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GLOSSARY

e-transition - the glass transition

aromatic ether linkage - ether linkage connected to a
benzene ring

backbone of a polymer - the primary chain of the polymer,
does not include pendant groups

. H H H H
benzene ring - C.H, -
66 \C=c/ \C—c/
/ N\ 4 A\
H-C C-H <— H-C C—H
A\ 4 \ /
rd N\ /
H H H H
carbonyl group -
0
]
_C_

chain scissioning - the permanent division of a molecular
chain into pieces of lower molecular
weiqht

coupling constant - hyperfine splitting constant

crosslinking - the formation of bonds between neighboring
molecular chains

cyclohexadienyl - a benzene ring with an additional

hydrogen



dissipation factor - the tangent of the phase angle between
the applied electric field and the dielectric
displacement in a material; a larger
dissipation factor corresponds to a larger
dissipation of energy

disubstituted - having two substitutions on the molecular
group

EPR - electron paramagnetic resonance
equivalent nuclei - see magnetically equivalent nuclei

ether linkage - an oxygen atom link with single bonds
between portions of a molecular chain

R-0-R

free volume (v.) ~ voids present in a material which are
not attributable to the molecular vibrations;
the amount of free volume is constant below the
glass transition temperature (see eq. (3.2))

g-factor - a dimensionless constant of proportionality
relating the electronic spin to the magnetic
moment (see eq. (4.1), eq. (4.17))

g-value - g-factor

glass transition temperature (T,) - as the temperature of a-
viscous liquid is decfeased, the glass transition
temperature is the temperature at which the
viscosity becomes so large that the molecules are
rigidly fixed in place

hopping distance - the distance between two nearest-
neighbor hopping sites

hopping parameter (d.) - a parameter dependent upon the
molecules 1nvolved, which is an indication of the
extent of the localized electronic wavefunction
(see eq. (6.2), eq. (6.18))

hopping sites - locations in the material where appropriate
localized electronic wavefunctions exist,
such that some transfer of electrons
between sites ("hopping"”) may occur

hyperfine coupling constant - hyperfine splitting constant
hyperfine lines - resonant absorption lines in an EPR

spectrum which have been separated due to
hyperfine splitting

vi
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hyperfine splitting constant - a constant of
proportionality indicating the strength of the
interaction between the electron spin and the
nuclear spin (see eq. (4.18)); measured in units
of gauss from the separation between hyperfine
lines of the EPR spectrum (see Fig. 16)

imide ring -

0
1
R-C,
BN
C
I
0
jump distance - hopping distance
Kapton® - a polyimide manufactured by du Pont de Nemours,
Inc.
0 0
1] "
c

OO

n

z

PIRN
o O

~ 7

o=
o=

magnetically equivalent nuclei - nuclei in a radical which
all have the same value of the hyperfine
splitting constant

meta - (see phenyl radical)

methyl - radical derived from CHy by removal of one
hydrogen atom

molecular doping - the addition of smaller molecules to a
polymer matrix

monosubstituted - having one substitution on the molecular
group

morphology - the structure of the polymeric material

vii



Mylar® - a polyethylene terephthalate (PET) manufactured by
du pont de Nemours, Inc.

H H 0 0
b ] "
—0-C—-C~-0-C C—
(. n
H H
neutrons
nvt - ——5————-»(exposure time in seconds)
cme-sec
organic radicals - radicals containing carbon atoms
ortho - (see phenyl radical)
para - (see phenyl radical)

pendant groups - molecular groups which are attached to the
polymer molecule but which are not
included in the backbone chain

peroxy radical - radical of the form -0 -0

PET - polyethylene terephthalate

phenoxyl - a benzene ring with the substitution of one
oxygen atom for a hydrogen atom .

phenyl radical - a benzene ring with one hydrogen atom
removed. Substitutions on the remaining
hydrogen atom positions would be labelled
ortho- (o), meta- (m), and para- (p) as

shown:

e [
o (o]
m m

phonon - a quantum of vibrational enerqgy

viii



polyetherimide - a polymer containing ether linkages and
imide groups (see Ultem)

polyethylene - a polymer composed of ethylene groups:

H H
o
I
H ow’/"

polyethylene terephthalate (PET) - generic chemical name
for polymers with the repeat unit shown for
Mylar

polyimide - polymer containing imide rings

polymer - a long molecular chain consisting of many
identical molecular segments bonded together

quartet - a set of four hyperfine lines due to one radical
rad - a unit of absorbed dose of ionizing radiation equal

to 100 ergs of energy absorbed per gram of
irradiated material

rad, water equivalent - the dose in rad which would be

absorbed by a mass of water equal to the mass of
the irradiated material

radical - an atom or group of atoms containing an unpaired
electron

radical decay - the elimination of radicals through the
formation of chemical bonds

radical density - number of radicals present in a material
per unit volume

repeat unit - structural unit of polymer chain; many
identical repeat units are bonded together to
form the complete polymer molecule

self-mending - original bonds of a molecule are reformed
after having been broken due to irradiation

side groups - pendant groups

splitting constant - hyperfine splitting constant

ix



substitution - the replacement of an atom or group from a
site on the molecule by ancther atom or

group (the hydrogen atoms are frequently
replaced on benzene rings)

Tg - glass transition temperature

trisubstituted - having three substitutions on a
molecular group

Ultem® - a polyetherimide manufactured by General Electric
g 2
] CH
Ao | j@o—@[%_@_
\C ? ﬁ’
1
0 CH, 0 "

unpaired electron spin - an electron spin which is not

coupled to any other electron spin, therefore
having § = 1/2

wing structure - weak lines in an EPR spectrum somewhat

removed from the primary lines of the
spectrum
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STUDIES OF MOLECULAR PROPERTIES OF POLYMERIC MATERIALS

By

W.L. Harriesl, S.A.T. Long2, and E.R. Long Jr.?2

1. INTRODUCTION

The report describes the experimental effort carried out at NASA
Langley Research Center in a cooperative agreement between 0ld Dominion
University and the Materials Division of NASA. The period covered is from
1 November 1984 to 31 October 1989. The personnel from 0ld Dominion
include the author, four graduate research assistants namely Heidi R. Ries,
Cynthia A. Bradbury, Kristen T. Kern and Philip C. Stancil, and three
research assistants, namely Stephanie L. Gray, William D. Collins and
Nicole K. Vogelsang.

The purpose of the work was to study aerospace eﬁvironmental effects
on polymeric and composite materials considered for structural use in
spacecraft and advanced aircraft. In addition to providing information on
the behavior of the materials, attemps would be made to relate the
measurements to the molecular processes occurring in the material.

The report is organized as follows. A summary and overview of the
technical aspects is given in Section 2. The work has resulted in a series
of papers, theses and talks which are listed in Section 3 under
Accomplishments. The titles of the nine papers of which six are refereed
are given in Section 3.1 and the actual papers are included in Appendices A

through I. In addition, the Appendices J and K show work written up during

lprofessor, Department of Physics, 0ld Dominion University, Norfolk,
Virginia 23529.

2Materials Division, NASA Langley Research Center, Hampton, Virginia
23665-5225



{

i

the period, but which was not published until April 1990. Appendix L
describes preliminary work started on an Adhesive Program which continues.
Section 3.1 is then chronological. Section 3.2 shows the two theses and
degrees conferred together with summaries of the theses. The work in the
theses has been incorporated into the papers mentioned previously. Section
3.3 lists the fifteen presentations and their literature references.

Section 4 includes a technical discussion and summarizes the results
enumerated in Section 3. Overall conclusions are given in Section 5.

A glossary of technical terms and definitions compiled by H.R. Ries is

included in the front matter.



2. OVERVIEW OF THE PROGRAM
2.1 The Aerospace Environment

The aerospace environmental effects considered are:

(1) Electron radiation; here the experiments utilize 0.1 and 1 MeV
electrons at various doses and dose rates,

(2) Effect of thermal cycling.

(3) Effect of aircraft fluids.

(4) Effect of atomic oxygen.

2.2 Aerospace Materials Investigated
The program can be divided into three different categories according
to the type of materials investigated and the effects of the aerospace
environment:

(1) Studies of the properties of various polymers (befor;
irradiation) either neat or metal doped which would be useful for
aerospace applications.

(2) The effect of the aerospace environment on certain polymers
(Mylar, Kapton, Ultem) and/or composite materials.

(3) The study of polymer matrices and carbon fibers in composite
materials, and the behavior of adhesives--essentially an
interface study

The work done under these subheadings is discussed in Section 4 in

the above order.
2.3 Experimental Apparatus and Techniques Used
The following experimental techniques were used:
(1) Electrical D.C. and A.C. measurements--yleld information on

electrical resistivity, losses, capacitance etc.



(2)

(3)

(4)

(3)

(6)

7

(8)

(9

Multiple internal reflection infrared spectroscopy--information
on chemical bonds.

Diffuse reflection Fourier-Transform infrared spectroscopy--
chemical bonds (preliminary work only).

Electron paramagnetic resonance--measures density of free
radicals which are created when molecular bonds are broken by
radiation.

Mechanical testing--ultimate stress, modulus, total elongation to
failure.

Dynamical mechanical analysis--dynamic loss modulus, storage
modulus, loss tangent, and variations with temperature to give Tg
glass transition temperature,.

Solubility measurements--indicatg differences in number of cross-
links before and after radiation.

Spectroscopic techniques--indicate which materials are given off
from surfaces under influence of atomic oxygen.

Mass loss measurements--used in atomic oxygen studies
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3. ACCOMPLISHMENTS
3.1 Papers (Refereed *)

*nStudies of Molecular Properties of Polymeric Materials--Aerospace
Environmental Effects on Three Linear Polymers," Wynford L. Harries, Heidi
R. Ries, Cynthia A. Bradbury, Stephanie L. Gray, William D. Collins, Sheila
Ann T. Long and Edward R. Long Jr., NASA-TM-87532, Final Report for the
period 1 November 1984 through 31 October 1985, (Appendix A)

"Electron-Radiation Induced Molecular Changes in a Polyetherimide
Film," Stephanie L. Gray, Proceedings of the Virginia Junior Academy of
Science 23, 313, (May 1985). (Appendix B)

"Radio-Frequency Electrical Properties of Some Neat and Metal-doped
Polyimides," Edward R. Long Jr., Sheila Ann T. Long, Heidi R. Ries and
Wynford L. Harries, Conference Record 1986 International Symposium on
Electrical Insulation, Washington D.C., June 9-11, 1986. (Appendix C)

*nElectron-radiation Effects on the A.C. and D.C. Electrical
Properties and Unpaired Electron Densities of Three Aerospace Polymers,"
Sheila Ann T. Long, Edward R. Long Jr., Heidi R. Ries and Wynford L.
Harries, IEEE Transactions on Nuclear Science Vol. NS-33, No. 6, 1390
(December 1986). (Appendix D)

*nThe Effects of Fluids in the Aircraft Environment on a
Polyetherimide," Edward R. Long Jr., and William D. Collins, Polymer
Engineering and Science, Vol. 28, No. 12, 823 (June 1988). (Appendix E)

*nEffects of Postcuring on Mechanical Properties of Pultruded Fiber-
Reinforced Epoxy Composites and the Neat Resin," Edward R. Long Jr., Sheila
Ann T. Long, William D. Collins, Stephanie L. Gray and Joan G. Funk.
Society for the Advancement of Material and Process Engineering Quarterly

Journal, Vol. 20, No. 3, 9, (April 1989). (Appendix F)



*nAbsorbed Dose Thresholds and Absorbed Dose Rate Limitations for
Studies of Electron Radiation Effects on Polyetherimides," Edward R. Long
Jr., Sheila Ann T. Long, Stephanie L. Gray and William D. Collins, NASA
Technical Paper 2928, July 1989. (Appendix G)

*nMechanism of Electrical conductivity in an Irradiated Polyimide,"
H.R. Ries, W.L. Harries, S.A.T. Long and E.R. Long Jr., J. Phys. Chen.
Solids, Vol. 50, No. 7, 735 (1989). (Appendix H)

"Dynamic Mechanical Analysis of Polymeric Materials," Kristen T. Kern,
Wynford L. Harries and Sheila Ann T. Long, National Educators Workshop,
New: Update 1989--Standard Experiments in Engineering Materials Science and
Technology. NASA Langley Research Center, Hampton Virginia 17-19 October

1989. (Appendix I)



3.2 Theses and Degrees Conferred
H.R. Ries, "Studies of Radiation Effects in Three High Polymers,"
Ph.D. Thesis, 0ld Dominion University, 13 February 1987.

Ms. Ries received the degree of Ph.D. May 1987.

Cynthia Anne Bradbury, "The Effects of Low Doses (1 to 500 kilograys)
of 100-keV Electrons on Four Polymers." Masters Thesis, 0ld Dominion
University, Norfolk, Virginia, August 1988.

Ms. Bradbury received the degree of M.S. August 1988.

3.3 Abstracts of Theses
STUDIES OF RADIATION EFFECTS IN THREE HIGH POLYMERS
Heidi Rene-Mitchell Ries
0ld Dominion University, 1987
Director: Dr. Wynford L. Harries
Three high polymers, Mylar®, Ultem®, and Kapton®, were

irradiated to total doses of 1, 5, and 9.5 gigarad using 1-MeV electrons.
The glass transition temperatures (Tg) of the materials before and after
irradiation were measured using an AC electrical dissipation factor
technique. From the Tg data, it was found that the electron radiation at
these total doses results in net chain scissioning in Mylar and net
crosslinking in Ultem, while self-mending is predominant in Kapton. The
dielectric constant was measured before and after irradiation, but no

' significant changes due to irradiatlion were observed. Electron



paramagnetic resonance (EPR) was used to determine the total organic
radical densities in the materials 0.5 hr after irradiation. Total organic
radical densities of approximately 1018 spins/g were recorded in all threce
materials. Additional postirradiation EPR radical density measurements
were made at later times to determine the radical decay rates. The radical
decay rates were highly varied and did not conform to first-order or
second-order decay kinetics, due to the simultaneous presence of several
different radical species. Utilizing the EPR spectra, postirradiation
radical identifications were made for all three materials. The predominant
radicals in Mylar were a phenyl radical and a carbonyl radical, both
resulting from a main chain C-C bond scission. 1In Ultem, an ethylene

radical due to a C-C bond scission in the crosslinked material is observed.

In Kapton, phenyl and phenoxyl radicals are present resulting from the

scission of an ether linkage. Ketone radicals due to the opening of imide
rings are also present in Kapton. At long postirradiation times, peroxy
radicals are present in all three materials. DC conductivity was measured
before and 0.5 hr after irradiation, as well as at longer postirradiation
times. Kapton exhibited a 5-order of magnitude increase in conductivity
following irradiation, whereas Mylar and Ultem showed no significant
change. A hopping model of conductivity, with radicals as hopping sites,
is proposed to relate the postirradiation DC conductivity and total

postirradiation organic radical density in Kapton.



THE EFFECTS OF LOW DOSES (1 TO 500 KILOGRAYS)
OF 100-KEV ELECTRONS ON FOUR POLYMERS

Cynthia Anne Bradbury
01d Dominion University, 1988
Director: W.L. Harrlies
Commercial films of polyetherimide (PEI), polyethereretherimide

(PEEI), polyethylene terephthalate (PET), and polycarbonate (PC) were
exposed in vacuum to 100-keV electron radiation to total absorbed doses of
1, 10, 100, 300, and 500 kilograys. The concentration of radiation-
generated radicals, as measured by electron paramagnetic resonance (EPR),
increased by over an order of magnitude in all four polymers.
Correspondingly, the intensity of the infrared absorption peaks increased
uniformly for all doses. Solubility tests resulted in decreased
solubility in all polymers. IR, EPR, and solubility suggest
dehydrogenation of the aliphatic C-H and phenyl C-H sites. The data

indicated that cross linking is occurring in all polymers tested.



3.4 Talks and Abstracts
Stephanie L. Gray: "Electron-Radiation Induced Molecular Changes in a
Polyetherimide Film." Virginia Junior Academy of Science, 44th Annual
Meeting, College of William and Mary, Williamsburg, Virginia, May 14-
18, 1985.
Proceedings of the Virginia Academy of Science, Vol. 23 pp 313-323,
May 1985.
William D. Collins: "A Study of the Effects of Fluid Environments on
the Physical and Mechanical Properties of ULTEM Resin." Virginia
Junior Academy of Science, 44th Annual Meeting, College of William and
Mary, Willimasburg, Virginia, May 14-18, 1985.
Proceedings of the Virginia Academy of Science, Vol 23, 324-327, May
1985. |
H.R. Ries, W.L. Harries, S.A.T. Long, and E.R. Long Jr., "Electrical
Property Study of Radiation-Generated Homolytic Bond Cleavage in Three
High Polymers." Presented at the Division of High Polymer Physics
Meeting of the American Physical society, March 31 - April 4, 1986,
Las Vegas, Nevada.
Bull. Am. Phys. Soc., Vol. 31, No. 3, 464, March 1986.
S.A.T. Long, E.R. Long Jr., H.R. Ries and W.L. Harries, "Electron-
Radiation Effects on the Electrical Conductivities and Unpaired
Electron Densities of Three Aerospace Polymers." Presented at the
1986 IEEE Nuclear, Space, and Radiation Effects Conference, July 20-
23, 1986, Providence, Rhode Island.
(See paper, Appendix D). IEEE Transactions of Nuclear Science, Vol.

NS-33, No. 6, 1390, December 1986.
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E.R. Long Jr., S.A.T. Long, H.R. Ries and W.L. Harries, "Radio-
frequency Electrical Properties of Some Neat and Metal-Doped
Polyimides." Presented at the 1986 IEEE International Symposium on
Electrical Insulation, June 9-11, 1986, Washington, D.C.

See paper, Conference Record of the 1986 International Symposium on
Electrical Insulation, Appendix C.

S.A.T. Long, E.R. Long Jr., S.L. Gray and W.D. Collins, "Total Dose
and Dose Rate Effects in Electron-Irradiated Polyetherimide.™
Presented at 1987 Regular Meeting of the Division of High Polymer
Physics of the American Physical Society, March 16-20, 1986, New York,
New York.

Bull. Am. Phys. Soc. 32, No. 3, 705, March 1987.

H.R. Ries, C.A. Bradbury, W.L. Harries, S.A.T. Long and E.R. Long Jr.,
"Electron paramagnetic Resonance and Infrared Spectroscopic Analyses
of Electron-Irradiated Polyethylene Terephthalate." Presented at the
1986 Annual Meeting of the Southeastern Section of the American
Physical Society, November 20-22, 1986, Williamsburg, Virginia.

Bull. Am. Phys. Soc. 31, 1771, (1986).

C.A. Bradbury, W.L. Harries, E.R. Long Jr. and S.A.T. Long,
"Improvement of ATR IR Spectroscopy for Use with Solid Samples.™
Presented at the 1986 Annual Meeting of the Southeastern Section of
the American Physical Society, November 20-22, 1986, Williamsburg,
Virginia.

Bull. Am. Phys. Soc. 31, 1771 (1986).

H.R. Ries, S.A.T. Long, E.R. Long Jr. and W.L. Harries, "EPR and DC

Conductivity Analysis of an Electron-Irradiated Polymide.™ 1987

11



10.

11.

12.

13.

Spring General Meeting of the American Physical Society, Crystal City,
Virginia, April 20-23, 1987.

Bull. Am. Phys. Soc. 32. 1021 (1987).

C.A. Bradbury, W.L. Harries, S.A.T. Long and E.R. Long Jr., "Damage
Effects of Threshold Doses of Electron Radiation on PEI, PEEI, PET and
PC." 1987 Annual Meeting of the Division of Atomic, Molecular and
Optical Physics Division of the American Physical Society, Cambridge,
Massachusettes, May 18-20, 1987,

Bull. Am. Phys. Soc. 32, 1272 (1987).

S.A.T. Long, E.R. Long Jr., L.M. Parks, S.L. Gray, "Effects of Low
Absorbed Doses of Electron Radiation on Five Thermoplastics."” 1988
Annual Meeting of the Southeastern Section of the American Physical
Society, Raleigh, North Carolina, November 10-12, 1988.

Bull. Am. Phys. Soc. 33, No. 10, 2211, November 1988.

S.A.T. Long, E.R. Long Jr., S.L. Gray, W.D. Collins and L.M. Parks,
"Effects of Postcuring on Moisture Absorption in Epoxy, Carbon-Epoxy,
and Glass-Epoxy." 1988 Annual Meeting of the Southeastern Section of
the American Physical Society, Raleigh, North Carolina, November 10-
12, 1988.

Bull. Am. Phys. Soc. 33, No. 10, 2211, November 1988.

K.T. Kern, K.M. Brown, Craig A. Hoogstraten, S.A.T. Long and W.L.
Harries, "Space Environmental Effects on Aerospace Adhesives." 1989
Annual Joint Meeting of the American Physical Society and the American
Association of Physics Teachers, San Francisco, California, January
15-19, 1989.

Bull. Am. Phys. Soc. 34, No. 1, 83, January 1989.

12



14.

15.

P.C. Stancil, S.A.T. Long, E.R. Long Jr. and W.L. Harries, "Low-Earth
Orbit Atomic Oxygen Environment Simulation by Radio-Frequency
Discharge." Presented at the Seventh American Physical Society
Topical Conference on Atomic Processes in Plasmas, Gaithersburg,
Maryland, October 2-5, 1989.

K.T. Kern, W.L. Harries and S.A.T. Long, "Dynamic Mechanical Analysis
of Polymeric Materials." Presented at the National Educators’
Workshop: Update 1989. October 17-19, 1989 at NASA Langley Research

Center, Hampton, Virginia. See paper, Appendix I.
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4., TECHNICAL DISCUSSION

The technical discussion will follow the format of Section 2.2. The
substance of the report is contained in the papers in the appendices which
have been recorded chronologically, and the purpose of this section is to
provide guideposts to the relevant materials. It will be found that
Appendix A will be useful in defining the purpose and describing the
experimental tests in some detail. The papers are self-contained, each
with its own list of references.

4.1 Studies of the Properties of Various Polymers
Either Neat or Metal Doped
and of Epoxy-Carbon Fiber Composites

To see whether certain polymers could be used for aerospace
applications, study of the electrical properties of Mylar®, Kapton®,
and Ultem® are reported in Appendices A and C. The latter reports
results on the resistivity, capacitance, inductance and dissipation factors
for these materials, as well as the effects of changes of temperature. The
materials were studied both in their pure form and also with metal
dopants.

The effects of postcuring on the mechanical properties of pultruded
fiber-reinforced epoxy composites and the neat resin is relevant to the
manufacturing processes for these materials and is discussed in
Appendix F.

4.2 Effect of the Aerospace Environment
on Various Polymers and Composites

The polymers studied were Mylar®, Kapton® and Ultem®. The

studies are now subdivided according to the type of environmental effect.

14



4.2.1 Electron Radiation

Electron radiation at 0.1 and 1 MeV was available at NASA. The effect
of electrons is described in Appendix B. Electron paramagnetic resonance
measurements were made of the radical densities and their decay measured
versus time. The decay was possibly due to cross-linking, a suggestion
supported by a decrease in solubility with time.

The effects of electron radiation at 1 MeV on the polymers Mylar®,
Ultem® and Kapton® are reported in Appendix D, and the unpaired
electron densities (from EPR) and d.c. electrical properties were monitored
versus time after exposures. A preliminary model relating the d.c.
conductivity to the unpaired electron density in Kapton was proposed. The
model was later published under the title "Mechanism of Electrical
Conductivity in an Irradiated Polyimide," and is shown in Appendix H.
Further studies of absorbed dose thresholds and absorbed dose rates of
electron radiation on Ultem are described in Appendix G. Here, EPR
measurements and tensile tests were made, and a model based on homolytic
scissioning of the linear molecular structure, followed by subsequent cross
linking was discussed to explain the changes in the tensile strength.

The effects of electron radiation and thermal cycling on sized and
unsized carbon fiber-polyetherimide composites are studied in Appendix J.
This study is essentially of the interface between fibers and the matrix, a
matter of importance in aerospace materials. Further interface studies are
given in Appendix L--The Adhesives Program. Appendix J was written up
during the period of the cooperative agreement and the paper shown is the
version submitted for "Polymer Preprints” for the American Chemical Society

Spring Meeting, 1990, in which it was published April 1990,
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One of the experimental techniques used in Appendix K was Dynamical
Mechanical Analysis, and a paper on the method is shown in Appendix I,
which was presented in the National Educators Workshop at Langley October
17-19, 1989. It must be emphasized that this is a simplified version of
the actual system where torsion, not extension, was applied, but it is
useful for outlining the basic principles.

4.2.2 Thermal Cycling

Throughout the work, whenever the effect of electron radiation was
studied, the effect of thermal cycling was also investigated. The results
for polymers and composites under the four conditions--no exposure, exposed
to electron radiation, exposed to thermal cycling and exposed to electron
radiation plus thermal cycling usually appears in the same appendices. The
results of thermal cycling therefore appear in Appendices A, B, I, J and
L.

4.2.3 Effects of Fluids in the Aircraft Environment

Materials used in aerospace vehicles will be subjected to the effects
of various fluids, namely water, JP4 jet fuel, ethylene glycol and hydrau-
lic fluid. Studies of an Ultem and Ultem-fiber composite showed only
hydraulic fluid caused erosion, but water and hydraulic fluid affected the
flexural properties of the composite, due to capillary absorption along the
resin-fiber interface. Details are given in Appendix E.

4.2.4 Effects of Atomic Oxygen

An important consideration for vehicles in Low Earth Orbit (LEO) is
the effect of atomic oxygen (AO) which is highly reactive with many
materials currently used and intended for future use in space applications.

Shuttle flight experiments have shown dramatic deterioration of many

16
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polymers, and as a result, the development of Earth-based AO simulation
facilities has become a major research endeavor.

An extensive survey of the literature relating to AO was conducted.
Focus points included: atmospheric characteristics at LEO, Shuttle flight
experiments, developments of AO simulators, and mechanisms of A0 interac-
tions.

The method of A0 production for LEO simulation is a hotly debated
subject and several oxygen beam apparati are being developed elsewhere.
The use of an oxygen plasma created by a radio-frequency (RF) discharge
(commonly called an Asher) has been shown to produce material degradation
comparable to Shuttle flight experiments and such an apparatus was used at
Langley. Determination of the plasma constituents was the first step in
the investigation.

Analysis of atomic/molecular spectra has yielded information on the
atomic species present, whether ionized or neutral, whether excited or
ground states, as well as trace contaminants and molecular species. The
results are given in detail in Appendix K which shows the write-up
submitted for publication in the American Chemical Society Spring Meeting
(published April 1990). Unfortunately, it has been decided that the work

on oxygen will be discontinued at NASA Langley.

5. CONCLUSIONS

The work reported relates how the aerospace environment (high energy

_electrons, thermal cycling, atomic oxygen, aircraft fluids) affects certain

polymers used in the aerospace industry (Mylar, Ultem, Kapton) and outlines
the experimental techniques used. The work on atomic oxygen is to be

discontinued at Langley, but work on the other aspects continues under a

17
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new Cooperative Agreement NCCI-139. The appendices give the macroscopic
effects useful for designers of space vehicles and also in several
instances relate these results to the molecular parameters of the materials
(crosslinking, scissioning, type of chemical erosion). An explanation of

electrical conductivity in irradiated polymers is also given.
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ABSTRACT
The development of crystal handling techniques for reflection
infrared spectroscopy and methods for the fabrication and testing
of tensile specimens are discussed.
Data from mechanical, AC and DC electrical, and electron
paramagnetic resonance studies conducted to determine the effects
of 0.1-MeV and 1.0-MeV electron radiation omn Mylat®, Kaptor@, Ulten@,
and metal-doped Ultem are presented. Total doses ranging from 1 X 108
rads to 1 X 1010 rads and dose rates from 5 X 107 rads/hr to 1 X 109
rads/hr were employed.
The results of a study on the effects of aircraft
gervice-environment fluids on Ultem are also reported. The weights
and mechanical properties of Ultem were evaluated before and after

exposure to water, JP4, Skydrofgz an antifreeze, and a paint

stripper.
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STUDIES OF MOLECULAR PROPERTIES OF POLYMERIC MATERIALS

Aerospace Environmental Effects on Three Linear Polymers

I. INTRODUCTION AND PURPOSE

The purpose of this work is to study aerospace environmental
effects on polymeric materials. The polymers under study are being
considered for use as structural materials for spacecraft and advanced
aircraft. It is necessary to understand the durability of these
polymers to the environment in which they are to be used.

In the geosynchronous space environment,rmateriala are constantly
being bombarded by electron radiation. The interaction between the
material and the radiation causes changes in the molecular structure.
These changes may alter the functional properties of the material.
Electron beams with energies of 0.1-MeV and 1.0-MeV are used to
irradiate the polymeric specimens. After the irradiation, mechanical
tests, electron paramagnetic resonance spectroscopy, AC and DC
electrical measurements, and internal reflection infrared spectroscopy
are employed in order to relate the changes in the molecular properties
to the changes in the functional properties.

In the aircraft service environment, the structural components will
be exposed to many fluids that may cause a degradation of the polymeric
component of the fiber/polymer composite. A study of the degradationm
effects of aircraft fluids on a polyetherimide has been conducted.

After exposure, tensile, weight, and dimensional property measurements
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are performed and comparisons are made to the baseline data.
In this report, the results achieved to date under the ongoing NASA

Cooperative Agreement NCC1-90 are presented.
II. DEVELOPMENT OF EXPERIMENTAL APPARATUS AND TECHNIQUES

A. DC Resistivity Measurements

Equipment and techniques for making DC resistivity measurements on
thin polymer samples were developed, as reported in detail in the
Progress Report! for the period November 1, 1984, through May 1, 1985.
The DC resistivity measurements are made in accordance with ASTM D 257.
Palladium/chromium, 2.75-inch diameter electrodes are sputtered onto the
specimens, with a guard ring provided on the low voltage side. A
Keithley 247 High Voltage Supply delivers the 500V voltage required, and
a Keithley 619 Electrometer/Multimeter controlled by a Hewlett Packard

9816 computer is used for the current measurements (Figure 1).

B. Multiple Internal Reflection Infrared Spectroscopy

Multiple internal reflection infrared spectroscopy (MIRIR) is a
technique to analyze materials too thick éo produce suitable
transmission spectra. It utilizes a MIR accessory and a regular IR
instrument. This accessory includes a mirror assembly that directs the
radiant energy through a crystal (Figure 2). The crystal produces
multiple internal reflections, the number being dependent upon the angle
of entry of the electromagnetic ﬁave. Even in the case of total

reflection, electromagnetic fields exist on the external face of the
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crystal. If a sample is placed against the crystal face, it can
interact with this field, absorbing energy at characteristic
frequencies. A reflection spectrum that is almost identical to a
transmission spectrum of the same sample is obtained (Figure 3).

The crystal used is a KRS5 (thallium bromoiodide, iomic
coordination lattice) 45° trapezoid. To be compatible with the
materials currently being studied, its index of refraction must be
higher. The crystal does, however, mar readily with handling. To
increase its usable life, a holder was developed. to eliminate the
movement of the mount pieces against the crystal when mounting a
specimen. This reduces the scratching of the crystal surface. A
proﬁqseg NASA Tech Brief that fully describes this holder-ia being
prepared. |

A key parameter in the reproducibility of the spectra is the
contact between the sample and the crystal. Contact is accomplished by
pressure supplied by three screws. To insure that this pressure is the
same each time, a torque screwdriver with one inch-pound resolution was
used.

Studies were conducted to compare reflection versus transmission
spectra. They are being analyzed using a ratio of peak intensities.
This technique eliminates the effect of any changes in peak intensity
due to the sample handling procedure and, therefore, enhances the
sensitivity with which changes occurring due to radiation damage are

detected.
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C. Mechanical Testing Techniques

Methods for the fabrication of tensile specimens from neat-resin
sheet stock with thicknesses from 10 to 20 mils were evaluated. The
method for evaluation was visual inspection followed by tensile testing
and comparison of the data to those previously determined from 3-mil
specimens. Two methods were investigated: slicing and shearing.
Slicing was not found to be practical for the hand-powered method
previously used for the 3-mil sheet stock. Power methods, such as
motor-drivgn and ultrasonics, were considered, but have not been
evaluated. The shearing method was found to be acceptable, unless the
shearing blades are nicked. The consequence of nicked blades was
jagged-edged specimens that failed prematurily.

A fixture for machining compression shear specimens from pultruded
constant-cross-section stock was designed and fabricated. This fixture
was designed to be used with a small table saw. A fixture was also
fabricated for holding shear specimens while they were tested for shear
properties in the compression mode. The support fixture was evaluated
using shear specimens fabricated from pultruded stock. This also
yielded preliminary information about the shear properties of
pultruded composites. The data from the study will be a part of a
larger evaluation of the mechanical properties of pultruded
graphite/epoxy and Kevlaégyepoxy materials to be conducted in the near

future.
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I11. SPACE ENVIRONMENTAL EFFECTS

The effects of electron radiation on various properties of Hylaéga
Kaptoéih Ulteéga and metal-doped Ultem were studied. The Mylar, Kapton,
and Ultem data will be included in a presentation that is currently
being proposed for the 1986 Regular Meeting of the Division of High

Polymer Physics of the American Physical Society.

A. Mylar
Castings of 10-mil Mylar, a poly(ethylene terephthalate)
manufactured by Dupont, were exposed to 1.0-MeV electrons for total
doses of 1 X 107 rads and 5 X 107 rads. The dose rate was 5 X 10’
rads/hr.
In each case, mechanical measurements were made. Decreases in the

ultimate stress, modulus, and total elongation-to-failure were observed

(Table I).
TABLE I. MECHANICAL DATA FOR 10-MIL MYLAR
WITH 1.0-MEV ELECTRON RADIATION
(Dose Rate = 5 X 10’ rads/hr)
Dose, Ultimate stress, Modulus, Elongation,
rads psi psi L3
0 27135 458578 182
1 x 10?2 14824 226295 71
5 x 109 7139 234561 2.2
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O17 ohm-cm

The DC resistivity was observed to decrease from 2.1 X 1
to 1.5 X 1017 ohm-cm for a total dose of 5 X 109 rads. The measurements
at 1 X 109 rads were inconclusive.

EPR measurements indicated over two orders of magnitude increase in
the organic radical density after the irradiation (Figures 4 and 5).
There is little difference between the results for 1 X 109 rads and
5 x 107 rads. However, this is probably due to an unexpected shutdown
of the electron accelerator that resulted in a 72-hour interruption in
the 5 X 109 rad exposure, during which time radical decay took place.
Post-irradiation decay in air at room temperature of the radical density
occurred (Figures 6 and 7).

Measurements of the glass transition temperature (Tg) were
made using an AC electrical technique. In this technique, the
dissipation factor is measured as a function of the temperature. By
convention, the Tg is the temperature at the intersection of the tangent
lines to the dissipation factor curve in the first region of major
increase in the dissipation factor. The Tg was observed to decrease
with increased radiation dose (Figures 8 and 9). The dissipation factor

also changed with dose.

B. Kapton
Films of 3-mil research-grade Kapton, a polyimide manufactured by
Dupont, were exposed to 1.0-MeV electrons at a dose rate of
5 x 107 rads/hr for a total dose of 9.5 X 109 rads. The glass
transition temperature decreased upon irradiation from 388 °C to 366 °C

(Figure 10). No significant changes in the magnitudes of the
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dissipation factor, the capacitance, or the impedance were observed at
10 kHz from room temperature up to 500 °c.

Films of 3-mil standard-stock Kapton were exposed to 1.0-MeV
electrons at a dose rate of 5 X 10’ rads/hr for a total dose of
5X 109 rads. After the irradiation the radical density increased by

more than an order of magnitude (Figure 11). The EPR signal was

observed to decay upon exposure to air at room temperature (Figure 12).

The DC conductivity was observed to increase by nearly five orders of

magnitude (Figure 13). Both sthe EPR radical density and the DC

conductivity increases were observed to decay in time with two distinct

decay rates (Figures 14 and 15). These decay studies were conducted in

air at room temperature. A theory that relates the DC and the EPR

results for decay is currently being developed.

C. Ultem

Exposures of 3-mil and 20-mil Ultem, a polyetherimide manufactured

A-15

by General Electric, were made using 1.0-Mev electrons at a dose rate of

5 X 107 rads/hr. WNo significant changes in the Tg, the diélipacion
factor, the capacitance, or the impedance were observed using 3-mil
Ultem for a total dose of 5 X 102 rads.

A slight increase in the DC conductivity was found for both
thicknesses of Ultem for a total dose of 5 X 107 rads (Figure 13). No
significant change in the DC conductivity was observed for the 3-mil
Ultem f;r a total dose of 1 X 109 rads. Possible explanations for the
vastly different regsponses of the DC conductivity to irradiation for

Ultem and Kapton are being considered.
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The EPR radical density increased by over three orders of magnitude
for each thickness of Ultem (Figure 11). This induced radical density
increase in Ultem was observed to decay much more rapidly (Figure 16)
than that in Kapton.

Films of 3-mil Ultem were exposed to 100-keV electrons at a
dose rate of 1 X 10° rads/hr for a total dose of 5 X 10% rads. No
significant change in the Tg was observed.

As discussed in detail in Appendix A of the Progress

Report1

» EPR radical decay studies at room temperature in vacuum of
3-mil Ultem exposed to 100-keV electrons for a total dose of 2.5 X 108
rads were conducted (Figures 17 and 18). The total EPR radical signal
vas-stored on a computer; and the portion of the signal aftributable to
the phenoxyl radical was separated from the total, using the known
characteristics of the phenoxyl radical. The phenoxyl decay curve thus
obtained is shown (Figure 19).

The EPR radical density in 3-mil Ultem was determined as a
function of total dose over the range from 1 X 108 to 1 x 1010 rads
(Figure 20). The dose rate was 1 X 10° rads/hr using 100-keV electrons.

A preliminary dose rate study was conducted using 3-mil Ultem film
irradiated with 100-keV electrons for a total dose of 1 X 108 rads
(Figdre 21). Little difference was observed between the EPR radical
density produced using 1 X 108 rads/hr and that produced using 1 X 10°

rads/hr.
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D. Metal-Doped Ultem

The effects of 100-keV electron irradiation on Ultem doped with
cerium trifluoride were also considered. This material is currently
under development by the Virginia Commonwealth University. No organic
radical signal was distinguishable from the metal signal background
before the irradiation. The EPR organic radical density after the
frradiation with a total dose of 1 X 107 rads is shown (Figure 22). The
infrared and UV-Vis spectra before and after radiation were also taken.

These data are currently being analyzed.

IV. AERONAUTICAL ENVIRONMENTAL EFFECTS

A series of three-month-soak exposures and tests to evaluate the
effects of aircraft fluids on the tensile, veight, and dimensional
properties of 3-mil specimens of Ultem were performed. The fluids were
wvater, JP4 (& jet fuel), and Skydrofg)(a hydraulic fluid manufactured by
Monsanto). The data from this experiment indicated that the hydraulic
fluid had the most significant effect, in that it caused extensive
embrittlement of the Ultem. The JP4 also caused embrittlement, but not
to the same extent. Each of these two fluids caused a weight gain of
approximately three percent and an approximate two percent increase in
thickness. As expected, there was little or no weight gain caused by
the water. On the other hand, there was an embrittlement which,
although small compared to that caused by the other two fluids, was

completely unexpected.
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Two additional fluids, as well as the preceding three, were
included in a second fluid-effects study: ethylene glycol (an
antifreeze) and methylene chloride (a paint stripper). Thicker, 20-mil,
film specimens of Ultem, as well as specimens of the original 3-mil
thickness, were used for this study. In addition to these specimens for
measuring changes in weight, thickness, and mechanical properties,
ultra-thin, 0.25-mil, specimens of Ultem were used to record the effects
of these fluids on the infrared spectra of Ultem. The mechanical and
physical data showed repeatability for the fluids studied previously and
similar effects for the two additional fluids. The infrared data have
not yet been analyzed.

The data from this fluid-effects study will be analyzed and

prepared for a proposed report.
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RADIO-FREQUENCY ELECTRICAL PROPERTIES OF
SOME NEAT AND METAL-DOPED POLYIMIDES

Edvard R. Long, Jr. and Sheila Ann T. Long
National Aeronautics and Space Administration
Langley Research Center
Hampton, Virginia 23665-5225

and

Heidi R. Ries and Wynford L. Harries
Department of Physics
01d Dominion University
Norfolk, Virginia 23508-0369

ABSTRACT

As the size and complexity of aerospace systems increase, the uses of
polymers are also expected to increase. Polyimides constitute one promising
generic class of polymeric materials. They retain good mechanical and physical
properties at higher temperatures and absorb less moisture than do the
epoxies, wvhich are the polymers most frequently used in present aerospace
systems. The properties of these polyimide materials are, therefore, of
considerable interest to the aerospace community. Of particular importance are
the electrical properties because these properties relate to both electrical
and structural applications.

This paper presents data on the radio-frequency electrical properties of
two thermoset polyimides, pyromellitic dianhydride - oxydianiline (PMDA-ODA)
and benzophenone tetracarboxylic acid dianhydride - oxydianiline (BTDA-ODA),
and one thermoplastic, a polyetherimide. Two commercial grades of the PMDA-ODA
vere investigated and neat and metal-doped forms of the BTDA-ODA were studied.

Capacitance, inductance, and impedance properties are reported for a
frequency range from 10 kilohertz to 10 megahertz. In addition, the effects of
temperature on some of these properties are reported for 10 and 100 kilohertz.

The research-grade of the PMDA-ODA displayed approximately 20 percent
higher capacitance and 20 percent lower inductance and impedance than did the
stock-grade at room temperature., The thermal variation of the dissipations of
these two grades indicated that the second-order glass-transition temperature
vas 388 °C for the research-grade and 400 °C for the stock-grade. The room
temperature electrical properties for the BTDA-ODA were similar to those for
the PMDA-ODA. The second-order thermal transition for the BTDA-ODA occurred at
319 °C. The polyetherimide displayed a much lover value for capacitance, a
much higher value for inductance, and a similar value for impedance, compared
with the PMDA-ODA. The second-order thermal transition for the polyetherimide
occurred at 213 °c.
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The volume resistivity was approximately 1017 ohm-cm for all four neat
polymers. This is a typical value for the volume resistivity of dielectrics;
it represents a potential problem for charge buildup in a charged-particle
environment, such as that wvhich exists for geosynchronous orbit applications.
Metal doping is one method proposed for preventing charge buildup. The effects
of metal doping on the values of the radio-frequency electrical parameters
vere studied for the BTDA-ODA doped with three different metals. Silver and
tin vere studied for one concentration each, and palladium was studied for two
concentrations. Only palladium significantly reduced the resistivity, and then
only for the high-concentration formulation (1:2 mole ratio of metal complex
to polymer). The dissipation for the high-concentration palladium-doped
BIDA-ODA was an order of magnitude larger than that for the neat BTDA-ODA,
from 10 to 100 kilohertz. The other dopants did not alter the dissipation. The
Capacitance values for the silver-doped and the low-concentration
palladium-doped BTDA-ODA were lower than that for the neat BTDA-ODA at all
frequencies. None of the dopants affected the impedance and inductance
properties.
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PHYSICS 'A'
FIRST PLACE

ELECTRON-RADIATION INDUCED MOLECULAR CHANGES
IN A POLYETHERIMIDE FIIM

Stephanie L. Gray
4 Alexander Drive, Hampton, Virginia 23664
Phoebus High School, Hampton, Virginia 23663

Introduction: Ultem polyetherimide 18 a plastic, or polymer, manufactured
by General Electric.! It 18 currently being studied at the National
Aeronautics and Space Administration (NASA) Langley Research Center in Hampton,
Virginia. The purpose of this research is to determine Ultem's durability to
the space environment, The molecular changes Ultem undergoes as a result of
exposure to radiation will be determining factors of the future use of Ultem 1in
Space.

Polymers are chemical compounds linked together in chains consisting of
repeating structural units; cellulose, proteins, natural and synthetic rubbers,
and plastics all consist of polymer chains. The Ultem polyetherimide chain is
made up of imide rings, benzene rings (CgHg), and methyl (CH3) groups (fig.l).2
The advantages of using Ultem in a composite form are low thermal expansion,
strength, and stiffness, However, one of the disadvantages may be the possible
degradation of the material after {rradiation.

Energy 18 a means of breaking molecular bonds; and because radiation is a
form of energy, it also can break bonds. The breaking of molecular bonds
results in the presence of radicals, which have unpaired electrons. In Ultem,
four different kinds of radicals are formed as a result of irradiation. They
have been identified in earlier research as the phenoxyl, gem—dimethyl,
carbonyl, and cyclohexadienyl radicals (figs. 2-6).3 Each radical may have a
different decay behavior. Radical decay occurs when the unpaired electrons
combine with other unpaired electrons. One of the more predominant forms of
radical decay' in polymers 1is crosslinking. Crosslinking is the formation of
new bonds, or links, between adjacent polymer chains. This experiment was
conducted 1in order to examine the decay behavior of Ultem and the phenoxyl
radical.

Purpose: I became interested in the study of radiation effects as a result
of the opportunity I was glven from NASA last summer. T was employed in the
1984 Summer High School Apprenticeship Research Program (SHARP). I worked at
the NASA Langley Research Center for eight weeks as a research assistant with
Mrs. Sheila Ann T. Long, a physicist at the center. During my eight-week stay
at NASA, I was given a project, the effects of electron beam radiation on the
molecular structure of Ultem. The program was soon over; however, my interest
in the subject never dies. As a result, T was offered a position at NASA as a
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research assistant with Mrs, Long for a year. A grant was given to me from
NASA through the Old Dominion University Physics Department. This opportunity
has enabled me to further my research on Ultem for the benefit of NASA and
myself., My research on Ultem is far from complete; however, the data and
research presented in this paper will explain the decay behavior of Ultem and
one of 1ts radicals after exposure to electron beam radiation.

Materials: The materials and equipment used in this experiment were
supplied by NASA. The complexity of the equipment used ranges from a simple
cutting bar to a state-of-the-art Electron Paramagnetic Resonance (EPR)
Spectroscopy System. The materials and equipment necessary for this experiment
were: Ultem film specimens (.6" x .081"), freon, acetone, .110" diameter test
tubes, cutting bars, a specimen mount, an electron gun, Electron Paramagnetic
Resonance Spectroscopy System, a Hewlett Packard 9836 computer and software,
liquid nitrogen, dry nitrogen, a vacuum pump, and an acetylene blow torch.

The Ultem specimen mount used in the exposure chamber was a new mount I
designed last summer (fig. 7). I was given the task of designing a specimen
mount that would increase the efficiency of the experiment. The mount I
designed made the process of removing the specimens from the mount and placing
them into the test tubes quicker and easier. This decrease in time after the
exposure led to an increase in the accuracy of the EPR data.

The radiation source used in this experiment was an electron gun. The |

electron gun was a modified transmission electron microscope. The changes made
in the electron microscope were the removal of the objective lens so that the
electron beam current would be increased in the exposure chamber, the addition
of a Faraday cup which monitored the current of the electron beam, and a
modification in the lead viewing window that would allow one to remove the
specimens quickly and easily.A The electron gun operated at 100-keV electrons
with a dose of 2.5 x 108 rads. Dr. Edward R. Long, Jr., a materials engineer
at NASA, made the electron microscope modifications and ran the radiation
exposure.

Electron Paramagnetic Resonance (EPR) 18 defined as the absorption of
electromagnetic waves by paramagnetic substances in.a constant magnetic field.
EPR 1s used to reveal and measure the presence of unpalred electrons. The EPR
gsystem mainly consists of a power source, which is a microwave bridge, and a
magnet. The test tube is placed in the specimen cavity, which 1is situated
between the poles of the magnet. An unpaired electron spins about its own axis
creating a magnetic moment, or field. When this electron is placed in the
cavity, the electron begins to feel the magnetic force pulling on it. The
electron then tries to align itself with the magnetic field; the precession
about the field is very similar to the movement of a spinning top. When the
microwave frequency 1is equal to the precessional frequency of the unpaired
electron, resonance occurs and a first derivative curve is produced as the EPR
signal, The signal 1is shown on the screen of the Hewlett Packard 9836
computer. The Hewlett Packard 9816 and the EPR system work together using the
software written in Hewlett Packard Language (HPL).

Procedure: The preparation of the Ultem specimens was the first and most
important step in the experiment. Any kind of impurity could alter the results
of the experiment. Thus, it was important to be as clean and accurate as
possible. Clean gloves were worn when the specimena were beling handled.

-3l4-
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The specimens were first cut to specific widths and lengths using the
cutting boards. The films were cut to a 0.081" width and a 0.6" length with a
0.003" thickness. The specimens were then checked and rechecked for any
impurities or knicks along the edges, and to make sure that the length was
exact and the width constant throughout each specimen, The film specimens were
cleaned with acetone first and then freon. The next step was to mount the
specimens onto the cleaned mount with cleaned tweezers., The speclmens were
made to lie flat so that the radiation absorption would remain constant
throughout the material.

After the specimens were prepared, they were placed in the exposure chamber
for a period of twenty-four hours before the radiation exposure. During this
time, a vacuum was pulled to at least 10=% torr inside the chamber; the vacuum
was pulled in order to have conditions similar to those of space. After, the
vacuum was pulled, the radiation exposure was run. The exposure lasted
approximately fifteen minutes and produced a total dose of 2.5 x 108 rads.

Speed was an important factor in the next step of the experiment. The
specimens had to be removed from the mount, placed in the test tubes (four
films per tube), and emersed in liquid nitrogen all in a matter of minutes.
This step was a three-man operation. The time between the exposure and the
emersion into liquid nitrogen was three minutes. The specimens were placed in
liquid nitrogen in order to freeze thelr molecular activity; the temperature of
the liquid nitrogen was -196°C.

The one specimen used for decay gtudies had a vacuum pulled on the test
tube., This was done while the test tube was still in liquid nitrogen. The
vacuum was pulled to 108 torr. After the vacuum was pulled, the test tube was
gealed off at the open end with an acetylene blow torch; the sealing of ome end
was also done while the specimen-was in liquid nitrogen. Keeping the specimen
at liquid nitrogen temperature was necessary in order to get an accurate
account of the radicals present in Ultem.

The specimen was placed in the cavity, which was kept between -186°C and
-188°C. Dry nitrogen gas was run through a hose into the liquid nitrogen dewar
where the gas was cooled to near liquid nitrogen temperature. The dry nitrogen
then continued through the hose to the specimen cavity; the cooled, dry
nitrogen gas kept the specimen cavity also near liquid nitrogen temperature.
Liquid nitrogen could not be pumped directly into the cavity because_ it would
form ice inside the cavity which would interfere with the signal received from
the material. The EPR system was then ready to run.

After a signal was found, it was recorded onto the EPR 1024 data points
disk., The firat specimen stored on file was Ultem #1 = 3 minutes at room
temperature (fig. 8). The specimen was placed back into the liquid nitrogen.
The second EPR run was done on Ultem #1 = 13 minutes at room temperature. The
specimen was removed from the dewar and thawed to room temperature. Once the
specimen was thought to have reached room temperature, it was left out of the
dewar for a set length of time to decay. The specimen was then placed back
into the dewar, and later the specimen cavity for another EPR run. There were
fourteen decay specimen observations and one control. The control was non-
irradiated Ultem. .
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Results: Certain characteristics of the EPR first derivative curves are
pertinent in describing the decay behavior of the specimen. The g-value, which
was found by using the Epr goftware, is used to {dentify the radical. The g-
value is where the derivative curve physically crosses the x-axis and is found

by using the formula
hv
0
g-r"

where g 1s the g-value, h {s Planck's constant (6.2 X 10-34 joule-sec), va is
the microwave frequency, B 18 Bohr's magneton (.9273 x 107 3 joule/(weber/m¢)),

and H is the magnetic fleld.?

The following g-values were generated by the computer for the Ultem decay

specimen:

3 min = 2.007043 183 min = 2.007521
13 min = 2.007194 243 min = 2.007652
23 min = * 3163 min = 2,007543
33 min = 2.007652 483 min = 2.007652
48 min = 2.007717 603 min = 2.007826
63 min = 2.007782 725 min = 2.008392
130 min = 2.007521 978 min = 2.009112

control = 2.006629
*A g-value was not found for Ultem #1 - 23 minutes at room temperature because
there was a malfunction in the computer.

The radical densities were also calculated. The radical density is the
number of spins, or radicals, per gram of material. In order to find the
radical density, the values of the second integrals and spin concentrations,
which is the number of spins per material specimens, had to be generated. The
values of the second integrals of the EPR curves were generated by the Hewlett
packard computer using the EPR software. The spin concentrations were

calculated using the formula

gacond integral (unknown)
spln concentration (unknown) = ~econd Integra ~tandard
{ atandard /power (atandard)
x spln concentration (standard) x g:1: gunknown)) x B .
g /power (unknown)

The standard used in the experiment was satrong pitch. The power used for all
EPR runs was 12.5 milliwatts (mW). The gain used on strong pltch was 1.25 x
102, and 2.5 X 103 for all the Ultem specimens. The second integrals, spin
concentrations, and radical denaities (spin concentracion/mass) ware calculated
for the control and each observation of the decay experiment. The same process
was done for the phenoxyl radical as well., Using the software, it was possible
to isolate the phenoxyl radical on the first derivative curve and to find the
values for the second integrals, spin concentrations, and radical densities for

all fourteen observations of the phenoxyl decay.
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Decay plots were made by graphing the radical density as a function of the
log of the time in minutes (figs. 9 and 10). Statistical analyses of these
plots were made by using a program written in BASIC. The program fit a line to
the decay plot, printed out the residuals between the obgerved and predicted y-
values, and found an equation for the decay line (figs. l1-16). The equation
of the radical decay of Ultem is

y = (-.86122) (logjg t) + 3.11060,

where t is the time in minutes and where y is the radical density in units of
1017 spins/g. The equation of the radical decay of the phenoxyl radical {is

y = (~3.01738)(logyp t) + 9.69118,

where t is the time in minutes and where y is the radical density in units of
1016 spins/g.

Conclusions: The data produced through experimentation shows that Ultem and
the phenoxyl radical both decay linearly as a result of irradiation. One
explanation for this decay 1is the possible existence of crosslinking, A
darkening in color of the specimen is a determining factor of the existence of
crosslinking. The Ultem films changed from a clear, pale yellow to a clear,
orange-yellow., The darkening 1in color is caused by an increase in the
molecular weight of the polymer, which {8 in turn caused by crosslinking.
Solubility {s also a factor in determining whether a substance has undergone
massive crosslinking. In previous research conducted by Mra. Sheila Ann T.
Long, solubility experiments were conducted on Ultem. The experiment showed
that non-irradiated Ultem dissolved quickly in the solvent, while the
irradiated specimen did not dissolve at all, The decrease 1in solubility
supports the crosslinking theory of Ultem. One possible example of
crosslinking can be seen between the phenoxyl and gem-dimethyl radicals (fig
17). Because of the results presented, it is possible to conclude that Ultem
polyetherimide should not be used for long-term gpace missions without an
extensive study of its durability to space-~like conditions.

ENDNOTES
lEdward R. Long Jr., and Sheila Ann T. Long, "Effects of Intermediate-Energy

Electrons on Mechanical and Molecular Properties of a Polyetherimide,” EEE
Transactions on Nuclear Science, Dec. 1984, p. 1293,

2gdward R. Long Jr., and Sheila Ann T. Long, Spectroscopic Analysis of
Radiation-Generated Changes in Tensile Properties of a Polyetherimide Film,
(NASA TP), p. 8.

3E§ward R. Long Jr., and Sheila Ann T. Long, p. 8.

4Edward R. Long Jr., and Sheila Ann T. Long, "Effects of Intermediate-Energy
Electrons on Mechanical and Molecular Properties of a Polyetherimide,"” EEE
Transactions on Nuclear Science, Dec. 1984, p. 1293.

SRaymond S. Alger, Electron Paramagnetic Resonance: Techniques and
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Ultem
Time Second integral concigt:ation 32::::;
(min) x 1013 spins x 1017 spins/g
3 162858.46 3.8987 2.7761
1) 137047.78 3.1024 2.2091
23 109307.92 2.6167 1.8632
33 106127.54 2.4294 1.7298
48 95692.58 2.1905 1.5597
63 90693.61 2.0761 1.4783
130 82360.55 1.8854 1.3425
183 75605.80 1.7307 1.2323
243 67499.29 1.5452 1.,1003
363 57936.97 1.3263 94439
483 52736.63 1.2072 .85958
603 44784.,26 1.0252 «72999
725 40218.25 +92066 «65555
978 27468.80 +62880 W 44774
Control 4326.69 .099044 .029062
Phenoxyl
Tine | Second tntegral | oty denaity
(min) x 1014 spins x 1016 spins/g
3 57959.91 13.268 9.4474
13 40227.05 9.2086 6.5569
23 30029.86 6.8743 4.8948
33 27739.97 6.3501 4,5216
48 24620.00 5.6359 4,0130
63 22317.58 5.1088 3.6377
130 19358.50 4,4314 3.1554
183 17228.10 3.9438 2.8082
243 15400.16 3.5253 2.5102
363 12938.20 2.9617 2.1089
483 11700.61 2.6784 1.9072
603 9928.34 2,2727 1.6183
725 8278.56 1.8951 1.3494
978 5457.89 1.2494 .88963
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8. RADICAL DEClg' m “m?ON EXPOSURE 3 RADICAL oecm;lAr‘r,en RADIATION EXPOSURE
Radiation - 100-keV electrons A: 3 minutes after axposure L Ultem Polystharimide

R ] 8: 16 hours 18 minutes
Total dose - 2.5 x 10" rads after exposure o

Radiation - 100-keV qiectrons

.Decay - at 21°C Tolal dose - 2.5 x 10° rads
0
2 -
(o]
Rudiaal Ooo
density,
— 1017 spins/g . %

r ' %

o ] 1
10! 102 i

Time at 21°C, min

' 160 gauss

0. PHENOXYL DECAY AFTER RADIATION EXPOSURE
Ultem polyetherimide
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RADIO-FREQUENCY ELKCTRICAL PROPERTIES OF SOME
NEAT AND METAL-DOPED POLYIMIDES
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HampLon,

VA 23665-5225

and

Veidi R, Ries and Wynford 1., Harries
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O1d Dominfon Univeralty

Norfolk,

ABSTRACT - Radio-frequency elgctrical properties
of films of two polyigides (Kaptor® and BTDA-ODA), one
polyctherimide (Ulte &0, and one polyethylene
terephthalate (Mylar Y have Leen investigated at room
temperature for the frequency range from 10 Kiiz to
1 MHz. The electrical propetties were the dissfpation,
capacitunce, inductance, and fmpedance. One of Lhe
polyim{des wae studied for two grades of production.
The other polyimide wae studied in its neat (no
additives) form and also with metal dopants. The
polyetherimide was studied for two thicknesses. In
additicn to the room-temperature studies, these
raterials were investigated at elevated temperatures,
to above each polymer's glass Lransftion temprrature.

TNTROUDUCTTON

Polyreric materials are increasingly usced {n
aercspuce systems for s wide voriety of structural and
c¢lectiicol applicaticns., The electrical propetties of
these polymers are fmportant for both applications,

A recent publication [V} has discusscd the
lectiic st conductivitice of some of the polymers that
are currently used in space. Among the polymers
discessud were the polyimide Kapton and the
polyethylene terephthalate Mylar. But, as recently
cited {n a trade journal {2], there are advanced
polymcre, primarily thermoplastics, which are
camlidates for a wuch wider range of applications
because of thelr processability and {mproved toughness,
Amony theee are the polyetherimide Ultem. HBoth reports
[1,2] diccussed altering the clectrical conductivities
of polymers Ly doping them with impurities.

In this paper we rveportl the room-temperature
alternat ing-current (ac) electrical propertice -
digsipation, capacitance, inductance, and impedance -
of several polymers for frequencies from 10 Kz to
1 Mliiz. The polyimides Kapton and neat RTDA-ODA
(benzophenone tetracarbuxylic acjd dianhydride -
oxydiantline) and the polyethylene terephthalate Mylar
were spelected to represent polymers that are used
currently, HTDA-ODA was also studied with metol
dopants. The polyetherimlde Ultem was selected to
represent & new, advanced polymer, The dissipationu of
these polymere at 10 Kilz were {nvestigated at c¢levated
temperatures. .

MATERIALS

Ultem, a pnlyetheriwlde manufactured Ly the
Ceneral Flectric Company , was studied for two
thicknesses, 71 microns (nominally 3 mils) and 538
microns (nominally 20 mils). The 7l-micron thickness
wae studied for two different production batches, both

*
The use of trademarks or manufacturerl' names {op

this report does not conetitute endorsement, either
expressed or implied, by the National Aeronautics
and Space Administration.

VA 271508-01369

from the same supplier. One batch of film had a shiny
gurface that contained micron-size dimples, while the

f{lm from the other batch had a froeted surface and no
dimples.

The Kapton, 8 polyimide, and the Mylar, a
polyethylene terephthalate, were manufactured by the L.
T. du Pont de Nemours and Company, Inc. The Kapton
(1t £11m) was investigated for two grades, a stock grade
and a reecarch grade. Both grades were 71 microns
thick., The Mylar was 269 microns (nominally 10 mils?
thick and was a stock grade.

The WIDA-p,p'-0DA (benzophenone tetracarboxylic
acid dianhydi{de - oxydtaniline) was fabricated ot the
NASA langley Research Center and was approximately 25
microns (nominally 1 mt1) thick. The dopants for the
WIDA-p,p' -ODA werc salts of tin, ¢ilver, and palladium.
The mole-rutios of the tin salt (SnCl2-2H70) and the
stlver salt (AgNO,) to the BIDA-ODA weve both 1 to 4,
[3]. The palladiom salt (1.1,PdC1,) was used at a high
mole-ratlo of 1 ta 2 and also at & low mole-ratfo of 1
to 17, l4l.

FXPERTMENTAL ARRANGEMENT

The experimental arrangement is shown irn figure 1.
The specimen of polymer film was placed between 5.0-cm
Jiameter aluminum electrodes, Thie capacitor-like
configurstion rested between glass disks that provided
flat surfaces. The stack was pressed together by a
669-g bLrass welght, The top disk was twice as
thick as the
bottom diek, 8O
that a thermocouple

r
: . .’I,TLL—:‘
at the midpoint 1"“me,[:ﬁ
of the top diek i L v
i

WULTHCTURMALE -

e |

would be nearly  WANI DR e+ EAMOCOUPU yukuiell
ut the same I t:ﬁiEP’ — j1m-un.'“

RN T >

temperature us rEaa

the capacitor. ot o> mew-l
e < >

The entfre stack T __
Yo remmma

reated on a low- i 1

heat capacily nomu |

buse and was
placed In a muffle
furnace, The

Figure !.- Experimental
arrangement.

measurenments were
computer controlled.

ROOM-TEMPERATURE PROPERTIES

The room=temperature clectrical properties of the
polymers at three frequencies are shown {n table 1. No
corrections have Leen made to the data for the
specimens' thicknesses. The electrical properties of
the two production hatches of the Jl-micron thick Ultem
were nearly fdentical, so only the properties of the
dimpled version are belng reported. The electrical
properties of the two grades of ¥apton were also
cegentially the same, 8o only the properties of the
stock grade are Lelng fncluded,

CH2196-4/86/0000-331 §1.00 © 1986 LLEE
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Table 1.- Room-temperature ac electrical properties of five polymera,

SERTES
POLYMER THICKNESS, DISSIPATION CAPACITANCE, INOUCTANCE, RESISTANCE, IMPEDANCE,
10-6 10-12 ¢ 10-3 H ohm 103 ohm |
10 KMz
ULTEM 71.0 0.00080 348.7 793.3 27.00 48.77
R ULTEN 930.0 0.00147 "n.a 778.0 260.00 174.20
KAPTON 2.9 0.00430 pL1I N ] 707.0 84.00 44,40
BTOA-00CA 23.8 0.00084 590.3 429.1 24.00 20.08
R WYLAR 24¢.0 0.00880 188.8 S5i80.2 687.00 95.53
100 KHgp ——
— ULTEM 7.0 0.00200 3i8.0 7.04 8.40 4.99
ULTEM 838.0 0.00380 8.0 17.88 87.00 17.49
KAPTON 72.9 0.00320 377.0 7.08 14,00 4. .48
BY0A-0DA 2.8 0.00210 589.1 4.30 5.60 2.70
HYLAR 244.0 0.01100 184.3 15.38 107.70 9.88
— 1000 KH2 ———
- UL TEM 7.0 0.00370 320. ¢ 0.079 1.58 0.3%0
UL TEM 538.0 0.00310 90.5 0.200 .50 1.78
KAPTON 72.8 0.00580 357.8 0.0 2.48 0.44
- BT0A-0DA 3.8 0.00380 394.0 0.04) 0.97 0.27
MYLAR 244.0 0.01300 182.0 0.458 12.87 0.98
The values shown for the dissipation (D) are at alr spaces would significantly reduce the measured
the lower end of the range of typical values for capacitance values.
polymeric materials [5]. 1In general, aromatic The series inductance (La)' measured in the
— materiales appear to have a smaller dienipation than do configuration shown in figure 1, varied as
aliphatic materials, This may explatn why the Mylar,
which has more aliphatic character, had the largest L= 1/ uzC'- (2)
dissipation for the materials in this atudy., The
L differences in the values for the disaipation supgeat This relation {s ordinarily amsociated with a resonance
— that materials can be tailored to obtain the deaired condition, However, no resonance exists in this case,
disaipation, The data fit may well be a reflection of how the LCR
The dissipation was frequency (w) mena{tive, as meter Interprets the data. 'The capacitance was
may be expected, since dissipation losses can be due to frequency independent, and the reactance of the device
= electronic, atomic, orientation, and/or space charge wan the same whether {t was represented as an
polarizations. The diasipation also followed the equivalent-series inductance-resistance circuit or as
series-remistance-capacitance (R C ) circuit expression an equivalent-series capacitance-resistance circuft.
To ver{fy that resonance wam not taking place,
— D= wR.. (1) fnductance measurements were also made with and without
a caat rod of Ultem an the core of a coil. A
The {nduct 'nce-capacitance-resiatance (1.CR) meter comparison of the two sets of measurements indicated a
77777 {fignre 1) that was used for theme measurements near-zero contribution by the Ultem to the cofl's
earmined an equivalent-serfca RaCq-clrenft inductance. This appears reasonahle, since the Ultem's
— representation for the materlal under test. Therefore, relative permenbility is 1.0.
D i{s directly related to the capacitance and resistance The series resistance, an noted previously, was
values {n the table through expression (1), the ren{ntance of an equivalent R.C -cireculit
o The capacitance did not change with f{requency, representation of the material speczmen. It {s clear
. becaume the dielectric ronstant of an organic aolid is from the valuea for the serien resistance and for the
= a constant in this frequency range [5]. An unexpected neries capacitance that the impedance followed the
result from these data {a that the capacitance did not expression -
bave an inverse linear relationship to the specimen
thickness. One possihle explanation {s that the braas 2 2.2
i weight did not sufficiently compress the stack to 1Zj =« fRy + 1/ wiCy. Q)
- eliminate all alr spacesm. For the thinner specimens,
- Table 2.- Room-temperature ac electrical properties of neat and doped BTDA-p,p'-0DA.
SERIES
- POLYMER THICKNESS, DISSIPATION CAPACITANCE, INOQUCTANCE, RESISTANCE, IMPEDANCE,
19-6 10-12 F 1073 H ohm 103 ohm |
- —_— 0 K ——
8 T0A-0DA 0.0 0.00004 580.3 429. 4 24.00 28.98
@ TOA-00A: 81 22.8 0.00410 8800.8 731 93.00 27.37
OT0A-Q0A: Ag 3.0 0.00140 8717.08 439.8 37.08 27.92
- A TOA-QDA: P¢ (le) 7.7 0.%0270 814.8 413.3 70.00 15.00
e BTDA-0DA: Pd Ihi) 9.4 0.00420 .1 N80 92.00 15.38
= 100 KNz
8T0A-00A 9.0 0.00210 588.1 4.3 5.8 g.70
8Y0A-00A: 80 2.8 0.00300 877.8 3.74 7.40 .39
BYOA-00A: Ag .0 0.002%0 878.¢ 4.4 §.9 .79
BT0A-00A: Pd [1e) 27.7 09.%0720 LITN | 4.49 18.80 2.80
_— 8TDA-00A: P¢ i) 18.¢ 0.00410 018.9 3.10 8.00 1.88
— 1000 KHE —
BT0A-00A 23.0 0.00380 394.0 0.043 0.9 0.27
N STOA-00A: 80 .. 0.004%0 283.68 0.037 1.00 0.23
- 070A-00A: Ag 3.0 0.00380 378.8 0.044 41.08 0.27
BT0A-0DA: Pe [19) 7.7 9.01300 o8 8 9.042 4.03 0.28
_ BYDA-0ODA: Pd Ih)) 1.4 8.00810 823.8 8.03¢ 1.7 0.19
- 332 OREG!T‘E!L PAGE IS
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The effects of the metal dopants on the room-
temperature properties of the BTDA-ODA are shown In
table 2, The previous di{scusaions pertaining to the
relationships of the electrical properties to each
other and to the frequency also apply to the data in
table 2.

All the dopante incressed the BTDA-ODA's
dissipation values, most significantly at the lower
frequencies. The silver had the least effect. Except
for the tin dopant at 10 KHz, the palladium dopant
caused the larger changes. The lower mole-ratio
concentration of the palladium appears to have caused
the largest changes.

The capacitance, though constant with frequency,
was altered by all four dopants. The tin dopant caused
a [{fteen-percent increase, the silver dopant caused s
two-percent decrease, the low-mole pallad{um
concentration caused a four-percent Increase, and the
high-mole palladium concentration caused &
fourty-percent increase in capacitance. While the
changes in the capacitance increased or decreased
depending on the dopant, the direct-current (dc)
resistivity was reduced for all four dopants. The dc
electrical resistivity was measured using &
computer-controlled electrometer. T?e tin-doped
RTDA-ODA had a dc resistivit*ﬁof 10 ohm-cm, the
s1lver-doped BTDA-ODA had 10 ?gm-cm, the low-mole
palledfum-doped BTDA-ODA had 10 ohm-cm, _and the
high-mcle palladium-doped BTDA-ODA had 10 ohm-cmt7
while the resistivity of the neat BTDA-ODA was 10
ohm-tm. So, there does not appear to bLe an immediately
recognizable relatfonship Letween the capacitance and
the dc resietivity., A detailed understanding of doping
¢cffects would require a more fundamental examination,

The series resistance and the {mpedance (table 2)
both ircrvascd with the additfon of the metal dopants.
These changes are opposfte In direction to those given
for the de resistivity in the preceding peragraph,
which suppests that the series resistance and the
impedance values pertafn to the equivalent-
serfes R C -circuft representation of the materfal
measurement und not to free charge carriers.

FL.EVATED-TEMPERATURE PROPERTIES

The glass transition temperature (TB) of & polymer
may bu determined
fiom the clevated-
tempeyrature
properties of the
dissipation curve,
as shown Ju figure
2. Tangeunts are
taken tu the curve
af temperatures
atiove and below the
local minimum,

The point of
irterscction of the
tupgents is termed
the glass transition
temperature (6],

The T, 1s the tempurature at which the polymer
changes {rém a glassy, low-loss state to & rubbery,
high-loss state. The velues for the T determined in
the manner just described are shown in table 3, AT
of 286 °C has been previcusly reported for BTDA-ODA,8
{4]. However, the specimens were from a different
fabricetfon batch of the material. This may account
for the different value, 319 °C. found in this study.

The diesipation curves are shown in flgure J,
Close Inspection shows that their features are very
vimiler. As previously explalned, tangents for each
curve above and below the first change in elope have a
point of intersection that is called the T,. The
change in slope usually occurs over & relnE(vcly small
tempurature interval, The broader the interval, the
broader the molecular-weight distribution. Changes

»
P13 IPATION
i §

./_\J’-}‘:‘

L ] -» ? -
W{RATN. S

Figure 2,- Use of dissipation
data to determine
glass transitions.
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Table 3.~ Glass transition temperatures
from electrical dissipation data.

GLASS

POLYMER THICKNESS, | TRANSITION

10°6 m TEMPERATURE,
oc
VR{{] 71.0 213
wTeEn $38.0 221
KAPTON (Aesserch Grede) 72.% kL. ]
KAPTON (Stock Grade) 72.4 gy
870A-004A 23.0 319
MYLAR 244.0 88

such as the low-temperature broad bump for the BTDA-ODA
are usually aseociated with glass-glass transitions.
This bump is too broad for the molecular-weight
distribution of BTDA-ODA in order to be interpreted as
its glags-rubber transition,

For Ultem, the glasa transition temperatures,
determined by the intersection of the tangent lines,
were different for the two thicknesses. Tn contrast,
the peak {relative maximum) that followed the change in
slope occurred at the same temperature (246 °c) for
both thicknesses. This peak, whose equivalent occurs
in dynamic mechanical analyels data, has also been
described as the T_, {7].

The different values of the T, , as determined by
the line-intersection method, for %he two Ultem
thicknesaes may be accounted for by the following
argument. There was probably a thermal lag for the
thick specimen, causing the temperature in thie

specimen to lag the temperature of the thermocouple. A
thermal lag would be particularly evident at the onset
of the glass transition, hecause at this temperature
2pr A
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Figure ).- Curve shapes for variation of polymers'
electrical dissipations with temperature.
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the heat capacity of the material begins to change. At
the peak that follows the onset of the transition, the
tranaition {s essentifally complete; the specimen has
had time to come completely to its new heat capacity
and to equilibrate in temperature throughout its mass,

The Kapton's
disaipation curves 16
indicated that there
was a small di{ffer-
ence between the
stock and the
research grades,

The value of the Tg

defi{ned by the

change in slope was

188 9C for the 0
rerearch grade and

399 °C for the stock

grade. This Tg w10
difference cannot

be attributed to
thickness, since the
two prades were of the
same thickness. Tn
contrast to the Ultem,
there {8 no peak
followirg the change
in alape. Uowever,
there {s an inflection 500
{r each of the curves
and, for heth,

this {vf{lection occurna
at 450 %C. The
frnflectfcn could be

cosily i{nterpreted asa B
the equjvalent of the Mylar

maxinum that occurred

for the Ultem, with

the difference that

some additional change —
hegan at the maximum 0 250
traveition. T the Temperature, C
ponsitive slope of the ’
onrsct of the addi-
ticnal change was
sltightly greater

than the negative
slepe fallowlrg the
glass trapsition, then
an fuflection paint, {natead of a max{imum, would occur
it the curve,

The curve for the RTDA-ODA, am pointed out
carfier, had a low-temperature broad bump that wan
caured by A glass-glasa transition., For glaan-glass
tranniticna, the material remaing {n {tm glanay atnate,
while either rhort sepmente or branches of the polymer,
vhose molecular weights are small compared with the
polymer'a molecular weight, acquire additional degrecs
cf {reedom. The brosdness indicates that the argments
or bhranches have a wide distributfon of molecular
weights, even though their individual molecular wefghts
are comparatively small. The RTDA-ODA's T_ an meanrured
by the onset war 319 °C, while the tcmpvln?urv At the
peak that followed was 359 c,

For Mylar, there wan a general decrease in the
disaipation as the onset of the transition at 69 °C wae
approached. This was probably part of a glasa-glaas
trangition similar to the one juat discumsed for the
RTDA-0ODA; but, eince all the tests began at room
temperature, the lower temprtature portion of the curve
was not recorded. The pcak maximum tranaition for the
Mylar was at 114 Oc,

For ef{ther definition of the , the useful
tempernture range for each of the mgteriuln ia nomewhat
lower than the value at which the onset of the
glasa-rubber transition occura, Indeed, for amorphous
materials such as the ones {n thi{s report, the T_{s
more properly termed as a moftening tempurature. For

Ultem

-
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Figure 4,~- Curve shapes for
polymera’
capacitances,
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acceptahle mechan{cal and electrical properties, the
use temperature has to be lower than etther value,
The capacitance versus temperature curves for
Ultem, Kapton, and Mylar are shown {n figure 4. If,
for a particular application such as a temperature-
{ndependent capacitor, the capacitance i{s required to
be independent of the temperature, then Kapton and
Mylar are not good selections. The capacitance of
Ultem, on the other hand, appecara to be constant with
temperature, up to the onset of the glass transition.

CONCLUSIONS

The ac electrical properties of all the polymere
{n this atudy changed at their glass-rubber transition
temperatures (T ). Two values of the T were
determined, one at the onset of translt?on and one at
the peak of tranaftion. The latter was independent of
the specimen thickness and the grade-quality of the
materf{al,

The molecular glasa-glass and glass-rubber
tranaitions had a major influence on the dissipation
and capacitance propertiea of the polymeric dielectric
mater{als, in that they defincd the maximum ume
temperature and the temperature dependence aof the
properties within the usmeful range. These tranaitions
also affected the dissipation and capacitance
properties differently, in that the temperature
{ndependence of one property did not assure the
temperature independence of the other,

The dimaipntion of a polymer appeared to vary with
{tan mixture of aliphatic and aromatic character, and
therefore, there two molecular atructural
characteriestica can probably be used, within aome
Jimits, to tallnr the dissipation of s polymer.

The addition of dopant metal salta to a polymer
alao altered the dissipation and, in additicn, the
capacitance, The relationahipa between the effects of
dapants on these two electrical properties were not
{mmed{ately ohvious and would require a morc detailed
molecular examination than the onc conducted for this
atudy,
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ELECTRON-RADIATION EFFECTS ON THE AC AND DC
ELECTRICAL PROPERTIES AND UNPAIRED ELECTRON DENSITIES
OF THREE AEROSPACE POLYMERS
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and -

Heidi R. Ries** and Wynford L. Harries*™

ABSTRACT

The effects of gigarad-level total absorbed doses
from 1-MeV electrons on the post-irradiation
alternating-current (ac) and direct-current (dc)
electrical properties and the unpairedcg}ectro
densities have been studied for Kapton,~” Ultem,” and
Mylar. The unpaired electron densities (determined
from electron paramagnetic resonance spectroscopy) and
the dc electrical conductivities of the irradiated
materials were monitored as functions of time following
the exposures to determine their decay characteristice
at room temperature.

The elevated-temperature ac electrical
dissipations of the Ultem and Mylar were affected by
the radiation. The dc conductivity of the Kapton
increased by five orders of magnitude, while the dc
conductivities of the Ultem and Mylar increased by less
than an order of magnitude, due to the radiation.

The observed radiation-generated changes in the ac
electrical dissipations are explained in terms of known
radiation-generated changes in the molecular structures
of the three materials. A preliminary model relating
the dc electrical conductivity and the unpaired
electron density in the Kapton is proposed.

INTRODUCTION

Kapton, a polypyromellitimide, i{s used extensively
in space for passive thermal control of spacecraft,
substrates for solar cell arrays, and electrical
1nsulatioT:3 The effects of electron radiation on the
molecular and mechanical“’” properties of Kapton
have been reported. Although Kapton has generally
performed satisfactorily in the radiation environment
of geosynchronous orbit, its applications are limited
because it is available only in the form of film.

The need for materials thst are also processable
as castings or as fiber-reinforced composites and the
need for tougher (impact-resistant) materials have been
recognized. One such material is Ultem, a
polyetherimide. The effects of electron radiation on
the mechanical agd molecular properties of Ultem have
been reported.s-

Mylar, a polyethylene terephthalate, is widely
used for electrical insulation. It is also frequently
employed as a model polymer for the study of more
complex polymer structurelé_lahe effects of gtsﬂl
radiation on the molecular and mechanical
properties of Mylar have been studied.

The primary research emphasis, to date, on
studying the effects of radiation on the electrical
properties of polymers has been to measure the electric
currents and electrical conduction induced in the
polymers during the irradiation procitl. Such studies
have been pretsgigd for polystyrene, 15
polyethylene, polypyrngliétimide,
polyethylene terephthalate. ?

and
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The purpose of the present research study is to
determine the post-irradiation ac and dc electrical
properties of the polymers Kapton, Ultem, and Mylar.
The goal 1is to correlate the radiation-generated
changes in the electrical properties with known
radiation-generated changes in the molecular structures
of these three dielectric materials.

MATERIALS

Kapton is a polypyromellitimide manufactu;sg by
the E. I. du Pont de Nemours and Company, Inc. The
Kapton studied was Type H film. Both the stock grade
and the aerospace grade of the Type H film were
investigated. Both grades were 3 mils thick. (One mil
is equal to 25.4 micrometers.)

Ultem, a polyetherimide, is a product of the
General Electric Company. Two thicknesses, 3 mils and
20 mils, of 1000 Ultem fi{lm were investigated.

Mylar, & polyethylene terephthalate, is also
produced by the E. I. du Pont de Nemours and Company,
Inc. The Mylar for this study was a stock grade and
was 10 mils thick. A

The chemical structures of the repeat units for
Kapton, Ultem, and Mylar are shown in figure 1., All
three materials have six-membered-ring phenyl groups.

O=0

~

|
0

a.- Kapton.

ooporoyoh

b.~ Ultem.

i f
n

c.~ Mylar.

Figure 1.- Chemical structures of repeat units for
Kapton, Ultem, and Mylar.

***The use of trademarks or manufacturers' names in
this publication does not constitute endorsement,
either expressed or implied, by the National
Aeronautics and Space Administration.
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The Kapton and Ultem, in addition, have
five-membered-ring imide groups and aromatic ether
linkages. The Ultem has more aromatic ether structure
than the Kapton and, also, has gem-dimethyl groups.
These additional structures, plus the existence of
meta- as well as para-substitution on the phenyl

rings, all contribute to the Ultem's thermoplastic
properties. The proportion of ring {phenyl plus imide)
structure in the repeat unit (figure 1) decreases in
the order of Kapton, Ultem, and Mylar. The glass
transition temperatureg (T.) also decrease in this same
order. The T_ values are 188 °c, 213 Oc, and 69 S¢
for the aeros%ace-grade Kapton, the 3-mil thick Ultem,
and the Mylar, respectively.

EXPERIMENTAL PROCEDURE

The polymer specimens were all exposed in vacuum
to 1-MeV electrons from a Dyyamutron sYgrce at an
absorbed dose rate of 5 X 10 rads/hr. The specimens
were maintained betvi n 20 °C and 35 °C during the
radiation exposures. The Mylar was l;radiated to two
differsnt total absorbed doses - 1 X 107 rads and
5 X 10° rads. Attempts to irradiate the Mylar to
higher total doses resulted in such highly degraded
specimens that no property measurements could be made
on them. The Kapton and Ultem materials were each
lrradlgted to four d&fferent total ahsorbed doses -

1 X 10 tgds, s X 10° rads, 9.5 X 10 rads, and

9.75 X 10’ rads. This range of total absorbed doses is
equivalent to the range of doses anticipated for the
external portion of a space structure in service for 30
years in geosynchronous orbit.

The ac properties studied included the
capacitance, dissipation, impedance, and series
regsistance. The measurements were made at a frequency
of 10 KRz with a computer-controlled multifrequency
inductance-resistance-capacitance (LRC) meter. The
equivalent circuit was resistance in series with
capacitance. The expiyimental arrangement has been
described previously. The dielectric constants, 88
determined from the measured capacitance values, and
the measured dissipation factors for the nonirradiated
materials were in agreement with the manufacturers'
values. The glass transition temperatures (T,) were
determined from the ac electrical dit’ipltion data and
dielectric spectroscopic techmiques. The accuracy of
the glass transition temperature values was to within
+1 . -The glass transition temperatures of the
nonirradiated polymers were also in agreement with the
manufacturers' specifications.

The dc electrical conductivity was determined from
measurements of the current through the film or cast
polymer specimens, at an applied voltage of 500 V,
using a computer-controlled electrometer/multimeter.
The resulting electric fields were 10-66 KV/cm. The
procedure that was foloved is the one prescribed in
ASTM Standard D-257. The dc conductivity measurement
was a bulk (volume) Tscuurenent. The chromium-
palladium electrodes”” were vacuum-deposited directly
onto the front and back surfaces of the specimens prior
to the electron radiation exposures, in order to ensure
good electrode-specimen contact. All dc measurements
were made at room temperature. The electrification
period was 60 sec for each measurement. The measured
dc resistivities for the nonirradiated polymers were in
agreement with the manufacturers' values. Two
different thicknesses of the Ultem were measured, and
the results were thickness independent.

The unpaired electron densities were computed from
the second integrals of the electron paragsgnetic
resonance (EPR) first-derivative signals. The EPR
system included a Varian E-Line Century-Series Model
E-109E epectrometer, & variable temperature accessory
for controlling the temperature of the specimens during
the magnetic scans, a precision microwave frequency
counter, a gaussmeter, and a Hewlett-Packard Model

1391

The EPR instrumentation and
Sh;s study have been
’

9836A computer.
measurement procedures used in
previously discussed in detail. Also, reference 20
is a standard text for EPR theory and techniques. The
EPR spectrometer parameters used for the experiments in
this study were as follows:
field set = 3280 gauss, scan range = 160 gauss,
modulation amplitude = .5-8 gauss, scan time * 4 win,
time constant = .250 sec, microwave power = 12.5 oW,
microwave frequency = 9.0-9.5 GHz, and
modulation frequency = 100 KHz. The specimens for the
EPR measurements were all rectangular strips,
.09 in ¥ .6 in. The EPR system was calibrated using
calibrated weak pitch and strong pitch standards
furnished by Varian Assoclates, Inc. The electronic
g-values were accurate to at least three significant
figures.

The ac, dc, and EPR specimens were all irradiated
simultaneously for a given material and total dose.
All property measurements on the irradiated materlals
vere commenced 30 min after the completion of the
radiation exposures.

RESULTS AND DISCUSSION

Alternating~Current Properties

A summary of the room-temperature
alternating-current electrical properties of the three
polymers is presented in table 1 for the nonirradiated
and irradiated conditions. For the Kapton and Ultem,
each value listed is the average for five specimens.
The Kapton had the smallest changes of the three
materials. The standard deviations for the Kapton
values and the Ultem values imply that the changes
(even those for the series resistance and dissipation
of the Ultem) were not statistically significant. For
the Mylar, only one or two specimens were used to
obtain each value given in the table. The changes for
the Mylar were, for the most part, small.

TABLE I.- ROOM-TEMPERATURE ALTERNATING-CURRENT DATA AT
10 KHz FOR THREE POLYMERS

Polymer Kapton” Ulcen® Mylar™
(J--i; film) (20-wil film) (lO-l{l.Hll)
Radfacion 0 9.7% o .73 L] 5.00
dosa, gigarads
Capscitance, ) 37 .0% 094 .119 254
. of + .08 + .03 + .006 & 004
1mpedance, “3 4l 171 190 57 63
Loha +7 e+l +10 s 10
Series 100 99 411 608 847 539
resistance, + 64 + 3 + 439 + 400
ohs - -
Dissipation 0024 .0022 L0024 .0036 .0100 0086
+ .0009 + .0006 s .0023 + 0021

* Each detum (for both nonircedisted and irrsdiated conditions) is the average

» the standard devistion for [ive specisens.

o Eqch datum for the nonircedisted conditlon is the aversge for tvo specimens,
snd for the irradisted condition is the velue for ons specimen.

The 10-KHz electrical dissipation curve for the
Kapton at elevated temperatures, up to approximately
400 °C, showed little or no change due to the
radiation., Figures 2 and 3 present the 10-KHz
dissipation data at elevated temperatures for
nonirradiated and irradiated specimens of the Ultem and
Mylar, respectively. The temperature at which the ac
electrical dissipation begins to increase rapidly with
temperature is the onset of the material's glass-rubber
transition (i.e., the transition from a glassy to &
rubbery state). This is called the glass transition
temperature (T ). The value for the T, is determined
by fitting loc§1 tangents to the disltgatton curve,
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above and below the onset of the rapid {ncrease, and
locating their point of intersection. The method_for
fitting has been discussed in an earlier report. For
the Ultem (figure 2), the T_ from the dissipation curve
for the nonirradiated specigen was 215 °C and for the
irradiated specimen was 235 °C, which is a significant
increase. For the Mylar (figure 3), the T, for the
nonirradiated specimen was 69 °C and for tRe irradiated
specimen was 48 °C, which is a significant decrease.
The magnitude of the Mylar's dissipation at elevated
temperatures was three times greater for the irradfated
specimen than for the nonirradiated specimen. In
addition, the dissipation curve for the irradiated
Mylar has a bimodal character, in contrast to the
original single-mode character. The Kapton's T, value
for the nonirradiated conditfon was 381 °C and %or the
irradiated condition was 377 °c. This one-percent
change for the Kapton is 8 further indication that the
radiation had little effect on the Kapton's
elevated-temperature ac electrical dissipation
properties.

10~ Irradiated (T; = 235 °C)-

Nonirradiated (fé = 215 %)

~
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Figure 2.- Ultem's dissipation factor (for 10 KHz) at
elevated temperatures before and after
absorbing 9.5 gigarads from electron

radiation.
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Figure 3.- Mylar's dissipation factor (for 10 KHz) at
elevated temperatures before and after

absorbing 5.0 gigarads from electron
radiation.
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Earlier work has 5bgvn that radiation causes
crosslinking in Ulcem, chain scissfoning in Mylar,
and essentially no change in Kapton because
self-mending takes place. Reference 21, a classic
text on radlation chemistry, discusses crosslinking and
chain scissioning as the dominant effects of Iadia:ion
on a number of different polymers. Examp1e32 of other
polymers that predominantly crosslink due 5? radiation
are polystyrene and polyethylene; examples of others
that predominantly scission are polymethylmethacrylate
and polytetrafluoroethylene,

The crosslinking in the Ultem accounts for the
observed increase in the Ultem's T_ after the radiation
because crosslinking reduces the ffee volume of a
polymer. Less free volume in a polymer causes the
glass transition temperature to be increased. 2

For the Mylar, the chain scissioning increases the
free volume. This, in turn, causes the temperaturs at
which the glass transition occurs to be decreased. 2
Also, for the Mylar, the chain scissioning causes
shorter chains and more dangling groups, many of which
have an electric dipole moment. A larger number of
molecular structural components with dipole moments
are, hence, free to vibrate with the applied ac signal.
The increased vibration means an increased absorption
of the energy from the radio-frequency field. A
portion of this absorbed energy is lost, so the
electrical dissipation factor for the Mylar increases.
The bimodal character (figure 3) is due to the
coexistence of the scissioned and nonscissioned
portions of the irradiated Mylar.

Because of self-mending in the Kapton, the ac
electrical dissipation of the Kapton was not
appreciably changed. The Kapton's self-mending occurs
because radiation-generated phenyl radicals in the
Kapton are long-lived (minutes to hours) and recombine
with radiation-generated phenoxyl and ketone radicals
to form the same molecular bonds that existed prior to
the radiation exposure. In contrast, the
radiation-generated phenyl radicals in the Ultem and
Mylar, for the most part, are short-lived (fractions of
seconds to seconds) and combine with hydrogen atoms
(which are radicals), thereby blocking self-mending.

In the following section, the phenyl radicals are
postulated to be a cause of the changes observed in the
Kapton's dc electrical properties after the radiation.

10

DC Electrical Conductivities

and Unpaired Electron Densities

Table II presents the values of the d¢ electrical
conductivities and the unpaired electron densities in
the nonirradiated and irradiated polymers. The values

TABLE I1.- DC ELECTRICAL CONDUCTIVITlEé AND UNPAIRED
ELECTRON DENSITIES IN IRRADIATED POLYMERS

Total DC Unpaired
Polymer absorbed electrical electron
dose, conduiciviiy. density,
gigarads ohm™ *-cm” spins/g
0 2.0 x 10-17 8.40 x 1013
Kapton 1.00 6.0 X 10-12 2.25 x 1017
(stock- 5.00 3.9 x 10-12 4.90 x 1017
grade) 3.50 2.0 ¥ 10-12 6.29 x 1017
9.75 1.7 x 10-12 7.39 x 1017
0 2.0 x 10-17 2.95 x 1o0l3
Ultem 1.00 3.0 x 10-17 8.12 x 1o0l7
(20-mil 5.00 3.8 x 10-17 4.08 x 1018
thick) 9.50 1.0 x 10-17 4.19 x 1018
9.75 3.8 x 10717 7.48 x 1ol8
0 6.3 x 10-18 5.71 x 1013
Mylac 1.00 2.0 x 10-17 2.37 x 1018
5.00 .- 1.46 X 1018
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listed in the table for the irradiated polymers are the
values for the initial measurements, 30 min after the
completion of the radiation exposures. The dc
electrical conductivity of the Kapton increased by five
orders of magnitude, whereas the dc conductivities of
the Ultem and the Mylar increased by less than an order
of magnitude, after the radiation exposures. The
unpaired electron densities, however, increased by
several orders of magnitude - for all three polymers -
due to the radiation. This suggests that the dc
electrical conductivity and the denesity of unpaired
electrons, or the density of a particular radical
species such as the phenyl radicals, might be related
in the Kapton.

The monotonic increase of the unpaired electron
density with total absorbed doses from 1-MeV electrons
for the Kapton and glgem (table II) is consistent with
earlier experiments with 100-KeV electrons. The
Mylar irradiated to a total abgorbed dose of 5 X 109
rads was 80 embrittled that the dc conductivity
measurements could not be made. This extreme
embrittlement of the Mylar probably accounts for the
decrease (table II) of the unpaired electrsn density
betwees the total absorbed doses of 1 X rads and
5 X 10” rads. An explanation is that a number of the
radicals produced by the extreme scissioning were, most
likely, able to combine to form gaseous by-products.

In addition, the unpaired electron density is
increased more by the radiation in the Ultem than {(n
the Kapton (table II). This ie also consistent with
earlier findings” using 100-KeV electrons. This result
is attributed to the self-m ndi in the Kapton, as
opposed to the crosslinking tn the Ultem. Because
self-mending has a higher probability of occurring than
does crosslinking because of the immediate proximity of
radicals formed by homolytic bond cleavage during the
irradiation process, the net effect at the end of the
exposure is less of an increase in the total radical
density for the Kapton.

Figures 4-7 are for the irradiateg Kapton at the
highest total absorbed dose, 9.75 X 10° rads. Figures
4 and 5 give the dc electrical conductivities and the
unpaired electron densities, respectively, measured at
various times after the completion of the radiation
exposure. Both the dc and EPR specimens were stored in
a desiccator to prevent them from absorbing moisture
during the time intervals between the measurements. As
can be seen from figures 4 and 5, the post-irradiation
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Figure 4.- DC electrical conductivity of irradiated
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Figure 5.- Unpaired electron density in irradiated
Kapton, measured at various times after the
exposure.

roqm-temper;ture decay curves for the dc electrical
conductivity and the density of unpaired electrons
again suggest that these two properties might be
related, in some manner, in the Kapton. Both
quantities decrease by orders of magnitude during the

1200-hr time perfiod of the decay study. To
recapitulate, the dc electr.cal conductivity and the
radical densfty of Kapton both increase by orders of
magnitude with radiastion exposure at room temperature
and then both decrease by orders of magnitude with time
at room temperature after the radiation exposure.
Figure 6 is & plot of the dc electrical
conductivity versus the unpaired electron density, for
the different measurement times after the completion of
the radiation exposure. The dc electrical conductivity
of the dielectric initially increases rapidly with the

radiation-generated unpaired electron Tsnsity and Ehen
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Figure 6.- DC electrical conductivity versus unpaired
electron density in irradiated Kapton.
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The radfation-generated radicals (the molecular
groups containing the unpaired electrons) have been
previously ldentified for the three polymers under
investigation. The predominant long-lived radical
species are as_follows: phenyl, phenoxyl, and ketone
in the Kapsgg;a phenoxyl, ketone, and gez:glmethyl in
the Ultem; and ethylene in the Mylar. Free
electrog-aignals have not been observed in the EPR
spectra of irradiated Kapton, Ultem, or Mylar.

For an unpaired electron in a polymer to have a
high probability of hopping from site to site under the
influence of an electric force produced by a moderate
applied voltage, the unpaired electron should be in a
localized state. It should be mechanically constrained
(possess few translational and rotational degrees of
freedom) and should be chemically nonresonant (possess
few resonant modes within its molecular group). Of the
aforementioned five radical species, the unpaired
electron in the phenyl is the only one that is both
highly constrained and nonresonant. Specifically, the
unpairid electron in the phenyl radical is located in
the sp” molecular orbital of the carbon atom from which
the hydrogen atom has been abatracted. Por the three
polymers in this study, the phenyl radicals are longer
lived and more abundant in the Kapton than in the Ultem
or in_the Mylar. The previously reported molecular
model3 of the basic radiation damage mechanisms in
Kapton proposed that half the total radical density In
the irradiated Kapton consists of phenyl radicals. One
can, therefore, postulate that the radiation-generated
phenyl radicals in the Kapton might be responsible, at
least in part, for the large increase in the dc
electrical conductivity of the Kapton after the
‘radiation.

Assuning that the phenyl radicals are uniformly
distributed throughout the {rradiated Kapton, one can
calculate (from figure 6) the average separation
distances of the unpaired electrons associated with
these particular radicals. The post-irradiation
separation, or hopping, distances corresggndinf to the
dc S}ectfical conductivity values of 107 12-197 11
ohm “-cm ° are determined to be 12-36 nm for the phenyl
radical population (figure 7).
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Figure 7.- DC electrical conductivity versus phenyl
radical separation distance in irradiated
Kapton.

A completely different studyz3 exposed 3-mil thick
Kapton Tyge H film to elevated temperatures
(100-200 °C) in high electric fields (50-450 KV/cm) and
found that the resulting in-situ hopping distances of
the charge carriers responsible for the dc electrical
conduction were approximately 5-6 nm. Considering that
the hopping distance of 12 nm in the present study
corresponds to a post-irradiation time of 30 min,
whereas the distances of 5-6 nm correspond to in-situ
conditions, one notes that the two studies are in
agreement. .

The molecular model? reported earlier for
irradiated Kapton propoased that the Kapton undergoes a
self-mending process due to the radical-radical
recombination of the phenyl radicals with the phenoxyl
and the ketone radicals. This self-mending process is
believed to account for the observed post-irradiation
decay of the dc electrical conductivity in the Kapton,
as seen in figure 4.

CONCLUDING REMARKS

Radiation exposures to 1-MeY electrons, up to a
total absorbed dose of 9.75 X 10” rads, produced no
statistically significant effects on the
room-temperature ac electrical properties of Kapton,
Ultem, or Mylar. The elevated-temperature ac
electrical dissipations of the Ultem and Mylar, but not
of the Kapton, were changed by the radiation. The
irradiated Ultem required a higher elevated temperature
before its dissipation began to change, even though the
magnitude of the increase was the same as for the
nonirradiated Ultem. In contrast, the dissipation of
the irradiated Mylar began to change at a lower
elevated temperature, and the magnitude of the increase
was three times greater than that of the nonirradiated
Mylar.

The glass transition temperature, determined from
the elevated-temperature ac electrical dissipation
data, increased for the Ultem, decreased for the Mylar,
and remained unchanged for the Kapton. The
explanations for the T_ and, hence, dissipation results
were found in earlier molecular modeling. These
earlier studies showed that radiation causes Ultem to
crosslink and Mylar to ascission, while causing no
appreciable change in the molecular structure of the
Kapton.

The dc electrical conductivity of the Kapton
increased by five orders of magnitude as a result of
the radiation. In contrast, the dc electrical
conductivities of the Ultem and Mylar increased by less
than an order of magnitude after the radiation
exposures.

The unpaired electron densities in all three
polymers - Kapton, Ultem, and Mylar - increased by
several orders of magnitude due to the radiation. For
the irradiated Kapton, the dc electrical conductivity
and the unpaired electron density both decayed with
time at room temperature.

The differences in the effects of the electron
radiation on the ac and dc electrical properties of the
Ultem and Mylar, compared with those of the Kapton, are
attributed to the differences in the kinetics of the
radiation-generated phenyl radicals in these polymers.
In the Kapton, the phenyl radicals are long-lived and
recombine with the phenoxyl and ketone radicals to
produce self-mending. In the Ultem and Mylar, the
phenyl radicals are short-lived and combine with atomic
hydrogen, thereby blocking self-mendin& and, thus,
allowing crosslinking and chain scissioning to take
place in the Ultem and Mylar, respectively.
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The unpaired electron in the phenyl radical i{s in
a highly localized state and is, therefore, available
as a charge carrier for dc electrical conduction. The
mechanism for the dc electrical conduction in the
irradiated Kapton i{s proposed to be the hopping of the
unpaired electrons from phenyl site to phenyl site.
The post-irradiation (30 min after the completion of
the radiation exposure) hopping distance between the
phenyl radicals in the Kapton is determined to be
12 nm. )

The large percentage (50 percent) of phenyl
radicals in the irradiated Kapton is thought to
account, at least in part, for the large increase (five

"orders of magnitude) {n the dc electrical conductivity

of the Kapton due to the radiation. The post-
irradiation decay of the Kapton's dc electrical
conductivity is attributed to the self-mending process
that is due to the radical-radical recombination of the
phenyl radicals with the phenoxyl and ketone radicals.
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The Effects of Fluids in the Aircraft Environment on a

Polyetherimide
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and
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Fluid absorption studies have been made for a polyeth-
erimide thermoplastic {ilm and a unidirectional composite
of the thermoplastic with graphite fibers immersed in
water, JP4 Jet fuel, cthylene glycol, and hydraulic fluid.
The changes in the weight, thickness, and tensile proper-
ties were measured for the film. The changes in the flex-
ural properties of the composite were measured for speci-
mens whose fiber orfentatlon was transverse to their
length. Only the hydraulic fluid. which caused an erosion
or dissolving of the resin at the spectmen surface, affected
the f1lm’s propertics. Both the water and the hydraulic
fluid affected the flexural properties of the composite, due
to capillary absorption along the fiber-resin interface.

INTRODUCTION

Thc applications of carbon-fiber rcinforced
polymer matrix composites for aircraft
structures have increased significantly in re-
cent years. Tests of carbon-flber/epoxy coin-
posites have shown that moisture and aircraft
fluids, such as fuel and hydraulic fluids, in the
servicce environment can cause a degradatlon of
mechanical properties {1-4), especially at cle-
vated temperatures (5-6). These problems have
been reduced by the use of 177°C-cured epoxles
which are more resistive to degradation than
are lower cure-temperature epoxles. Howcver,
the 177°C-cure epoxies are rather brittle and
thelr composites may exhibit poor resistance to
Impact (l.e., toughness). The toughness of com-
posites has been determined to be of consider-
able importance to their performance in aircraft
structures. A composite's toughness can be In-
creased by using additives, such as elastomers,
in the epoxy-based matrix systems. Toughness
can also be increased by using thermoplastic

" Under NASA Caoperative Agreement NCC1-80. Presently, Mr. Colline I8 a
student in the College of Engineering, Department of Matertals Fngineering,
Virginta Polytechnic Institute and State Univeraity, Blacksburg, VA,

The use of trademarks or manufacturers’ namea in this publication doea not
constitute endorsement. etther expressed or implied, by the Natlonal Aervnau-
Ucs and Space Adminiatration.

matrices which are inherently tougher than
thermoset polymers.

This paper reports a study of the effects of
some of the flulds found in aircraft environ-
ments, water, antifreeze, jJet fuel, and hydraulic
fluid, on a polyetherimide thermoplastic which
Is representative of the types of thermoplastics
being evaluated for aerospace composite matrix
applicatlons. Specimens made from Ultem
polyetherimide film were used to evaluate the
changes In welght, thickness, tensile proper-
ties, and Infrared (IR) transmission spectra of
the neat resin. Specimens of composite made
from unidirectional layups with fiber direction
perpendicular to the specimen’s length were
used to evaluate the changes In the flexural
properties of graphite/polyetherimide compos-
ite material.

EXPERIMENTAL DESCRIPTION
Materials and Specimens

Ultem polyetherimide thermoplastic is a prod-
uct of the General Electric Company. The thick-
nesses of the films used for the measurements
of changes of both weight and thickness were
7.6 by 107 and 5.1 by 107* meters. The thick-

Reprinted from POLYMER ENGINEERING AND SCIENCE, JUNE 1988, VOL. 28,
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ness of the film for the tenslle property meas-
urements was 7.6 by 10™® meters. The thick-
ness of the film for the infrared spectroscopy
was 7.6 by 107® meters. The 7.6 by 107%-meter-
and 5.1 by 107*-meter-thick specimens for
weight and thickness measurements were 0.04
m by 0.04 m and 0.064 m by 0.0l m, respec-
tively. The tensile specimens were 0.005 by
0.15 m. A description of the fabrication of the
tenslle specimens is given in Ref. 7. Four spec-
imens were used for the welght measurements
and four specimens were used for the thickness
measurements, for each of the exposure condi-
tions. A minimum of si{x specimens at each
exposure condition were used for the tensile
property tests of the film. The IR specimens
were 0.01 m by 0.025 m.

The carbon-fiber/Ultem composite was a 4-
ply. unidirectional layup molded from 0.10-me-
ter wide, single plies of nonsized C6000 fiber
tows coated with Ultem. The C6000 fiber is a
product of Celanese Corporation. The molding
was accomplished in a dam-type steel mold at
399°C and 3.45 x 10° Pa.

The composite flexural specimens were 0.01
m by 0.025 m. The flber orfentation was trans-
verse to the specimen length so that the prop-
erties were dominated by the resin and/or the
fiber-resin Interface. At least six specimens
were used for the flexural property tests of the
composite, for each of the exposure conditions.

Exposure and Testing Facilities

The specimens were immersed in closed, in-
dividual containers of the fluids which were
placed in an oven and exposed to a temperature
of 82 + 2°C. The fluids were water, ethylene
glycol (antifreeze), JP4 (Jet fuel). and Skydrol (a
hydraulic fluld manufactured by Monsanto Cor-
poration). The exposure durations were up to
82 days.

The weights were measured with a Sartorious
model 2600 semimicrobalance and the thick-
nesses were measured with Starrett no. 673
bench-top comparator. The flexural and tensile
tests were conducted with a model 1130 Instron
testing machine. The tensile test and the flex-
ural test are described in Refs. 7 and 8, respec-
tively. The IR spectra were recorded with a
model 599B Perkin Elmer spectrometer which
was controlled by a model 3600 Perkin Elmer
data station. All of the measurements were
made at room temperature,

The flulds were washed from the surfaces of
the specimens before measurements were
made. The method consisted of a room-temper-
ature, liquid freon wash using a laboratory dis-
pensing bottle and cotton swabs. The method
was evaluated, using IR spectroscopy, for both
NaCl single crystals and the 7.6 by 107®-meter
film. No detectable amount of fluid remained
after washing the surface of either a NaCl crys-
tal or a polymer film specimen which had been
immersed in the fluid for several seconds.

824

RESULTS AND DISCUSSION
Physical Properties and Infrared Spectra

The welight change data for the 5.1 by 107*-
meter Ultem film specimens are shown (n Flg.
1. At the end of 82 days, the specimens Im-
mersed in water had gained approximately one
percent weight, the specimens Immersed in hy-
draulic fluid had lost approximately 0.7-percent
weight, and there was no appreciable weight
change for the specimens Immersed in ethylene
glycol and JP4. The 7.6 by 107°-meter speci-
mens immersed in water, ethylene glycol, and
JP4 underwent percentage weight changes sim-
ilar to those for the 5.1 by 107*-meter speci-
mens. However, these thinner specimens broke
Into small pleces before the first weighing when
Immersed in the hydraulic fluid.

The thickness data for 5.1 by 107*-meter
specimens are shown in Fig. 2. At the end of
82 days. the specimen thickness increased ap-
proximately 0.6 percent for immersion in water,
decreased approximately 2.4 percent for im-
mersion In hydraulic fluid. and showed no
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Effects of Flulds in the Alrcraft Environment

measurable changes for immersions in ethylene
glycol and JP4. As in the case of the weight
changes, the magnitudes of these changes were
small. The thinner, 7.6 by 107*-meter, speci-
mens Immersed in water, ethylene glycol, and
JP4 had percent changes In thickness simllar
to those for the 5.1 by 107*-meter specimens.
The 7.6 by 10™*-meter specimens, immersed In
hydraulic fluid, broke into small pieces before
the first thickness measurement, which was at
ten days of Immersion.

The IR spectra, from 4000 to 2000 cm™', of
the 7.6 by 107°-meter film specimens, before
and after immersions, are shown In Flg. 3. The
reference spectrum for Ultem Is shown In Fig.
3a. The IR spectrum of a specimen which had
been immersed in water for 50 hours {s shown
In Flg. 3b. The spectrum did not have O-H
stretching or rocking absorption bands which
are associated with the water molecule. There-
fore, a detectable amount of moisture was not
absorbed. The IR spectrum of a specimen which
had been immersed In ethylene glycol for fifty
hours is shown in Fig. 3c. The spectrum had a
band at 3370 cm™', due to O-H stretching, and
bands at 2931 and 2870 cm™', due to antisym-
metric and symmetric stretching of CH; struc-
ture. These bands are respectively indicated by
the three arrows, from left to right, in Fig. 3c.
The magnitude of these bands were small,
which Indicated that only small amounts of
these structures were present, l.e, only a small
amount of ethylene glycol was present.
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Fig. 3. Transmission infrared spectra for neat-restn Ul-
tem film specimens before and after Immerstons (n three
Slulds.

The IR spectrum of a specimen which had
been Immersed in JP4 for fifty hours Is shown
In Flg. 3d. The spectrum had bands at 2925
and 2868 cm™', Indicated by the two arrows,
which were due to CH; stretching. Agaln, the
small magnitude of these bands indicated only
a small amount of JP4 was present.

The spectrum of a spectmen after immersion
In hydraulic flutid showed no new bands, hence
no evidence of absorption. However, the immer-
slons were less than one minute because longer
exposures caused the IR specimen to crumble
Into small pleces. These short exposures may
have not been suffictent for any absorption to
have occurred.

Both the physical property data and the crum-
bling of the IR specimens suggest that the hy-
draulic fluid had a degrading effect upon the
film. The losses in welght and thickness suggest
that the hydraulic fluld dissolved resin from the
specimens. The crumbling of the IR specimens,
for exposures longer than one minute, suggests
embrittlement or some form of stress. Since
there was no spectral evidence of the hydraulic
fluld having been absorbed. any dissolving of
the resin probably occurred at the surface (that
Is, an erosion process). After immersion in hy-
draulic fluid, the surfaces of the specimens ap-
peared stressed or eroded. The erosion could
have been due to chain scissioning. Several
attempts were made to Isolate and concentrate
dissolved residue, within the container of hy-
draulic fluid, for identification of fragmented
spectes using infrared spectroscopy. The at-
tempts were not successful,

Tensile Properties of Films

The tensile properties of 7.6 by 1073-meter
specimens after 15-day and 30-day immersions
in the four fluids are shown In Figs. 4 through
6. The term “reference” means the specimens
were not exposed to either fluids or elevated
temperature and the term “control” means ex-
posure at 82°C in air only. The other data in
each flgure refers to the properties after expo-
sure to the flulds at 82°C.

The elongation-to-failure, Fig. 4, changed
more than did the other tensile properties. The
change appeared primarily due to the elevated
temperature. Degradation at elevated tempera-
tures which are much lower than the glass tran-
sition temperature (211°C for Ultem) is possible
in an oxidative environment. The immersion in
the hydraulic fluld caused additional reduction
In elongation. There were no significant addi-
tional changes caused by the other fluids. These
results are consistent with the weight and
thickness data which indicated that those fluids
were not absorbed.

The ultimate tensile strength data, Fig. 5,
showed changes less than 17 percent. For the
Immersions In JP4 and in hydraulic fluid, an
Increase in the ultimate strength occurred.
However, the 20 bands overlap with those of
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Flig. 5. Ultimate tenstle strength for neat-resin Ultem
specimens before exposure (reference) and after 82°C ex-
postres to alr {control) and (mmersions in four flulds.

the reference values. Therefore, the increases
are not statistically significant.

The tensile modulus data, Ftg. 6, suggest that
some changes occurred. The modulus increased
for the immersions in hydraulic flutd. The re-
sults were mixed for the two durations of Im-
mersion In the other fluids.

Ultem is a linear polymer, Therefore the me-
chanical properties of the reference specimens
may be attributed to van der Waal, dipole-di-
pole, and other weak interactions between ad-
Jacent molecules. These Interactions between
the relatively long-molecule chains provide
strength and allow large plastic deformations.
If chaln scissioning Is caused by an Immersion,
which was implied by the weight and thickness
data, then the molecular chains are shortened
and therefore the elongation-to-failure is re-
duced. However, the chain scissloning would
have reduced the ultimate strength. Instead,
there was an increase In ultimate strength
which indicates that crosslinking may have oc-

826

GiGINAL PAGE IS
.- OF POOR QUALITY

[
{ THR ] { ;
2 L
i
- fenergion Tias
16 estyn O
0 oars &
‘e 'Y I
. J
Maforante  Contrel wetor vy lone e Myoreulie
lsmersisn Slyesl  Iamersion Fluie
Tamereisn lemersion

Fig. 6. Tensile modulus for neat-restn Ultem specimens
before exposure (reference) and after 82°C exposures to
atr {control) and tmmerstons (n_four fluids.

curred within the portion of the specimen not
eroded. (Crosslinking also reduces the elonga-
tion to failure.)

The modulus properties are measured in the
elastic reglon and are primarily due to straight-
ening of a polymer’'s molecular structure fol-
lowed by an onset of slippage between adjacent
molecules. For Immersions In water. In ethylene
glycol, and {n JP4 the modulus had a net in-
crease for 15-day durations and a net decrease
for 30-day durations. The Increase for the fIf-
tecn day immersions could have been caused by
crosslinking. Crosslinking can introduce bond-
ing which reduces the amount of possible
stralghtening at each site where straightening
occurs. For the 30-day tmmersion duration a
significant amount of plasticization may have
taken place in addition to any crosslinking,
therefore the modulus would decrease.

The hydraulic fluld caused a net increase of
the modulus value for both immersion dura-
tlons. Again, the longer immersion caused less
Increase than did the 15-day iImmersion. So a
combination of effects could have occurred for
the hydraulic fluid similar to what occurred for
the other flulds. However there is almost com-
plete overlap of the 2¢ bands in the case of the
hydraulic fluld. So, statistically, the changes in
the modulus values are the same for both im-
mersion durations.

Therefore, the combination of the physical
and mechanical data for specimens of the neat
resin suggests that both chain scissloning and
crosslinking may have occurred during the im-
mersion in hydraulic fluid. The changes in
physical propertles and appearances suggest
surface erosion occurred, perhaps due to chain
scissloning. However, the mechanical data sug-
gests that crosslinking occurred in the portlon
of the specimen which remained after immer-
sion.

To determine whether crosslinking or chain
scissioning occurred in the portion of a speci-
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Effects of Flulds (n the Alrcraft Environment

men which remained after immersion in hy-
draulic fluid, five specimens for each of four
immerslon durations, O days, 15 days, 30 days,
and 60 days, were dissolved in chloroform. The
weights of the specimens were measured after
dissolving times of 5 minutes, 10 minutes, 20
minutes, 40 minutes, and 80 minutes. As
shown In Fig. 7, the specimens dissolved less
for longer immersions in the hydraulic fluid.
This tndicates that immersion in the hydraulic
fluid caused crosslinking of the molecules
within the originally linear thermoplastic.

Flexural Properties of Composites

For no exposure, the flexural properties of
transverse-fiber specimens of graphite/Ultem
composite are shown in Figs. 8 through 10 as
control values. For comparison, transverse-
fiber specimens of unidirectional T300/5208
have a flexural modulus of approximately 8.27
by 10® Pa and an ultimate flexural stress of
approximately 8.62 by 107 Pa (9). (T300 iIs a
graphite fiber manufactured by Hercules Cor-
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Fig. 7. Percent remaining welght after selected dissolv-
ing times (n chloroform for specimens presoaked (n hy-
draulic flutd for O days. 15 days, 30 days, and 60 days.
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poration and 5208 is an epoxXy manufactured
by Celanese Corporation.)

The flexural data shown in Figs. 8 through
10 indicate that both hydraulic fluid and water
affected the flexural properties of the composite
specimens. Both flulds reduced the ultimate
flexural stress, but had no significant effects
on the flexural modulus. The water also reduced
the composite specimens’ ultimate flexural
strain. In contrast, these fluids did not signifi-
cantly alter the fllm specimens’ tensile stress.

These differences of effects on the composite
and on the f1lm could have occurred if the fiber-
resin interface of the composite were Involved,
perhaps because of capillary absorption along
the Interface. Once the flulds were present, they
would provide a lubrication which could con-
tribute to a reduction in the strength of the
mechanical locking of the resin around the fi-
ber.

Figures 1la through 11f are photomicro-
graphs at magnification factors of 1000 and
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Fig. 11. Photomicrographs of the fatlure edges of com-
poslte flexiural spectmens for no exposure (a and h) and
after 97 days immerstons at 82°C to water (c and d) and
to hydraulic fluid (e and f).

10000 of the failure surfaces of composite spcc-
imens aflter no immersion (Figs. 11la and 11b),
water Immersion (Figs. I1c and 11d), and hy-
draulic fluid immersion (Figs. 11e and 1 Lf), all
at 82°C. The specimen, having no immersion,
appears to have undergone predominantly co-
hesive failure in the matrix. In contrast, the
specimen immersed in water appears to have
undergone a significant amount of adhesive
failure. The adheslve failure may be due to a
significant decrease In the mechanical locking
of the resin around the fiber caused by caplllary
absorption of the water. The specimen im-
mersed in hydraulic flutd shows distinct em-
brittlement at the surface and along the mid-
thickness line. This also s an indication that
caplillary absorption may have occurred. The
failure mode appears to be adhesive. Adhesive
failures, for the specimens immersed in water
and hydraulic fluid, are in agreement with the

preceding interpretation of the mechanlcal
data.

SUMMARY

A study has been made of the effects of 82°C
immersions in water, ethylene glycol, JP4, and
hydraulic fluld on the tensile properties of Ul-
tem film and flexural properties of carbon/Ul-
tem composite. The fllm was also studied for
changes in weight and thickness.

The largest effect on the film’'s tensile prop-
erties was a large reduction In the elongation-
to-fallure after Immersions in all of the fluids.
The reduction appeared related to the elevated
temperature; however, the hydraulic fluid did
cause an additional reductfon In elongation. Ex-
cept for water, none of the fluids were absorbed.
The tensile data suggested that the hydraulic
fluld, caused crosslinking within the specimen
while the weight and thickness data indicated
that the hydraulic fluld, caused chain scission-
ing at the surface of a specimen. Solubility tests
showed that crosslinking did occur. The pres-
ence of chain scissioning at the surface could
not be confirmed. The other fluids did not have
significant effects on weight, thickness, or ten-
slle properties.

Both water and hydraulic fluld immersions
caused changes In the flexural properties of the
composite. The changes were not the same as
the changes caused in the Ultem film’'s tensile
properties. The Interface between the fibers
and the Ultem resin provided a partial expla-
nation for the difference. The effects of the
fluids, on the composite, suggest that screening
studles, such as this one, can reveal Important
limitations of the aerospace environmental du-
rability, of new polymeric materials, and poly-
mer matrix composites.
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Introduction

Pultrusion has been used as a method
for fabricating composite materials for
the past J0 vears, Until recently, the fab-
rication materials have been primarily fi-
berglass and polyester resin, However, if
pultrusion is to be used as a method for
the mass production of high-strength,
high-stiffness fiber-reinforced com-
posites for aerospace structures, then ad-
vanced fibers, such as carbon and
aramid, and resins such as epoxies will
hasve 1o be used.

An epoxy that has a relatively short
gel time, 2 to 4 minutes, at processing
temperatures of 350°F to 400"'F has been
recently developed'’. Studies have
shown that this particular epoxy can be
uscd for the pultrusion of high-perfor-
mance, close-tolerance fiber-reinforced
epoNy composite components’', Ker-
shaw? found that the mechanical proper-
ties of the pultruded composite were im-
proved by postcuring in a conventional
oven at a temperature that was slightly
higher than the maximum temperature
used during the pultrusion.

Postcuring is done for a variety of pur-
poses, including cure completion, moisture
or solvent removal, and relief of internal
stiess. However, the use of a conventional
oven for the postcure is probably appro-
priate only for short length composites
Parts. A more advanced concept for post-
curing, sach as posteuring in line with the
pultrusion process. must be used if the full
capactty ol pultrusion for mass produc-
lion of composites is (o be attained.

This paper presents an evaluation of
posteuring pultruded fiber-reinforced
oy materials within the time period
tminutes) that would be required if the
Posteuring were done in line with the
Pultrusion process. Measurements were
made ol the effects of the posteures on
the Hesural, shear, and interfaminar
fracture toughness properties of the

APRIL 1989

Langley Research Center
Hampton, VA 23665-5225

matterials for a range of posteure
temperatures. The epoxy used was the
same as that discussed by Kershaw?,
Three different types of fibers - carbon,
glass, and aramid - were investigated.

Materials

The epoxy and curing agents for this
study were developed especially for pul-
trusion by the Shell Chemical Com-
pany’* Lpon Resin 9310 and Epon
Curing Agents CA 9360 and CA 537°.
The combination of the two curing
agents provided a rate of activation much
higher than for epoxies used for auto-
claved fiber-cpoxy composites because of
the short time in the pultrusion dic. These
were mixed with additional ingredients
using the formulation in Table 1.

i e CIEET
Dy J.f"l o

quded fiber’

sV ESGx TS f'n cﬂmposntcs
eiilnyesiigated ToPu simula-,
be ;ﬁ_mr é}}qh the
T process.. Com-
i ‘,Bem s¥efiid aramid

M e ( ndmdually

¢ poXPWas COmmerci- |

o 1§:ava ablere? afwal especial:, |

Bly developed Tor pultrsion’ fabrica-
=tion~The pultrusionswere conducted
li’l 400°F:with posicuxe?'m 400, 450,
900, an {;0‘!‘ Meuuremcnts of the
lﬂcxurnl lear, and interlaminar frac-
ture toughness prOperues showed that
sfgmflcnnt «postcurfng ¢an occur
wnhm the time fnme available dur-
ing the pultruslon process ‘Al three
_mechanical propemcs were degraded
by ihe higher (500°F and 550°F) tem-
'pemture postcures; photomicrogmphs
suggest, that “the "degradation " was
caused at the fiber-resin interface for
all three, ﬂber types.TeoW T 1oy, Mg

Units by \\'c(glm

Ingredient

9310 100.00
CA 517 0.65
CA 9360 33.00
ASP-400 13.00
CAxel 1846 0.50
butyl-glycidylether KNGS
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Table 1. Formulation for epoxy res:n

Axcl 1846, also called Mold Whiz, is

a mold release compound manu(actured
by Axel Plastics Research Laboratorics,
Inc; and ASP-400 is alumina silicate
powder manufactured by the Engelhard
Minerals and Chemicals Corporation.
The butyl-glycidylether is used to con-
trol the crosslinking density which af-
fects the formulation's coeflicient of
thermal expansion, viscosity, and capaci-
ty to wet the fiber.

The epoxy mixture was molded into
neat resin specimens and also uscd as the
matrix resin for pultruding the com-
posites, which had a fiber volume frac-
tion of 70 percent. Three fiber types were
separately used for the compositcs: sized
AS4W, 2K carbon, manulactured by
Hercules, Inc.; Kevlar 49, 22720 denier
aramid, manufactured by the E. [. du-
Pont de Nemours and Company: and E-
glass type 712 roving, 12.§ yards per
pound of glass, manufactured by Pitts-
burg Plate Glass Industrics.

tWilliam D. Collins is an undergraduiie student,
Depariment of Matenals Cagincering, Virginma
Polytechaic Institute and State Universiny,
Blacksburg, VA 24061,

$Stephanie L. Gray s an undergradune student,
Department of Machematics, Unnersity ot
Virginia, Charlottesville, VA 12904

* The use of trademarks Or manulacturers’ mmnes
in this paper does not constitute endorsement,
either exprested or implicd, hv the National
Acronautics and Space Administration.
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The neat resin castings were made in
open-taced molds; the epoxy mixture wag
degassed under vacuum at room tem-
perature ‘before it was poured into the
molds. The castings were allowed to har.
den in the molds overnight at room tem.
perature; they were then cured at 400°F
for 2 minutes. The initial hardening was
at room temperature because the “just-
mixed" resin tended to foam at J00°F,
even after extensive vacuum degassing.

Mechanical Specimens and
Testing

Flexural, shear, and interlaminar frac-
ture toughness tests were used to evaluate
the effects of postcuring on the pultrud-
ed composite materials; only the tlexural
test was used to evaluate the molded neat
resin material. The flexural tests and
strength and modulus determinations
were performed according to the speci-
fications and equations prescribed in
Method | of ASTM Standard D7907; a
drawing of the specimen under test is
given in Figure 1. The specimens were 3
inches long, | inch wide, and 1/8 inch
thick; and the support span of the test
fixture was 2 inches.

The shear tests were conducted follow-
ing ASTM Standard D3846*, with a
modification of the specimen size; the
specimens were 3.1 inches long, | inch
wide, and 1/8 inch thick. A sketch of a
shear specimen under test is given in
Figure 2; the two halves of the facial sup-
port fixture were 3 inches long and 1.5
inches wide and were clamped together
by screws at the four corners, each at a
torque setting of | Ib-in.

The interlaminar fracture toughness
was determined by a double-cantilevered
beam (DCB) test®. Figure J is a drawing
of a DCB specimen under test; the spe-
cimens were | inch wide, 7 inches long,
and 1/8 inch thick, with a [-inch starter
crack.

A minimum of seven flexural, seven
shear, and three double-cantilevered
beam composite specimens and a mini-
mum of five flexural neat resin speci-
mens were tested at room temperature
for each postcure temperature evaluated.

Pultrusion System

The pultrusion machine used was a
Glastruder, Model PM-12-14-8, manu-
factured by Goldsworthy Corporation;
a profile schematic of the pultrusion
system is shown in Figure 4. The tows
of fiber were fed from a creel into a bath
containing the epoxy resin mixture, In-

SAMPE QUARTERLY
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Figure 3. Schematic of Double-Cantilevered Beam (DCB) Composile Specimen with Tabs in
Made 1 (Peel) Intertaminar Fracture Toughness Test.

side the bath the tows passed over and
under the rungs of vertical **ladders’ to

- spread the tows for improving the resin

impregnation; the impregnated fibers
then passed through the cure die.. The
two-part 30-inch die had a cavity en-
trance that was | inch wide and 0.65 inch
high. The height of the cavity tapered to
0.125 inch in the first 3 inches of length,
forming S-degree taper; the cavity for the
remaining length of the die had a con-
stant cross section of 0.125 inch high by
1inch wide. The die was between platens
that contained hearters for controlling the
temperature profile along the die; cool-
ing water was passed through ports
located in the last 4 inches of the platens.
The pultrusion feed-through rate was |
foot per minute. The masimum tempera-

ture of the material within the die was
100 °F, -

Curing and Postcuring of
Epoxy

AN epoxy resin is cured by chemical-
!y bonding the epoxy molecules to a cur-
ing agent. After bonding, the epoxide
molety no longer exists; in its place is an
hydroxide structure. The cured epoxy
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gelates because the bonding is accom-
panied by crosslinking, the rate and the
extent of which depend on the tempera-
ture and the time.

As the crosslinking becomes more ex-
tensive, the curing and/or crosslinking of
remaining unreacted sites on the epoxy
molecules and on the curing agent
becone less probable; the sites are less
mobile and, hence, unable to reach each
other. A method for providing the
energy required for increasing the
mobility of the unreacted sites in the
molecular structure, and thereby increas-
ing the amount of crosslinking, is to ex-
pose the cured epoxy resin to a tempera-
ture higher than that used during the
curing; this is known as posteuring,

In reference 2 the effects of posteur-
ing on the shear properties of a pultrud-
ed glass-reinforced epoxy composite are
discussed. The postcuring was perform-
ed for several hours in an oven, after the
pultrusion had been completed. How-
ever, in order 1o incorporate the auto-
mated, mass-production aspect of pul-
trusion, the pultruded composite should
be postcured in line with the pultrusion,
after it exits the curing die or while it is
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still within the curing die. This requires
an in-line postcuring station or a curing
die with additional heating stages. Post-
cure temperatures higher than those used
in reference 2 may be required, even for
fairly long postcuring stations.

Simulation of In-Line
Postcuring

In-line postcuring was simulated by
exposing the specimens to elevated tem-
peratures for 4 minutes, which represents
the length of time to traverse through a
d-foot in-line curing station at a pultru-
sion rate of | foot per minute.

The carbon-epoxy and glass-epoxy
composite specimens were posteured at
temperatures of 400, 450, 500, and 550°F
for all three mechanical tests. The ara-
mid-¢poxy specimens were postcured at
3J00“F for the shear and toughness tests
and postcured at S00°F tor the flexural
test. The neat resin castings were post-
cured at temperatures of 450, 500, and
S550'F.

Results and Discussion
Neat Resin
FLEXURAL DATA

The ultimare flexural strength of the
neat e¢poxy resin at room temperature,
with and without postcuring, is shown
in Figure 5. For no postcure, the average
stress was 1.4 ksi; the averuge stresses
were 14.2, 12.8, and 13.1 ksi for the post-
cures at 450, 500, and 550°F, respective-
ly. The largest stress value, which was
achieved for the 450°F postcure, was due
to the additional crosslinking caused by
the postcure, while at the higher-tem-
perature postcures, degradation effects,
such as chain scissioning, also oc¢-
curred'’,

The ultimare flexural strain data in
Figure 6 show that, for postcuring tem-
peratures higher than 450°F, the strain
decreases monotonically with increasing
postcure temperature. Crosslinking ac-
counts for the decreased strain for the
450°F postcure, while the additional
decreases in the strain for the posteure
temperatures above 450'F muay be attri-
buted to chain scissioning.

Stress-strain curves for the posteured
neat-resin ¢poxy specimens are given in
Figure 7; each curve is for a typical
specimen for the postcure it represents.
These curves show, as was seen in Fig-
ures S and 6 that strain decreased mono-
tonically with in¢reasing postcure tem-
perature and rthat gains in strength by
postcuring are lost if the postcure tem-
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Figure 4. Profile Schematic of Pultrusion System.

perature is too high. The combination of
lower strength and higher stiffness is cm-
brittlement due to the excessive tempera-
ture during postcure,

The effect of the postcuring on the
flexural modulus of the neat epoxy resin
is shown in Figure 8. The modulus in-
creases as the postcure temperature is in-
creased. Both crosslinking and chain
scissioning are candidates for the ob-
served increase in the modulus as the
postcure temperature was increased.
Crosslinking causes stiffer material, and
the chain scissioning of a highly cross-
linked structure renders small clusters of
highly crosslinked structure. The result-
ing chain scissioned material may be less
strong but more stiff. This is the descrip-
tion of an embrittled material, which is
probably the consequence of the expo-
sures at the higher postcure tempera-
tures.

The variability in the data for the neat
resin flexural specimens after postcuring
is generally larger than it is for no post-
cure. An explanation for this difference
is that the specimens were machined to
the test thickness after the postcures,
resulting in different residual internal
stress patterns among the specimens,

Composites
FLEXURAL DATA

Figure 9 shows that for no postcure
the ultimate flexural strengths of the
pultruded specimens were similar to
those of unidirectional autoclaved
specimens. The reference points for
carbon-epoxy and aramid-cpoxy auto-
claved composites were taken from
chapter Il of reference 11, and the
reference point for the glass-epoxy com-
posite was taken from reference 12. Note
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that the variability in the data for the
composites is similar for no posteure and
for the posteures at all temperatures. The
compaosite specimens were completely
fabricated 1o the test dimensions before
the posteuring was conducted; hence,
any residual stresses introduced by the
machining were probably relaxed by the
posteuring.

For the pultruded carbon-fiber com-
posite, the 430°F and higher posteures
decreased the average ultimate tlexural
strength. Visual inspection after testing
indicated that, for no postcure and for
(hg postcures at 400 and 450°F, tensile
farlure occurred on (he tension side of
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the specimens while a small amount of
interlaminar shear failure occurred on
the compression side. For the higher
temperature postcures interlaminar shear
was the dominant mode of failure.
Flexural stress-strain curves for the
postcured carbon-epoxy specimens are
given in Figure 10; each curve is for a
typical specimen for the postcure it
represents. These curves also show, as
was seen in Figure 8, that higher postcure
temperatures caused decreases in the ul-
timate tlexural strength. The curves in-
dicate that the failures occurred in steps,
as was suggested by the occurrence of the
shear failure mode mentioned previously.

F-6

The pultruded glass-fiber composite’s
ultimate flexural strength, shown in
Figure 8, also decreased for postcures at
500 and 550°F, but the decrease was less
than for the carbon-fiber composite. A
visual inspection of the tested specimnens
indicated that the flexural specimens
failed in tension for all the postcure
temperatures; there was no indication of
shear failure. Representative stress-strain
curves for the glass-fiber composite
shown in Figure 11 indicate that the
ultimate flexural strength decreased for
the two highest postcure temperatures
and that there was little or no shear
failure.

The pultruded aramid-fiber compo-
site’s ultimate flexural strength was not
significantly altered by the postcuring
(Figure 8). The failure was predominant-
ly in tension.

The ultimate flexural strains for the

- three different fiber systems are shown

in Figure 12. [n general, postcuring
caused a small decrease in the ultimate
strain, which was expected because of
the additional crosslinking produced by
the postcures. No flexural strain refer-
ence data was found for specimens made
from composites fabricated by either
high-pressure/high-temperature or auto-
claved methods.

As shown in Figure 13, the postcur-
ing caused small decreases in the fMexural
moduli for all three fiber systems. Since
the postcuring produced additional
crosslinking within the resin, the op-
posite, an increase in stiffness, would
have been expected. However this ap-
parent discrepancy is explained in the
following discussion of the shear data
and the changes which occurred at the
fiber-resin interface.

Shear data )

The ultimate shear strengths from
compression in-plane shear tests of
double-notched composite specimens are
shown in Figure 14. The postcuring sig-
nificantly reduced the shear strength of
the pultruded carbon-fiber composite,
but had little or no effect on the shear
strength of either the pultruded glass-
fiber or aramid-fiber composite. Figure
14 also shows that the pultruded materi-
als’ shear strengths are lower than the
values for autoclaved composite materi-
als of the samne fiber type.

Figure 15 shows scanning electron
microscopy (SEM) photomicrographs of
the shear failure surfaces of carbon-fiber
specimens with no postcure and for after
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postcure at 550°F. Cohesive failure oc-
curred in the matrix in the no-postcure
specimen, while adhesive failure between
fiber and matrix occurred for the §50°F
postcure. In contrast, for the other two
fiber types, there was cohesive failure for
no postcure and primarily cohesive fail-
ure for the higher temperature postcures.
In addition, a small amount of adhesive
failure occurred for the higher tempera-
ture postcures for the glass- and aramid-
fiber composites; however, the amount
of adhesive failure was less than for the
carbon-fiber composite.

The presence of adhesive failure after
the highest temperature postcure, of
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which there was a particularly significant
amount for the carbon-fiber composite,
was probably due to degradation of the
fiber-resin interface. The degradation of
the carbon-resin interface is also an ex-
planation for the large amount of shear
failure in the flexural tests and the large
decrease in the ultimate shear strength
after the higher temperature postcures
for the carbon-fiber composite.

There is no definitive explanation
from these data for the degradation of
the fiber-resin interface in the pultrud-
ed carbon fiber reinforced composite;
however, several degradation mecha-
nisms can be postulated: During the
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pultrusion fabrication process, the fiber
tows are subjected to longitudinal loads
that cause them to be in tight bundles
as they pass through the resin bath. Even
with the “ladder rungs” in the bath, the
tows tend to bundle between sets of
rungs. The bundling prevents adequate
resin penetration into each tow and,
hence, insufficient wetting of the fibers
inside each tow. The actual penetration
and wetting of the fibers within each tow
takes place under the pressure generated
within the die before the resin gels. The
Epon 9310 resin, however, is formulated
to have a very short gel time at higher
temperatures.

Carbon fiber is a much better thermal
conductor than are the glass and aramid
fibers; so, the resin throughaout the cross
section of a carbon-fiber epoxy-resin
combination would experience a higher
temperature. This could cause the epoxy
to gel more quickly with an excess of
resin as a coating around each tow and
with dry fibers inside each tow; that is,
inadequate consolidation.

As stated earlier, the gelation of the
epoxy is due to the crosslinking; but, the
crosslinking also causes shrinkage of the
epoxy volume. Any pockets of gelled
epoxy would cause excessive local
shrinkage, which would tend to degrade
an already-poor fiber-resin interface. The
higher the temperature, the greater the
crosslinking and, hence, the greater the
shrinkage. Unlike the autoclave process
that externally applies and maintains
pressure, the pultrusion process relies on
internal pressure generated by passing a
slightly excessive volume of fiber and
resin through a die. The shrinkage of the
epoxy during curing (gelation) therefore
causes a drop in pressure which is not
compensated. Thus, the quality of the
interface and, therefore, the value of
shear strength can be lower for higher
temperature postcures.

This line of thought would also sug-
gest that, even without any postcure, the
fiber-resin interface properties of the
carbon fibers with the epoxy designed
for pultrusion could be worse than with
the epoxies which gel more slowly, such
as those used in the autoclave processes.
This may, therefore, provide an explana-
tion for the lower shear strength of the
pultruded carbon-epoxy composite com-
pared with the autoclaved composites
that used the slower gelling epoxies.

Toughness
A major advantage of pultruded com-

SAMPE QUARTERLY
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Figure 13. Flexural Elastic Modulus at Room Temperature of Pultruded Fiber-Reinforced Epoxy
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Figure 14. Ultimate Shear Stress at Room Temperature of Pultruded Fiber-Reinforced Epoxy Com-
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Error Bands; Reference 10 for Carbon-Epoxy and Aramid-Epoxy and Reference 11 For Glass-Epoxy)

5 r
Puitruded carbon-apoxy O
Puiltruded aramid-epoxy O
20 Pultruded glass-epoxy A
Refsrance carbon-epoxy @
o 5 {b) 550 °F postcure.
- Interlaminar Above:
fracture Figure 15. Scanning Electron Microscopy
toughness 10 (SEM) Photomicrographs of Shear Failure
o in-Ibfin? ~ § { Surfaces of Carbon-Epoxy Composites.
o 5 = Left:
5 o Figure 18. Interlaminar Fracture Toughness at
i O ®© 0o O Room Temperature of Pultruded Fiber-
L : ! . \ | Reinforced Epoxy Composites for Different
0 Postcure Temperatures. (Average Vaiues With
. 0 100 200 300 400 500 600 + One Standard Dewviation Error Bands;
o Posicure temperaturs, °F Reference 10 for Carbon-Epoxy)
16 ' ORIGINAL PAGE IS SAMPE QUARTERLY
e OF POCR QUALITY



APPENDIX G



NASA
Technical
Paper
2928

1989

Absorbed Dose Thresholds
and Absorbed Dose Rate
Limitations for Studies

of Electron Radiation
Effects on Polyetherimides

Edward R. Long, Jr,
and Sheila Ann T. Long
Langley Research Center
Hampton, Virginia

Stephanie L. Gray
and William D. Collins
Old Dominion Untversity
Norfolk, Virginia

»



——

Tie wee of wadermarks or names of mammfactzrers in this
report 8 or accwrate reparting and does not copstitute an
oficial endorsemert either expressed or implied. of such
procucss x —armfacturers by the Natiomal Aercnantics and
Space Ac—i-isradion.

G-3



Summary

The effects of electron radiation on Ultem, a
polyetherimide manufactured by General Electric
Company, were studled for total absorbed doses from
1.0kGY to 100 MGy at absorbed dose rates from 0.01
to 100 MGy/hr. Tensile property tests and electron
paramagnetic resonance (EPR) spectroscopic mea-
surements were conducted on Ultem film. (The EPR
spectroscopy provides the density of radicals which
are created when molecular bonds are homolytically
broken by the radiation.)

There was an effect of total absorbed dose on the
tensile properties and the radical densities of Ultem.
For a 1.0-kGy total absorbed dose, the elastic modu.-
lus, the ultimate tensile strength, and the elongation-
to-failure all decreased slightly, These changes in the
tensile properties were maintained for all total ab-
sorbed doses up to 1.0 MGy. Above 1.0 MGy flor
the elastic modulus and above 2.5 MGy for the ultl-
mate strength, there were additional changes. For a
100-MGy total absorbed dose, the modulus and the
strength were, respectively, ten percent and twenty
percent less than the nonexposed values. A pro-
nounced decrease in elongation-to-failure occurred at
approximately 2.5 MGy.. Above this total absorbed
dose the elongation-to-failure was four percent of the
nonexposed value. In contrast to the tensile data, the
radical densities increased monotonically with total
absorbed dose.

There was no significant absorbed dose rate effect
observed for either the tensile properties or radical
densities.

A molecular model for the radiation effects has
been reported earlier (NASA TP-2663, 1087). The
model showed that the radical formation was due to
homolytic scissioning of primary bonds within the
linear molecular structure and that the radicals were
the source of subsequent crosslinking. The chain
scissioning and crosslinking cause the changes the the
tensile properties. This published model of radiation
effects and the radical densities and their rates of
change presented in this report are used to explain
the effects of total absorbed dose and absorbed dose
rate on the tensile properties of Ultem. The onset of
changes in the tensile properties at 1.0 to 2.6 MGy
occurred because 25 or more percent of the polymer
molecules were crosslinked. An absorbed dose rate
effect was not found because the rate of radical
creation significantly exceeded the rate of radical
decay for all the exposures conducted.

Introduction

Polymer resins are nseful in space as low (lensity
insulations, solar-cell subatrates, and composite ma-

trices. Long-term stability in lonizing space radia-
tion environments, as In geosynchronous orbit, is an
Important consideration for these applications.

Polyetherimides (PEl) are among the high-
temperature thermoplastic polymers being consid-
ered for future space applications. They maintain
desirable mechanical properties at temperatures of
J00°C or above. They can be used as foams, films,
castings, and matrices for Aber-reinforced compos-
ites. However, a recent study, reference 1, has shown
that the tensile properties of a PEI are significantly
affected by the total absorbed doses anticipated
for approximately 30-year service in geosynchronous
orbit.

The research reported in references 1-3 used to-
tal absorbed doses from 20 to 60 MGy at an ab-
sorbed dose rate of 10 MGy/hr exposures to assess
the changes in the tensile properties of polyimides
for total absorbed doses equivalent to approximately
J0-year exposure to the lonlzing radiation in geosy-
chronous orbit (GEO). Smaller total absorbed doses
were not studied to determine the doses at which
changes are first observed nor to determine how the
changes vary with total dose. The earlier work used

. an absorbed dose rate of 10 MGy/hr, for which

the specimen temperature was found not to exceed
38°C. An assumption was made that there would not
be thermal artifacts at or below this temperature.
Additional absorbed dose rates were not studied.

In reference 2, the effects of the ionizing radia-
tion on the molecular structure of the PEI were de-
termined to be both chaln scissioning and crosslink-
ing. In brief, the radiation cleaved the main-chain
bonds at two sites and dehydrogenated the pen-
dant group as shown in figure 1. These cleavages,
ot chain scissions, and dehydrogenations were ho-
molytic; therefore, several types of radicals were gen-
erated. {Homolytic bond cleavage means that the
atoms sharing the bond each retained an electron
from the pair shared during bonding; therefore each
has an unpaired electron.) The chemical structures
of the radicals are shown in figure 2. In all, six differ-
ent radicals were created. Two of these radicals, the
hydrogen and the phenyl, were not observed because
they immediately combined with one another. The
other four radlcals, as shown In figure 3, generated
crosslinked structures as shown in figure 4. (The two
radicals not observed were known to have initially
existed because of the detection of the other four.)

The objectives of this study were (1) to deter-
mine the effects of ionizing radiation on the tensile
and molecular propertles of the polyetherimide for
total ahsorbed doses which are expected in GEO for
lengths of time from hours to years, (2) to deter-
mine tho effects of absorbed dose rate, and (3) to



correlate the radical density and tensile property
data to understand total absorbed dose and ab-
sorbed dose rate effects. In this report, data are pre-
sented and compared for total absorbod doses from
1.0 kGy to 100 MGy and for absorbed dose rates
from 0.01 MGy/hr to 100 MGy/hr. The total ab-
sorbed doses are equivalent to exposure times from
2.5 br to 30 years in GEO. The absorbed dose rates
are accelerations of the absorbed dosa rate In GEO
by factors from 26 to 2.6 x 10°.

Materials and Specimens

The polyetherimide material was Ultem, a prod-
uct of General Electric Company. The Ultem was
type 1000, the density for which is 1.27 g/cm?, and
was In the form of 0.0078-cm film for both the EPR
and the tensile specimens. The tenaile apeciinens
were 0.5 £ 0.0025 ¢cm wide and 15 £ 0.26 cm long,
with a gage length of 5 cm. The EPR specimens
were 0,.25+0.0025 cm wide and 0.15£0.0076 cin long.
The specimens were fabricated from larger pleces of
film, using dual razor blade cutters. Detalls of the
specimen preparation are in reference 2. At lenst six
tensile and four EPR speciimens were tested for each
exposure condition.

Experimental Procedures

Tensile and EPR specimens in this study were
simultaneously exposed to 100-keV electron radiation
for total absorbed doses from 1.0 kGy to 100 MGy
at absorbed dose rates from 0.01 to 100 MGy/hr. A
1-kGy total absorbed dose is equivalent to a 2.6-hr
exposure in GEQ. A 100-MGy total absorbed dose s
equivalent to the largest absorbed dose estimated for
a J0-year exposure in GEOQ.

Both the tensile and the EPR specimens were
placed in liquid nitrogen within 3 min of the comple-
tion of an exposure to “freeze” the molecular stric-
tural components present at the end of the expo-
sure. For the EPR tests, this meant that all the un-
paired electrons (radicals) caused by breaking molec-
ular bonds (except those with half-lives of saconds
or less) were trapped and therefore thelr spnctra
could be observed. The testing began immediately
thereafter.

The tensile specimens were brought to room tem-
perature, one at a time, and tested by using a
model 1130 tabletop Instron universal mechanical
test machine. The faces of the specimen grips were
rubber surfaced. The grip displacement during each
test was monitored with a direct displacement trans-
ducer (DCDT). The outputs of the DCDT and the
load cell were recorded on an X-Y recorder. The
crosshead rate was 0.2 in/min. A minimum of six
specimens were tested per exposure condition.

2
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For recording spectra, the EPR specimens were
placed In quartz glass tubes. The tubes were sealed
wlth rubber caps, and the end of the tubes containing
the specimens were kept in liquid nitrogen until the
first EPR scan, during which they were maintained
in a thermal environment of —188°C. The EPR spec-
trometer was a Varian E-Line Century Series Model
E-100E. The spectrometer system included a vari-
able temperature accessory for controlling the tem-
perature during the scans, a precision microwave fre-
quency counter, and a gaussmeter. Following the
first scan, the sealed tubes were brought to room
temperature for 10 min and immediately afterwards
stored in the liquid nitrogen. Then, another cycle of
EPR scanning was conducted, followed by another
10 min at room temperature. In this manner, the po-
stirradiation radical decay at room temperature was
mensured for accumulated exposure at room temper-
atiure up to 10 hr.

More complete descriptions of the radiatlon facil-
Ity, the testing equipment, the specimens, and the
manner in which they were prepared and handled
are glven in reference 2. The methods used for mon-
ltoring the dose rate and the specimen temperature
and other experimental details are also described in
roference 2,

Results and Discussion

Temsile Properties

Load-elongation behavior. With no radiation ex-
posure, Ultem film elongates under tensile loading
in n manner shown in figure 5. The load Increnses
with elongatlon through the elastic region and into
the yiold or plastic region (region 1 in fig. 5). Further
loading causes a local necking in the specimen, dur-
ing which the load drops because of the sudden addi-
tional yleldlng (region 2). The necking then extends
and the load gradually increases (region 3) until the
spacimen braaks, at which point the load is nearly
back to the value it was at the onset of the Initial lo-
cal necking. For specimens exposed to electron radla-
tion, the extent of the local necking is reduced, with
Increasing total absorbed dose, until there is none;
that is, the elongation is uniform along the entire
gage length. Further increases of the total absorbed
dose reduce the extent of this uniform elongation.

Elastic modulus. In figure 8, the room temper-
ature elastic modulus is plotted as a function of the
total absorbad dose. The band shown for each group
of data is the envelope for 1 ¢ (one standard devi-
ation) of the data. The tensile modulus decreased



e
b

g

Ll

slightly for the smallest total absorbed dose. The av-
erage nonirradiated value was 427 ksi, and the aver-
age value for a 1-kGy total absorbed dose was 400 ksi,
a +-percent decrease which was within the 1 ¢ of the
data. At the largest total absorbed dose, 100 MGy,
the average modulus was 384 ksi, a 10-percent
decrease from the nonirradiated value.

A determination of absorbed dose rate effects on
the modulus can be made by plotting a portion of
the modulus data as a function of absorbed dosa rate.
The data at 0.1, 1.0, and 10, 100 MGy in figure 6 (the
total absorbed doses for which there was more than
one dose rate) are plotted in figure 7 as a function of
absorbed dose rate. There s no trend with respect
to absorbed dose rate. Thera s overlap of the | ¢«
bands, and therefore there is no statistical diffarence
between absorbed dose rates.

Ultimate strength. The ultimate strength data
for Ultem Alm at room temperature are shown as a
function of total absorbed dose in figure 8. The ulti-
mate strength was 15.9 ksi for 1-kGy total absorbed
dose, a 7-percent decrease from the nonirradiated
value of 17.0 ksi. The change was approximately the
same for total absorbed doses up to approximately
2.5 MGy, but above this total absorbed dose the ul-
timate strength decreased further until, at 100 MGy,
it was 13.4 ksi, a 21-percent decrease from the non-
irradiated value. The onset of additional change at
the higher total absorbed doses appears to be n total
absorbed dose effect and not an absorbed dose rate
effect. Although the ultimate strength data point for
100 MGy/hr suggests an absorbed dose rate effect, it
is not interpreted as such because the modilus data
and the elongation-to-failure data for that absorbed
dose rate do not suggest an absorbed dose rate effect.
No explanation can be offered for why the ultimate
tensile strength is the value It is for 100 MGy/tr,

The lack of a significant effect of absorbed dosa
rate on the ultimate strength may be seen by re-
plotting a portion of the ultimate strength data as a
function of absorbed dose rate. In figure 9, data for
0.1-, 1-, and 10-MGy total absorbed doses have been
plotted as a function of absorbed dose rate. There
is no significant change with absorbed dose rate and
the 1 o bands overlap each other.

Elongation to failure Elongation-to-fallura
(ETF) data are shown as a function of total absorbed
dose in figure 10. For total absorbed doses less than
2.5 MGy, the effect was small. At the smallest to-
tal absorbed dose, 1 kGy, tha ETF was 116 pereent,
a 9-percent decrease from tha nonirradiated value of
126-percent elongation. For total doses of 2.5 MGy
or larger, the ETF reduced to 28 percent or lesa, T'ha
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ETF was 7.2 percent at 100 MGy, a 94-percent de-
crease from the nonirradiated value. Clearly there
Is a total absorbed dose threshold at approximately
2.3 MGy. In earlier studies, references 1-3, the large
decreases in ETF at the higher total absorbed doses
were shown to be due to crosslinking. The thres-
hold at 2.5 MGy suggests either a sharp transition
from little or no crosslinking to extensive crosslink-
ing, or that a threshold amount of crosslinking was
required for the large change in ETF. Solubility tests,
which have been described in reference 2, were also
conducted for these exposures; they indicated that
crosslinking occurred for all the total absorbed doaes
and that the extent of crosslinking increased with
the total doss. Hence, the change in ETF at ap-
proximately 2.5 MGy is an indication that a thresh-
old amount of crosslinking is responsible, as opposed
to a transitlon from no crosslinking to extensive
crosslinking.

Figure 11 is a plot of the portion of ETF data in
figure 10 for which there was more than one absorber
dose rate per total dose. The three lines, each of
which connect data points for a total absorbed dose,
are practically horizontal. Thus different absorbed
dose rates did not significantly alter the effect of a
given total absorbed dose.

Absorbed Dose Rate Effects

The unpaired electron densities 3 min after com-
pletion of the electron exposures are shown in fig-
ure 12. (In this study the unpaired electrons were
radicals. Each electron has a spin value of 0.5.) As
seen from the flgure, there is no absorbed dose rate
effect. Obviously the electron densities shown result
from a combination of both radical creation and de-
cny. The creatlon and decay rates must be studied
separately to understand why there is no absorbed
dose rate effect.

The decay of the radiation-generated radical den-
sity, starting 3 minutes after the completion of a
2.5-MGy absorbed dose exposure, is shown [n fig-
ure 13. The decny curve has two parts, an Initial
portion, defined as the first six data points, and a
long-time linear portion, represented by the last six
data points, .

The long-time portion Is a stralght line and fita
first-order kinetles as discussed in reference 4:

-d(Rq)/dt = kRy

The radicnl deusity Ry and the rate constant k are
daterminad to be

Ry = 7471 x (10)10,-0.086¢



and
k = .086s"!

The rate of decay may be evaluated from this axprea-
sion for any time; for example, at ¢ = 5 hr,

d(Ry)/dt = —4.179 x (10)!8 spins/g-hr

The data from the initial portion of the decay
curve fit the expression for second-order kinetics

-d(Rq)/dt = 2k (Ry)?
which integrates to
1/Ry — 1/ Ry = 2kt
where 4, I3 the radical density at time t = (), with
Rgo = 1.5 x (10)17 spina/g
d(Ry)/dt = —4.697 x (10)'7 apins/g-hr nt ¢t = 0

and
ki =5.17 x (10)~!® (hr-spins/g) !

In comparison to the decay rates at t == 0 hr and
t =5 hr, the rate of radical creation for the 2.5-MGy
exposure was much higher. The dose was absorbed
at a rate of 10 MGy/hr. Therefore, 1.56 x 103 aV/g
were absorbed at a rate of 6.25 x 103 eV/g-hr.
If each ion pair caused by this sxposiire resulted
in a pair of radicals, then approximately 32 eV
were required for every two radicals, according to
reference 5. Thus, the total number of radicala
created during the exPosure was 9.7 x 1040 per gram
at a rate of 3.9 x 102! per gram per hour. This rate
is four orders of magnitucde greater than the decny
rate at ¢ = 0 hr. Using the same set of aasumptlons,
the lowest absorbed dose rate In this study created
radicals at a rate of 3.9 x 10!% per gram per hour,
which is two orders of magnitude higher than the
initial rate of radical decay. In other words, the rate
at which radicals were created by the irradiations
exceeded the rate at which these radicals decayed
for all of the absorbed dose rates investigated and,
therefore, there was no absorbed dose rate effect for
the tensile properties.

Total Absorbed Dose and Broken Bond
Thresholds for Crosslinking

In the preceding discussion of elongatlon-to-
failure data the large change in ETF for total ab-
sorbed doses of 2.5 MGy and higher was attributed
to a threshold amount of crosslinking where tha
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crosslinking monotonically increases with total ab-
sorbed dose. But crosslinking requires that bonds
are.broken in the original linear molecular structurs.
Therefore, there should also be a threshold of broken
bond density for the large change in ETF to occur.
The ETF is plotted as a function of broken bond
density (one-half the radical density) in figure 14.
[ndeed, there appears to be a value for the broken
bond density below which there is little or no change
and above which there is a very extensive decrease,
The threshold value, from figure 14, is approximately
7 % 10!8 broken bonds per gram of material.

In the praceding discussion of absorbed dose rate
effacta, the total number of radicals created per gram
of material during the exposire at 10 Mg/hr was
astimatad to be 9.7 x 1020, which is twice the to-
tal number of broken bonds per gram of material.
Not avery broken bond will result In a crosslink but,
as roferance 8 indicates, significant changes In the
properties of a polymer will occur if 0.1 percent of
the changes, auch as crosslinking, are permanent. If
0.1 percant of the broken bonds were to result In
crosslinking, then 4.9 x 10'7 crosslinks per gram of
matarial would occur. The average molecular weight
of Ultem 1000 is 42000 g/mole (verbal communica-
tion with Paul M, Hergenrother, Polymeric Materials
Branch, Materials Division, NASA Langley Research
Center) so there are 1.48 x 10!® molecules per gram
of material. Therefore, at least approximately 3 per-
cent of the polymer molecules must be crosslinked In
order for a largs change in elongation to fallure to
occur.

Concluding Remarks

The threshold values of total absorbed dose for
causing changes In tensile properties of a polyather-
Imida filin and the limitations of the absorbed done
rata for aceelarated-exposure avaluation of the affects
of elactron radiation in geosynchronous orblt have
bean atudied. Total absorbed doses from 1.0 kGy
to 100 MGy and absorbed dose rates from .0l to
100 MGy/hr were investigated. ,

Total absorbed doses less than 2.5 MGy did not
significantly change the tensile properties of the film,
whereas absorbed doses 2.5 MGy or larger signifi-
cantly reduced the elongation to failure. From elec-
tron paramagnetic resonance spectroscopic measure-
ments, at least 3 percent of the molecules of the origi-
nally linear polymer were crosslinked by the 2.5 MGy
absorbed dose.

There was no measurable effect of the absorbed
dose rate on the tensile propertles. The rate at which
radicals were created by the irradiations exceeded the
rate at which these radicals decayed, for all of the
absorbed dosa rates investigated.
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Figure 2. Radlcal species in polyetherimide generated by electron radiation.
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Figure 4. Crosslinked structures in electron-irradiated polyetherimide formed by combinations of radicals.
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MECHANISM OF ELECTRICAL CONDUCTIVITY IN AN
IRRADIATED POLYIMIDE
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Abstract—A polyimide was exposed to 1.0 MeV electron radiation. The radiation-induced radical density
and d.c. conductivily were measured al various post-irradiation times. The radiation-induced radical
density was found to be correlated to the increased d.c. conductivity through a hopping model of

conductivity. The post-irradiation radical species were identified.

Keywords: Polymers, electrical conductivity, irradiation, radical density.

INTRODUCTION

Currently, much effort is being directed towards
development of comprehensive theories of conduc-
tion in polymers {1, 2). The experimental effort has
centered around conductivity changes caused by vari-
ations in the polymer structure [3-5), variations of the
types and quantities of dopant molecules in the
polymeric material [6-9], and variations of the types
and quantities of polar groups incorporated in the
polymer chain [10, L1]. Studies have also been made
of the increased conductivities in polymers during
irradiation of the polymers with various sources
[12-14]). Other research efforts have suggested that the
radical densities in polymers may be related to the
d.c. conductivity [15-17]. Since radicals are produced
during the irradiation of polymers, some of which
remain after cessation of irradiation, studies of the
post-irradiation radical densities and conductivities
provide a unique opportunity to investigate a possible
relationship between a polymer’s conductivity and
radical density.

To our knowledge, only one study of radiation-
generated radicals and conductivity has been
conducted previously. In that study, Monteith er al.
found a correlation between the radiation-induced
radical density and the post-irradiation conductivity
in a polyethylene terephthalate, although no quanti-
tative form was suggested for the relationship (17). In
the present experiments, a correlation is found to
exist between the radiation-induced radical density
and the radiation-induced conductivity in the poly-
imide. We investigate the use of the hopping model
to explain the correlation, a model which has previ-
ously been applied to polymers with various dopants
[8, 9], but not to the case of irradiated polymers.

{ Presently at Norfolk State University,
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EXPERIMENT

Three-mil Kapton®, & polyimide manufactured by
du Pont de Nemours, Inc., was exposed to 1.0-MeV
electron radiation provided by a Dynamitron
electron accelerator (o total absorbed doses of I, 5,
and 9.5 x 10’ Gy. The absorbed dose rate was
5 x 10 Gy h-", and a cooling system was employed
o ensure that the specimen temperatures did not
exceed 30°C during irradiation. Typically, 0.5h
elapsed between the cessation of radiation and the
immersion of the specimens in liquid nitrogen. The
repeat unit for Kapton is:

0 0
P
OO0
o
¢ g n

[1] 1l
0 0

where 7 is the number of such units in a polymer
chain.

The radical density was measured using a Varian
E-Line Century Series Model E-109E electron para-
magnetic resonance (EPR) spectrometer. The EPR
specimens were maintained at a temperature of
—186°C during EPR data collection. The reference
standard used was a strong pitch standard provided
by Varian.

The d.c. conductivity was measured at room tem-
perature 60 s after application of 500 V across the
specimen. Prior to irradiation, the d.c. conductivity
specimens were sputter-coated with 7-cm diameter
electrodes of approx. Snm chromium covered by
100 nm of palladium. The collection electrode was
surrounded by a 0.16<m gap and a guard ring.
These electrodes provided reproducible contact with
the material at various post-irradiation times, and
were found to be unaffected by exposure to liquid
nitrogen.
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Fig. . EPR spectra of 3-mil standard-stock Ka?

radialion. Absorbed dose rate = § x [0

EXPERIMENTAL RESULTS

The EPR spectra of the irradiated polyimide 0.5
and 15h after exposure to electrons are shown in
Fig. 1. The relative heights of the different peaks in
the spectra are not the same at different post-irradia-
tion times. Consequently, more than one radical is
generated by the irradiation. Based upon computer
simulations of the various post-irradiation spectra

=
:
— ¥

1007t

loll._

Total organic radical density ( spins )

lol. L L i i A L L i J

Total dose (C x 107)

T lO"I
: § .
§ 10}y
a . .
5 (b) e e,
§ 104 i I i )
- Q 300 600 900 1200
Time aftes irradistion ( h)

Fig. 2. Total organic radical density in 3-mil Kapton after

exposure to |.0-MeV electron radiation; (a) at various total

absorbed doses; and (b) at various post-irradiation times.

Absorbed dose rate = $x 10'Gyh~!, total absorbed
dose = 9.75 x 107 Gy.

L5 hafter imadlation ( x 10)

0.5 h after irradiation

160 gauss —

ton, 0.5 and IS h alter exposure to 1.0-MeV clectron
Gyh-', 1otal absorbed dose = 9.5 x 10’ Gy.

and consideration of the chemical structure of the
polyimide, the radicals were tentatively identified to
be a ketone radical, a phenyl radical, and a phenoxyl
radical. These identifications are in agreement with
the results of Long and Long [18), which were based
upon infrared spectroscopy data as well as EPR data.

The total organic radical density in Kapton as a
function of total absorbed dose is shown in Fig. 2(a),
where it can be seen that the radical density increases

i SR
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107k
lo-tep
107141

(a)
10'”L)....(1.
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o
—_
ol

lO’”r :

o
¥ '.

Ioﬂi
I_l r .
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‘; L]
Eo10ep .

[ ]
107401 .
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10-V¢ L 1 i :
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Time after irradiation (b )

Fig. 3. Conductivity in 3-mil Kapton after exposure 10

1.0-MeV clectron radiation; (a) at various lotal absorbed

doses; and (b) at various post-irradiation times. Absorbed

dose rate = 5 x 10° Gy h~?, ,toul absorbed dose = 9.7§ x
10" Gy. .
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Mechanism of electrical conductivity

from 8 x 10" spins g~ in the non-irradiated material
to over 10" spins g~' in the irradiated Kapton. The

" post-icradiation radical density decay curve is shown
in Fig. 2(b).

The conductivity as a function of total dose in
Kapton is shown in Fig. 3(a). The non-irradiated
Kapton conductivity is 4 +3 x 10~ ohm ™! <m~!,
whereas the irradiated conductivity values 0.5 h after
irradiation are over 107" ohm™" -.cm-". As indicated
in Fig 3(b), however, this conductivity increase is not
permanent. Three months following irradiation, the
conductivity had returned to its non-irradiated value
in all of the specimens tested.

ANALYSIS

In experiments by Mort ef al. [19), and Pfister [8),
hopping conductivity processes were found to occur
in molecularly-doped Lexan, with the dopanit
molecules acting as hopping sites.The mobility u was
found to be of the form:

# = Kd® exp(—d/d,), e}
where J is the average separation distance between
the dopant molecules, 4, is a hopping parameter
dependent upon the type of dopant molecules, and X
is a constant of proportionality.

In our experiment, comparison of the post-irradia-
tion radical density decay in Fig. 2(b) and conductiv-
ity decay in Fig. 3(b) suggests that the increase in
Kapton's conductivily after irradiation is associated
with its increase in radical density. We suggest that
the conductivity dependence on the radical density in
our experiment will be of the same form as the
conduclivity dependence on molecular dopant density
in the experiments of Mort et af. [9] and Pfister [8].

In deriving the form of the hopping conductivity
based on the spatial overlay of wavefunctions, Mott
and Davis (2] found that the mobility obeyed:

m

eqn (3), so the full form of ¢qn (2) was applied in this
experiment. Since the conduction electrons in poly-
mers may come from a variety of sources, we further
assume that if the carrier density (n) is approximately
constant, then the conductivity o is given by

0 = K"d exp(—d/d,)sinh(eEd[2kt), (5)
where K" is a new proportionaslity constant.
Combining and rearranging eqns (4) and (5) we
obtain

In[ap *'/ sinh(eEp ~'712kT))

= —p""d, +InK". (6)
Figure 4 is a plot of expression (6), where g,p, E and
T are measured, and presents data from all of the
radialion exposures, and from the average of all of
the non-irradiated data as well.

The linear correlation coefticient between the 26
data points in Fig. 4 is 0.94. This indicates that the
hopping model of eqn (6) is close to the form through
which the radiation-induced radical density and the
radiation-induced conductivity are related.

The slope of the line in Fig. 4 is ~$ x 10°m~",
which corresponds to a value of 2.0 nm for dy, the
localization parameter. This value is comparable to
the 2.4 nm measured by Rohl [6, 11} in polyethylene
with varying concentrations of carbonyl sites.

As stated earlier, three different radical species
were identified in the irradiated polyimide. Al three
types of radical species are expected to contribute
unequally to the hopping conductivity, and variations
in their relative densities with dose may account for
the lack of a perfect fit in Fig. 4. Attempts were made
to analyze the EPR spectrum and hence establish the
association of a specific radical with the conductivity
increase, but separation of the effects of the different
radical densities has not yet been achieved.

' ’ # =k’d exp(~d/dy)sinh(¢EdJ2kT), 2) ~13 \
Yo = [- » o
-
where k* is a proportionality constant and £ is the oo —16k e
e applied electric field. When 5 ~
. ! e ®
W Ed & -2} e L,
=« G = \‘ ..
kT i .
v 3 THr ®
o as in the work of Mort ef al. and Pfister, eqn (2) 7y N
o -~ )
reduces to eqn (1), S -ur .
In our experiment, however, we assume the radi- & t .
Tt cals provide hopping sites for the charge carriers -32o " L + — 4
i (electrons) in the material, The average distance (d) !
between radicals is Radical separation @ "3 (m 5 10°%)

Fig. 4. A plot of the Kapton conductivity data and radical
d=p-it @) density data for all lotsl absorbed doses, assuming
o ! 4 relationship of the form of eqn (6), Infop "/
o . . Lo , \ -y sinh(eEp~'"2kT) = ~p-"1d 4+ In K* where p ' is the

th"‘ # is the radical density in unpaired spins cm -, average radical scparation. The line represents a straight line
o This distance was 0o large to satisfy the condition of fit to the duwa points, with slope = —5 x 10 m -,
‘\-\_ PCS 0,7—F
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SUMMARY 6. Rohl P, Electronic Hopping Transport Mechanism in
. ) . Polyethylene, Conference Rec. 1984 IEEE International
Increased electrical conduction together with an Symposium on Electrical Insulaiors, pp. 186~189 (1984).
increased radical density were found to occur in 7. Limburg W., Pai D.M., Pearson J.M., Renfer D., Stolka
Kapton after exposure to 1.0-MeV clectrons in doses 3"; ;{;‘;E":; R. and Yanus J., Organ. coar. plast. Chem.
7 s .
gregter that IQ Gy.' Phcqyl, phenoxyl, and ketone 8. Pfister G., Phys. Rev. B16, 3676 (197,
radicals were identified in the EPR spectrum of 9 Mon J., Pfister G. and Grammalica S., Solid Si.
irradiated Kapton. The conductivity and the radical Commun. 18, 693 (1976).
10. Suzuoki Y., Muto H., Cai G., Mizutani T. and leda M.,

density were found to be related by a hopping model.
Additional studies of the conductivity and radical
density in Kapton after various doses and types of
irradiation, as well as studies of Kapton with molec-
ular dopants, would be of interest to further clarify
the conduction processes in Kapton.
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ABSTRA

Polymeric materials exhibit mechanical behavior which is dependant on temperature. Dynamic
mechanical analysis measures the mechanical damping and resonant frequency of a material over a
temperature range. Values of the dynamic loss modulus, storage modulus, and loss tangent can be
calculated from these data. The glass transition temperature and onset temperature are obtained from
curves of the dynamic moduli versus temperature. '

INTRODUCTION

Polymeric materials do not deform easily at low temperatures. This is referred to as the glassy state.
At high temperatures, the same material will be rubbery and will deform easily. The temperature at
which this change in behavior occurs is called the glass transition temperature, T,. The transition
usually occurs over a temperature range, called the glass transition region. Materials are structurally
sound at temperatures below the onset to the glass transition region, hence the importance of
determining the glass transition temperature and the onset temperature.

The response, or strain, of a polymeric material to a sinusoidal stress is characterized by a modulus.
The modulus, the ratio of stress to strain, is composed of the storage modulus and the {oss modulus.
The storage modulus is related to the amount of energy stored in the material as a deformation and
returned to the oscillation, while the loss modulus is related to the amount of energy lost through
friction.

When the temperature is low (glassy state), the loss modulus is small and the storage modulus is large.

As the temperature increases, the intermolecular friction changes and the loss modulus increases
(transiton region) to a maximum (Tg). At still higher temperatures, the loss modulus decreases

(rubbery state), and the storage modulus is also small.

Dynamic mechanical analysis of polymeric materials is analogous to the simplified, linear model
shown in Figure 1. The equation of motion for this damped, driven harmonic oscillator is

M d?x/di2 + B dx/dt + Kx = F, sin wt

I-2



where M is the mass of the oscillating body, B is the coefficient of friction, K is the spring constant, x
is the displacement of the mass from its equilibrium position, and F, is the magnitude of the applied

sinusoidal force. For oscillation at resonant frequency, the position of the mass is 90° out of phase
with the applied force, and can be written

X = XoCOS Wt

where xg is the maximum displacement. Substituting this expression with its first and second

derivatives into the differential equation of motion and comparing the coefficients of the sine and
cosine terms, we obtain the equalities

K = Mw?2
and
WB = 'Fo/Xo

The first of these equations shows that the spring constant, which represents the ability of the
oscillation mechanism to store energy, is proportional to the square of the resonant frequency. This is
analogous to the storage modulus of a material. The second equation shows that the damping term,
representing the loss of energy from the system, is proportional to the applied force and inversely
proportional to the magnitude of the oscillation. This is analogous to the loss modulus of a material,

EXPERIMENTAL

The DuPont! 982 Dynamic Mechanical Analyzer (DMA) is used to measure the mechanical damping
and resonant frequency of a sample of material. The sample is clamped between the ends of two rigid
arms, each of which are free to oscillate around a pivot point. See Figure 2. The arms are driven to
oscillate at the resonant frequency of the material. The energy lost from the oscillation during each
cycle, the damping, is measured and a feedback signal is returned to the driving mechanism to maintain
a constant oscillation amplitude. This feedback signal, in millivolts, is recorded as a measure of the
damping due to the specimen.

The 982 DMA is accompanied by the 1090 Thermal Analyzer (see Figure 3) which is used for data
acquisition, data analysis, and temperature control. With the use of liquid nitrogen, the system can
record the resonant frequency and damping of a marerial from -150°C to 500°C. See Figure 4.

ANALYSIS

Data analysis programs provided by DuPont for use on the 1090 TA calculate the loss and storage
moduli from damping and frequency values stored by the 1090 TA. An example of the resulting
curves for a sample of T300/934 graphite/epoxy composite is shown in Figure 5. The transition onset
temperature is found by drawing tangents to the loss modulus curve before the transition region and
during the increasing part inside the transition region, as shown in Figure 5. The intersection of these
two tangents is considered to occur at the onset temperature. The glass transition temperature is taken
to be the temperature at which the loss modulus reaches a peak.

I-3
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CONCLUSION

The data shows that the glass transition temperature is 240°C (+5°C) for T300/934 graphite/epoxy
composite. The onset temperature is 218°C (£5°C), below which the material would be structurally
sound.

I The use of trademarks or manufacturers' names in this publication does not constitute
endorsement, either expressed or implied, by the National Aeronautics and Space Administration.
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Figure Captions

Figure 1. The simplified linear model of dynamic mechanical analysis. A mass M attached to a spring
of elasticity, K, is driven by an applied sinusoidal force, F. Energy is lost from the oscillation by
friction.

Figure 2. The dynamic mechanical analyzer. A. The oscillation mechanism consists of two arms with
a driving mechanism. The sample is clamped at the ends of the arms. B. The sample is flexed in the
manner shown (exaggerated here).

Figure 3. The DuPont 1090 Thermal Analyzer, right, and 982 DMA with heating chamber in place.
At the left is the liquid nitrogen tank.

Figure 4. Frequency and damping signal over temperature for a sample of T300/934 graphite/epoxy
composite. The resonant frequency decreases in the glass transition region as the stiffness of the
sample decreases.

Figure 5. Plots of the dynamic moduli and loss tangent versus temperature calculated from the data in
Figure 4. The glassy region is at lower temperatures. The glass ransition region begins at the onset

temperature, 218°C. The rubbery region is at the highest temperatures. The loss tangent, tan §, is the
ratio of the loss modulus to the storage modulus.



F | K

AAAMMLILDIN

_ T M —J\/\/\/\/\_
- S

3 Friction

) M d2x/dt2 + B dx/dt + Kx = F sin wt

- For oscillation at resonant frequency,

- X = XgCOS WL

wB =-F O/xo






. -—

o ?&).{

.‘0 I

—eirercsem-

-
-

Al PAGE IS
F POOR QUALITY

2
]

CRiG!
o

Toood



I-9

(Aw) buidweqg

0c¢E

08¢ 0OvZ 00 091 0Ct

(Do) @umesadwa
08 Oy O Ob- 08 0CL-

0clL

091

00¢ —

ove -

08¢ —

_

\1—

_ | _ _ | _

Bbuidweq —----
Aouanbalj Jueuosay

ve

8¢

(zH) Aouanbalj Jueuosay



I-10

Gco

Tan &

05°0

G0

Flexural loss modulus (GPa)

0ce

(Do) aunjesadwa |

N
(<)
l

08¢ 0vZ 002
< =

// \ -~

09L 0CL 08 oy O oOv- 08 0OZL-

1 =L . _[—-FF"

Quej] — - —
SNINPoOW SSOj |eINX3d|4 ————-
sninpow abelo)s jeinxaj4

G'¢

<
To)

G'L

(edD) sninpow abeuoys jeinxal4



APPENDIX J



Submitted to "Polymer Preprints"
for the American Chemical Society Spring Meeting
Boston, Massachusettes, 22-27 April 1990.

Effects of Electron Radiation and Thermal Cycling on Sized and Unsized Carbon Fiber -
Polyetherimide Composites.
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INTRODUCTION.

The mechanical performance of a composite material depends on the quality of the
interface between the fibers and matrix. A good interface allows the transfer of stress
between the fibers. During the manufacturing of composite materials, a sizing is often
applied to the fibers to protect them during processing and to improve the adhesion of the
matrix material to the fibers.

The effects of the space environment on the mechanical properties of a material must be
investigated before the material may be used with confidence in space applications.
Conditions in geosynchronous Earth orbit (GEO) include exposure to energetic electron
radiation and temperature extremes. During a thirty year mission, a structure in GEO is
expected to receive a total dose as high as 100 kilograys (kGy) from trapped electron and
proton radiation. The temperature of a structure is expected to vary between -150 degrees

Fahrenheit (OF) and +150 OF as it is exposed to, and hidden from solar heating.

Carbon fiber-polyetherimide composite materials are being investigated for use in space
applications. Polyetherimides are thermoplastics and thus have temperature stability that is
superior to that of epoxies. This study is an investigation of how the mechanical properties
of a carbon fiber-polyetherimide composite are affected by the use of fiber sizing and
exposure to electron radiation and thermal cycling.

EXPERIMENTAL.

Two unidirectional, 4-ply composite materials were manufactured, one using sized
Celion 6000 fibers and one using unsized Celion 6000 fibers. Both composites were made
with Ultem 1000 as the matrix material. The sizing was a 2 percent epoxy wash. the
mechanical properties of the fibers and resin matertals are shown in Table 1. The ,
composite was cured at 650 OF for 15 minutes under a pressure of 300 pounds per square
inch (psi). The thickness and fiber volume fraction of both materials are shown in Table 2.
The completed composite panels were cut into one-half inch wide strips, some with the
fiber direction parallel to the long dimension and some with the fiber direction transverse to
the long dimension. The strips were then cut to sample length.

Samples were exposed to no exposure, electron radiation, thermal cycling, and electron
radiation followed by thermal cycling. Exposures to 1-MeV electron radiation were
performed under vacuum with a Radiation Dynamics, Inc. Dynamitron. The total dose was
100 kGy absorbed at a rate of 0.5 kGy per hour. Thermal cycling exposures were
performed under a vacuum with heating by electric coils and cooling by a liquid nitrogen
manifold. The temperature range was -150 OF to +150 OF for 1000 cycles. The sequential
radiation followed by thermal cycling exposures were to the same conditions as the
individual exposures. Samples were stored in a vacuum at room temperature between
exposure and testing.
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Mechanical performance was evaluated by using the three-point flex test and dynamic
mechanical analysis (DMA). The three-point flex test is a flexural strain-to-failure test
using American Society of Testing and Materials (ASTM) standard D790-84a, method 1.
The rate of strain was 0.02 inches per minute. The specimens were supported by two 0.25
inch diameter supports while a loading nose applied the strain to the mid-point of the
sample. The specimens were 0.5 inch wide and one inch long. The specimen support
span was 0.547 inches, giving a span to depth ratio of 19.5 for the sized material and 22.8
for the unsized material. Eight specimens of each composite material were tested with each
fiber direction, longitudinal and transverse, after each of the four exposures for a total of
128 specimens. DMA were performed using a DuPont 982 DMA in conjunction with a
1090 Thermal Analyser. Specimens were subject to constant amplitude , flexural
deformation at resonant frequency. Mechanical damping and frequency were recorded for

temperatures between -184 OF and 608 OF. Dynamic loss and storage moduli were
calculated for each sample along with the dissipation factors. The glass transition
temperature Tg was taken to be the temperature at which the dynamic loss modulus reached
a maximum. EMA specimens were one half inch wide and two inches long. For each
material, three specimens were analyzed with each fiber orientation after each of the four
exposures for a total of 48 specimens. .

RESULTS AND DISCUSSION.

Figure 1-A shows the average ultimate stress for the unexposed sized and unsized
material determined from the three-point flex test data. For longitudinally oriented fibers,
the sized material had an ultimate stress that was 16 percent less than that of the unsized
material. For the transverse fiber orientation, the ultimate stress of the sized material was
24 percent greater than that of the unsized material. The value of the ultimate stress is
dominated by the fibers in the longitudinal aspect and by the matrix material in the
transverse case.

The average ultimate strain of each material in the unexposed condition is shown in
Figure 1-B. No signifigant difference between the materials appears for either the
longitudinal or the transverse fiber orientation. The ultimate strain is also dominated by the
fibers in the longitudinal case and by the matrix in the transverse case. The three-point flex
test does not involve large strains throughout the material, and thus is not sensitive to small
differences in brittleness.

The modulus of each material, shown in Figure 1-C for both fiber orientations, was
lower for the sized material by 21 percent for the longitudinal fiber direction and by 11
percent for the transverse case. The one standard deviation error margins overlapped in the
transverse case. The modulus of a composite with longitudinal fiber direction is dependent
on the ability of the matrix material to transfer load between the fibers. The modulus of
material with transverse fiber orientation is similarly dependent but to a lesser extent.

Thus, the data indicate that the sizing applied to the fibers in this study inhibits the transfer
of stress between the fibers.

The results of the three-point flex test for the exposed material are shown in Figures 2
thru 5. A comparison of the ultimate stress of the radiated unsized material with transverse
fiber orientation in Figure 2-A to that of unexposed material shows a 30 percent increase
after the exposure. However, as may be seen in Figures 3-A, 4-A and 5-A, there were no
changes in the ultimate stress of the longitudinal unsized material or in the ultimate stresses
of the longitudinal and transverse sized material. Similarly as may be seen in part B of
Figures 2 thru 5 the ultimate strain only changed for the unsized material with transverse
fibers. Butin the case of the modulus, the material with unsized longitudinal fibers
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showed the only change as may be seen in part C of Figures 2 thru 5. The change in
tensile properties do not occur for more than one material and fiber direction, and thus do
not suggest any change in material properties. The DMA results shown in table 3, display

an increase in the Tg of each material by 13 OF to 33 OF after radiation exposure.

Radiation doses similar to those used in this study have been shown to cause large
decreases in the strain to failure4 and as much as a 36 OF increase in the TS of neat resin
Ultem films. The strain to failure of the film was much larger than that which occurred in
the three-point flex testing of the composite. Thus the strain effects reported in Reference 4
are not seen in this study. The increase in the Tg of Ultem film was shown to be caused by
radiation induced crosslinking. The change in '['g after radiation exposure for the
composite agrees with that found for the film an§ thus suggests that the increase in Tgof
the composite is due to crosslinking in the matrix material.

Thermal cycling had no effect on the ultimate stress of either material, regardless of fiber
orientation, as seen in part A of Figures 2 thru 5. the uldmate strain, shown in part B of
Figures 2 thru 5, decreased after thermal cycling for the sized material with both fiber
directions and for the unsized material with longitudinal fiber orientation. the modulus of
each material shown in part C of Figures 2 thru 5 increased after thermal cycling for both
fiber orientations. The Tg, shown in Table 3, was unaltered by thermal cycling for both
materials. The temperature range during thermal cycling was not high enough to cause
further curing or break bonds in the matrix material. The thermal cycling could, however,
act to relieve internal stresses associated with the cure cycle.

The sequential exposures, radiation followed by thermal cycling, showed the same
effects on the Tg and modulus as separate radiation and thermal cycling exposures. The Tg
increased after Lﬁe sequental exposures approximately the same amount it increased after
the radiation exposures. The modulus of each material increased approximately the same
amount after the sequential exposures as it increased for the thermal cycling exposures.
Thus there is no indication that radiation and thermal cycling exposures act synergistically
when exposures are performed sequentially.

CONCLUSIONS.

The modulus of Celion 6000-Ultem 1000 composite made with 2 percent epoxy wash
sizing was found to be lower than the modulus of similar material made with no fiber
sizing, indicating that the sizing may inhibit the transfer of load between the fibers and the
matrix material. Electron radiation exposure to a dose of 100 kGy raises the Tg of both
sized and unsized material. Comparison to studies of Ultem films suggests that the
increase is due to crosslinking in the matrix material. Mechanical properties as investigated
with the three-point flex test are unchanged by the radiation. Conversely, thermal cycling
increases the modulus of the composites, possibly by relieving internal stresses, but has no
effect on the Tg.
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Table 1. The mechanical properties of neat Ultem resin film and Celion 6000 fibers.
Ultem 1000 Celion 6000

Modulus (PSI) 40x 105 33x107

Ultimate Stress (PST)  1.5x 104  5.5x 105
Elongation to Failure (%) 60 1.64

Table 2. Material Properties.
Unsized Sized

Thickness (Inches) 0.024 0.028
Fiber Volume Fraction (%) 569  55.8

Table 3. Tg (°F)of sized and unsized C6000-Ultem 1000 composite. (Average difference
from mean is 6.7 OF)

Unsized Sized
Long. Trans. Long. Trans.

Unexposed 483 469 487 451
100 kGy 516 486 500 471
1000 Thermal Cycles 481 466 484 444
100 kGy followed by

1000 thermal cycles 509 495 502 477
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INTRODUCTION

An important consideration for structures in low-Earth orbit (LEO) is
the effect of atomic oxygen (AO) on materials. LEO, between 200 and 500
kilometers, consists predominately of AO in the neutral triplet ground state,
OCP).! AOis highly reactive with many polymers currently used and
intended for future use in space applications and is considered to be the
major cause of material deterioration on Shuttle flight experiments.2 The
development of adcc}uatc Earth-based LEO simulation facilities and the
understanding of polymer-AQ reactions is therefore important for future
space endeavors, ' '

This paper examines the use of a radio-frequency glow-discharge
(REGD) generated oxygen plasma as a viable LEOQ simulator, The plasma-
environment is evaluated through emission and infrared spectroscopic
techniques. The same emission techniques are further used to determine
polymer-AQ reaction products from polymeric materials exposed to the
RFGD generated AO, with results presented for polyetherimide (PEI) and
fluoroethylenepropylene-polyte uorocthylene (FEP-PTFE),

EXPERIMENTAL

For many years oxygen RFGD's have been used to study AO
reactions with organic compounds, but litle has been known about the

particle composition of the discharge plasma. For instance, does the AO

exist primarily in the O(3P) state or do significant quantities of O(I1D), O(!S),

and higher excited states or other reactive species exist for substantial
lifetimes long enough to play a role in the reaction process? If so, it is
possible that these states may react differently than O(3P), thereby obscuring

the effects of O(P). To address this question, an emission spectrum of the
discharge glow was obtained. By identifying the various atomic lines and
molecular bands, the constituents of the plasma can be determined.34 If
local thermodynamic equilibrium is assumed, the plasma temperature can be
estimated from the relative intensities of atomic lines.5 The relative densites
of the constituents can be calculated from the relative line/band intensides,
transition oscillator strengths, state statistical weights, and state energies.6
To dctcnninc.whcthcr the weakly excited state, O(!D), exists in the

discharge, the following known quantum-state selective reactions with
polycthylene (PE) were investigated:?

ocp) + R-CH2-R’ --> 6H + R-éH-R' (Hydrogen abstraction)
O('D) + R-CHz-R’ --> R-HCOH-R*  (Oxygen Insertion)
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Infrared spectra of unexposed and exposed PE resin were recorded to
determine which reaction(s) occurred. A decrease in C-H absorbance bands
after exposure indicates a loss of H (abstraction) and therefore reactions by
O@P), while an appearance of O-H bands would indicate that O is being -
inserted and therefore reactions by O(!D).

Exposure of polymeric materials in the discharge also results in an
emission spectrum characteristic of the particles in the plasma. In this case,
the plasma consists not only of the ambient AO environment, but also of
volatile particles resulting from polymer-AO reactions. As above, these
reaction products can be determined from spectra line identification. Also,
the total integrated area of the spectrum can give a measure of the reactivity
of the polymer.

The emission spectra were obtained with an Oriel** monochromator
System consisting of a fused-silica fiber-optic cable, a 1/8-meter grating
monochromator (MC) with a 50-A bandpass, a photomultiplier tube (PMT),
and associated electronics for MC control and data acquisition. The current
investigation window is limited to between 3000 and 8000 .. The infrared
spectra were obuained with a Perkin-Elmer 599 Spectrophotometer.

AQ is produced in an RFGD consisting of capacitance-coupled elec-
trodes driven by a 13.56 MHz power supply with an impedance matching
network (Structural Probe, Inc., Plasma Prep IT). The reaction vessel
consists of a 15-cm long by 10.5-cm diameter cylindrical quartz chamber,
The discharge is operated at a chamber pressure of 200 millitorr, RF power
supply of 100 W, and a flowrate of 0.011 SLPM of 99.5% pure O,.
Specimens are placed on a blown-glass holder with their surface normal to
the incident AO flux. Specimens are typically thin resin disks 7/8" in
diameter by 3 mils thick. The PEI was manufactured by General Electric
Co.; FEP-PTFE, by E.I. du Pont de Nemours & Co.; and PE, by Union
Carbide Corp.

RESULTS AND DISCUSSION

The spectrum of the oxygen RFGD is given in Figure 1 with cor-
responding line assignments. The plasma is determined 1o consist of OI
(neutral atomic oxygen), HI (neutral atomic hydrogen), N2, and O* from
the line identification. After correcting for the fiber-optics, grating, and PMT
efficiencies, the relative density of each constituent was calculated from the
parameters described above. These values are displayed in Table 1 and
compared with the LEO composition. The presence of O, is assumed
because at 200 millitorr it is known not to yield an emission spectrum8 and
100% dissociation is highly improbable.9 The amount of O, is estimated
from comparison with results obtained in reference 9. In addition, the
forbidden transitions O(1S) to O(!D) and O(ID) to OGP) do not appear in
the spectrum, indicating that the low-lying excited states O(!D) and O(!S) do
?(c))t4 cxi;; in the discharge. The plasma temperature is calculated to be 4700 K

4 eV).

**The use of trademarks or manufacturers' names in this paper is for
accurate reporting and does not constitute an official endorsement, expressed
or implied, of such products or manufacturers by the NASA.
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Figure 2 displays an infrared difference spectrum between an
unexposed and 2-hr AO-exposed PE resin. The spectrum shows a decrease
in C-H bands (increased transmittance) with no appearance of O-H bands,

. suggesting H abstraction by O(3P). This further substantiates that O(ID)_ is

not present and that O(3P) is the primary reactive state of AO in the
discharge.

Figure 3 gives the molecular structures of PEI and FEP-PTFE. Their
AQ-exposed emission spectra are given in Figures 4 and 5, respectively.
For PE], the source lines , OI and O+, and impurity lines, HI and N3, are
observed, as in Figure 1. The remaining lines are attributed to the reaction
products from the PEI-AO reaction. The products are CO, CO*, CO,+, Cy,
and possibly NO, NH, Na+, CH+, H,0, OH, and OH*, These are
expected, since PEI contains only the elements C, H, O, and N. The
reaction products are mostly diatomic molecules - no large chains or polymer
fragments. This is reasonable, since the long polymer chains are interwoven

. and removal of them is physically hindered. This suggests that initially the

AQ attacks primarily the dangling pendant components - the CHj3 in the
isopropylidine group. Additionally, it is noted that the spectrum was taken
after a relatively short exposure of less than 1-hr; the corresponding mass
loss was less than 0.2%. It is, therefore, possible that a time-dependent
effect might be seen for longer exposures. After the pendant groups at the
surface of the material are exhausted, attack on the polymer backbone may
occur, giving larger polyatomic reaction products.

The spectrum for FEP-PTFE is similar, but with a pronounced

decrease in intensity. The lines OI, HI, N2, and O3* are all observed again,

as well as the reaction products CO, CO*, COz+, and C;. The presence of
the other reaction products seen in the PEI spectrum and Fs, NF, and CHF
is questionable. We might also expect to see CF, CF, CHOF, and NF,,
but their emissions are beyond the observation window into either the UV or
IR regions, so conclusions cannot be drawn to their presence. The observed
products are as expected, since FEP-PTFE contains only the elements C and
F. O and F do not combine, since F has an electronegativity greater than O,
This also suggests that only the CF3 in the FEP group is attacked, resulting
in mainly diatomic reaction products. The backbone of the chain can then be
attacked in the location of the absent CF3, resulting in chain shortening, The
short chains, however, would still be physically hindered from escape.
Again, the spectrum was recorded after less than a 1-hr exposure; the mass
loss was less than 0.1%. Larger polymer products may be seen after longer
exposure times.

From the emission spectra, it is seen that the intensity area of PEI is
greater than FEP-PTFE, which is greater than the oxygen discharge. This
corresponds to the mass losses of PEI and FEP-PTFE of 0.2% and 0.1%,
respectvely. Therefore, the integrated area of the spectrum can give a
mgangc of the reactivity or durability of a material exposed to the oxygen
R .
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CONCLUSIONS

The emission and infrared spectroscopy data of the oxygen RFGD
indicate that O(3P) is the primary reactive constituent in the discharge, thus

supporting the position that it can adequately simulate the LEO environment.

The reactions of PEI and FEP-PTFE with AO are shown through emission
spectroscopy to result in primarily diatomic reaction products.
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Table 1. Comparison of Oxygen RFGD and LEO Constituents

Constituent | Polymer Percent Composition, %
Interaction LEQ!.10 Oxygen RFGD

o3p) Yes 54-83 19 - 48
o('D) Yes 2x10°6 - 3x104 0
o(}s) Yes 10°7-10°3 0
HI Yes 4x10°3-1 09-22
0+ Yes sx10°7-7x105 | 6x10°5-104
0, No 02-3 50 - 80
N, No 1-50 3x10°3 - 9x10°3
Hel No 7x102-13 0
Asl No 2x10°3- 3x10°2 0
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APPENDIX L
ADHESIVES PROGRAM
Six commercial adhesives* have been identified for potential use in
space applications. Four of these six are currently being evaluated under
this cooperative agreement; FM300M, manufactured by American Cyanamid;
EA9320 NA, EA934 NA, and EA9396, manufactured by Dexter Hysol.
Exposure Conditions
The environmental conditions to which the adhesives are being exposed
are intended to simulate the conditions experienced by spacecraft Earth
orbit. These conditions include 1 MeV electron radiation and temperature
extremes due to solar heating. Test specimens receive radiation doses of
107 rads, the equivalent dosage of a 30-year mission in low Earth orbit,
and 3 x 108 rads, the equivalent dosage of a 30-year mission in a polar
Earth orbit. Temperature extremes in Earth orbit can be as high as 150
degrees Fahrenheit (°F) and as low as -150 degrees (°F). Test specimens
are exposed to cycles over this temperature range to simulate time in
orbit.
Mechanical Tests
The adhesive bonds are tested to determine tension lap shear (TLS)
strength and molecular properties. The TLS strength is measured by bonding
aluminum to graphite-epoxy composite with the adhesive in question. To
simulate the geometry of the space station tube design, a thin aluminum
shield is bonded to the composite at the bond area. The bonded material is
then placed in tensile load parallel to the bond. The load is increased

until the bond fails. The glass transition temperature of the adhesive is

*Reference to individual commercial products does not imply endorsement by
NASA.
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determined by introducing low amplitude, sinusoidal loading perpendicular
to the bond and measuring the response of the adhesive as the temperature
is increased. The energy lost in the oscillation is related to the
friction between molecules in the adhesive and composite resin. The energy
loss reaches a maximum at the glass transition temperature as the polymer
changes from behaving like a glass to behaving like a rubber.
Test Program

Four adhesives have been tested for TLS strength. The exposure condi-
tions under which testing has been performed are: no exposure, 1000 ther-
mal cycles, 3 x 108 rads of electron radiation, and 1 x 10’/ rads of
electron radiation followed by 2000 thermal cycles. The measurements are

being continued.
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