and for electron paramagnetic resonance and infrared spectroscopic measure- 
ments of molecular structure were studied.  The spectroscopic data were used to 
determine the effects of radiation on molecular structure, and these effects were 
used to understand the radiation-generated changes in tensile properties. 

The tensile data showed extensive embrittlement due to the crosslinking. 
Some decrease in strength also occurred, perhaps because the crosslinking consisted 

^The authors wish to thank Dr. Vernon L. Bell, Langley Research Center, for 
suggesting the solubility tests and for providing time and facilities to perform 
them. 
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of bonds, such as peroxides, that were weaker than the original ones broken by the 
radiation.  Ihe embrittlement and decreased strength caused a radiation product 
which is less tough than the original material. 

The spectroscopic data showed that radiation caused dehydrogenation of methyl 
groups, rupture of main-chain ether linkage, and opening of imide rings, all to form 
radicals.  The spectroscopic data also indicated that the so-formed atomic hydrogen 
attached to phenyl radicals, but not to phenoxyl radicals which would have formed 
hydroxyls.  Therefore, the observed decays of the radiation-generated phenoxyl, gem- 
dimethyl, and carbonyl radicals were interpreted as a combining of the radicals to 
form crosslinking.  This crosslinking is the probable cause of the major reduction 
in the elongation of the irradiated tensile specimens.  The tensile testing showed a 
22-percent decrease in tensile strength, a 96-percent decrease in strain to failure, 
and an 8- to 10-percent increase in modulus for the 6 x 10^ rad dose.  Subsequent 
classical solubility tests indicated that the irradiation did cause massive 
crosslinking. 

NASA Langley Research Center 
Hampton, VA 23665 
January 31, 1985 
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TABLE I.- TENSILE PROPERTIES FOR MINIATURE AND FULL-SIZE SPECIMENS USING ASTM 
TEST METHOD D882 

Material 

Modulus, 
10^ psi 

Elongation, 
% 

Ultimate stress, 
10^ psi 

Miniature Full size Miniature Pull size Miniature Full size 

Kapton 

PI 700 

4.72 ± 0.13 

3.88 ± 0.31 

4.89 ± 0.12 

3.89 ± 0.20 

78 ± 5.0 

31 ± 4.0 

65 ± 4.0 

59 ± 7.0 

3.00 ± 0.02 

2.12 ± 0.01 

2.70 ± 0.02 

1 .78 ± 0.01 

TABLE II.- TENSILE PROPERTIES FOR ULTEM FILM 

Source 
(ASTM Standard) 

Modulus, 
10^ psi 

Elongation, 
% 

Ultimate stress, 
10'^ psi 

Miniature 
(882) 

Manufacturer^ 
(638) 

4.27 ± 0.12 

4.30 

127 ± 0.07 

60 

1.72 ± 0.07 

1.52 

Manufacturer's data provided only average values. 
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TABLE III.- IDEiaTIFICATION OF THE INFRARED ABSORPTION BANDS OF ULTEM 

Band Wave 
niomber number, cm~^ Bond Reference 

1 3060 C-H (phenyl) 50 (p. 116) 
2 2960 C-H (methyl) 50 (p. 116) 
3 1780 C=0 pair (asymmetric) 50 (p. 155) 
4 1720 C=0 pair (symmetric) 50 (P' 155) 
5 1600 C-C (phenyl) 51 (p. 52) 
6 1500, 1480 C-C (phenyl) 51 (p. 52) 
7 1445 -CH3 50 (p. 99) 
8 1355 -CH3; C-N 50 (p. 99); 51 (p. 65) 
9 1270, 1235 -0- (aromatic) 50 (p. 140) 

10 1100 C-N 50 (p. 147) 
11 1015 -0- (acyclic) 50 (p. 140); 51 (p. 60)' 
12 920 Phenyl (tri-substituted) 51 (p. 54) 
13 845 Phenyl (para- or tri-substituted) 50 (p. 115); 51 (p. 54) 
14 775 Phenyl (para- or tri-substituted) 51 (p. 54) 
15 740 Imide ring 52 (p. 31) 
16 680 Phenyl (mono-substituted) 51 (p. 54) 
17 625 -CH3 50 (p. 110) 

TABLE IV.- CHANGES IN ABSORPTION BAND MAGNITUDES OF ULTEM DUE TO RADIATION EXPOSURE 

Infrared band Change 

C-H (phenyl) Increase 
C-H (methyl) Decrease 
C=0 No change (1.6 x 10^ and 4.0 

Q 
Decrease (6.0 x 10  rad) 

X 10^ rad) 

Ether (aromatic) Decrease 
C-N No change 
Tri- and di-substituted phenyl Decrease 
Mono-substituted phenyl Increase 
Imide ring No change (1.6 x 10^ and 4.0 

Q 
Decrease (6.0 x 19 rad) 

X 10^ rad) 
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TABLE v.- TENSILE PROPERTIES OF IRRADIATED ULTEM SPECIMENS 

Dose, 
10^ rad 

Ultimate 
stress, 
10"* psi 

Modulus, 
10^ psi 

Elongation 
to failure, 

% 

1 .6 
4.0 
6.0 

1 .58 ± 0.96 
1.36 ± 0.08 
1.49 ± 0.15 

4.01 ± 0.49 
4.33 ± 0.29 
4.67 ± 0.57 

112  ± 7.1 
11.5 ± 1 .0 
8.1 ± 1.3 
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Figure 1.- Cross-sectional drawing of Faraday cup. 
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Figure 2.- Molecular structure of nonirradiated Ultem. 
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TEFLON-COATED 
GUIDE BAR 

GLASS 

TRUCK 

RAZOR 
BLADES 

Figure 3.- Fixture for cutting strips from film for mechanical 
and electron paramagnetic resonance specimens. 

RAZOR BLADE 
(A second blade was mounted on the cutting bar's opposite side.) 

ALIGNMENT BAR FILM STRIP 

XUniNG BAR   ^^       y ^LASS 

TEFLON-COATED 
GUIDE BLOCK 

Figure 4.- Fixture for preparing the lengths of the electron paramagnetic 
resonance specimens. 
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MECHANICAL SPECIMEN 

METAL FRAME 

Figure 5.- Configuration of mounting mechanical specimens for 
radiation exposure. 

ELECTRON PARAMAGNETIC RESONANCE SPECIMEN 

WIRE 

METAL STRIP 

Figure 6.- Configuration of mounting electron paramagnetic resonance 
specimens for radiation exposure. 
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MEASURED 
TOTAL DOSE, 

10^ rad 

12 3 4 5 

FARADAY CUP CURRENT, 10"^ ampere 

Figure 7.- Relation of Faraday cup current to radiation dose for NBS-standard 
nylon film, 1-minute exposures. 
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Figure 8.- Configuration for remote infrared monitoring of 
specimen temperature. 
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Figure 9.- Specimen temperatures as measured remotely by infrared method 
for selected dose rates. 
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Figure 11.- Radical decay at 22°C and 125°C for irradiated Ultem in air. 
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Time - 4 min after exposure 

160 G 

Figure 13.- Identification of radicals in irradiated Ultem, under vacuum. 
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Figure 15, Radical decay in vacuum as a function of time at 22°C 
for irradiated Ultem. 
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Figure 16.- Radical decay at 22°C in air for irradiated Ultem 
and irradiated Kapton. 
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Figure 17.- Radical decay at 22°C in vacuum for irradiated Ultem 
and irradiated Kapton. 
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Figure 18.- Relative decay in vacuum at 22°C of radicals in irradiated Ultem, 
1.6 X 10 rad dose. 
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Figure 19.- Relative decay in vacuum at 22°C of radicals in irradiated Ultem, 
6.0 X 10^ rad dose. 
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Figure 20.- Comparison for two radiation doses of the radical distribution in 
Ultem after 20 minutes of decay in vacuum at 22°C. 
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Figure  21.- Comparison for  two radiation doses  of  the radical distribution in 
Ultem after one day of decay in vacuum at  22°C. 
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Figure 22.- Identification of structures of radicals in irradiated Ultem, 
under vacuum. 
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Figure 23.- Infrared spectrum for nonirradiated Ultem. 
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Figure 24.- Infrared difference spectra for Ultem before and after irradiation 
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Figure 25.- A proposed model for radiation effects on the molecular structure 
of Ultem, in vacuum. 
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Figure 26.- Change in ultimate tensile stress of Ultem with radiation dose. 
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Figure 27.- Change in tensile modulus of Ultem with radiation. 
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Figure 28.- Change in elongation to failure of Ultem with radiation. 
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