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UPDATED EVALUATION OF POLYMER FILMS FOR ELEGTRICAL INSULATION*

-H.o B, McCoy, Jr.
ABSTRACT

Several types of tests have been run on polymer film
materials that could be useful for electrical insulation,
The polymers studied were polyethylene terephthalate, poly-
carbonate, polysulfone, polyethersulfsone, polyetherimide,
ultrahigh-molecular-weight polyethylene, polyimide, poly-
butylene terephthalate, and a laminate of Kraft paper and
polypropylene. Thermal aging tests were run to 60,000 h on
«evaral of the polymers, and the samples were evaluated by
tensile tests, electrical breakdown tests, and immersion
‘density measurements,

Because of the wide range of potential service con-
ditions, tensile tests were run on as-received materials
over the temperature range of -196 to 200°C. Polyimide is
probably the only material suitable for the extremes of this
temperature range, but many of the other polymers would be
suitable for intermediate temperatures. Creep tests were
run in nitrogen and transformer oil at 90°C. It was found
that some polymers are weaker and less ductile in o0il than
in nitrogen and that other polymers have equivalent
properties in the two environments,

A means of applying mechanical, thermal, and electrical
stresses slmultaneously to polymer samples was developed,
Tests were run at 90°C in transformer oil on polyethylene
terephthalate, polyimide, ‘and polyethersulfone. Tests thus
far do not indicate that the creep rate is affected by the
application of a 5 kV dc potential,

INTRODUCTION

The Division of Electric Energy Systems of the U.S, Department of
Energy is developing equlpment to improve power transmission capabilitics

and reljability, to increase efficiency, and to reduce the environmental

Research sponsored by the Office of Energy Storage and Distribution,
Electric Encrgy Systems Program, U.S. Department of Enevgy, under contract
DE-ACOS5-840R21400 with Martin Marictta Energy Systems, Inc.
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impact of electric utility transmission systems,! 'The program described
in this report was initiated to directly support the efforts to develop a
transformer utilizing aluminum conductors polymer insulation, and Sk
dielectric.? Thus, many of the materials and test conditions were
“influenced by this application. As the more general applicability of
polymers for‘many insulation applications became apparent, other polymer
films were involved in the study. The new developments in high-
temperature superconductors will make it necessary to have insulators with
suictable properties at temperatures of -225 to -175°C. Polymers may be
able to fulfill some of these needs, and our program has been modified to
determine their properties at applicable temperatures. Several nctivitfes
were involved in this study, and they are described in this report,

Most polymers were developed for nonelectrical applications, so
numerous properties must be measured and evaluated. For cxample,
properties such as dielectric strength, mechanical strength, and maximuwn
use temperature must be evaluated, and chemical compatibility with the
particular service environment must be assessed. Properties with such
second-order effects as thermal expansion, anisotropy, and creep
resistance need to be evaluated. If the application is a long-term one
extending over months or years, the stability of these properties must be
known as a funcfion of time. This stability question is loosely referred
to as aging, although property changes with time are influenced by
thermal, electrical, and mechanical stressing. In some cases the chemical
environment also plays a significant role in aging, so the conditions
during aging must be specified and carefully contro11ed for the results to
be meéningful.

Test retorts were constructed to expose polymer films under
conditions involving temperature, mechanical stress, and environment as
variables. The exposed polymer samples were tested to evaluate changes in
tensile prOperties, dielectric strength, and density. Samples wore
exposed up to 60,000 h at temperatures ranging from 70 to 160°C. Short-
term tensile properties were determined over the temperature range of -196
to 200°C. Tensile tests were also run at 90°C in air and in transformer
0oil to determine whether oil altered the properties. A laminated Kraft

paper-polypropylene product was also subjected to tensile tests. For

N



long-term applications, creep, or deformation with time, 1s of concern;
and measurements were made in nitrogen and oil environments. A question
of ¢concern for polymers is whether they age differently when exposed to
single or multiple stresses. The stresses of particular concern are
thermal, mechanicdl, and electrical, and a .test has been set up in which
all three stresses can be applied simultaneously to a polymer sample.

Tests were performed on three polymers, and these vesults are presented,
EXPERIMENTAL DETAILS

TEST MATERIALS

Several commercial test materials were selected four évéluation; the
available information is summarized in Table 1. The program initially
concentrated on the gas transformer concept, with polyethylene
terephthalate ¢s the refererice material. TFour other materials were chosen
for evaluation in light of the possibility that polyethylene terephthalate
might not be adequate for the application or that one of the alternate
materials might have some distinct operation advantage. These materials
were polycarbonate, polyethersulfdne, polyparébanic acid, and polyimide.
Two prototypic transformer coils were wound with type-EL polyethylene
terephthalate to perform tests on that material. Polysulfone,
polyetherimide, ultrahigh-molecular-weight polyethylene, and polybutylene
terephthalate were added to the program because their physical and
mechanical properties seemed attractive. Multiple lots of some of the
materials were obtained to give some indication of lot-to-lot variation.

Although all these materials were commercially avallable at the time
ot procurement, the status of Tradlon, or polyparabanic acid, has since
changed significantly. The material was produced by Exxon, which has
~discontinued its manufacture. The production fécility is for sale,
however, sc it may be reactivated and the product may again become

available,
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EQUIPMENT

Much of the equipment used in this work was described in detail

3,4

previously. The equipment will be described in this report only as

required to interpret the test results.

THERMAL AGING STUDIES

The polymer sheets were alternéted between aluminum in the
configuration shown in Fig. 1. The polymer sheets were larger than the
aluminum, so that the center of the polymer sheet was compressed and the
outer portion unstressed. The compressive force was sﬁpplied by a
hydraulic piston that pushed on top of the stack of aluminum and polymer
sheets. The stacks wer: separated so that they ran at diffevent
temperatures of 70, 110 135, and 160°C. This entire assembly was
con:ained‘within a tubular section to pruvide atmospheric control.

Three such chambers were used to expose samples in three
environments: SFg with a partial pressure of water of 40 Pa (400 patm)
(Chamber A), SFg with a partial pressure of water of 4 Pa (40 patm)
(Chamber B), and SFg with a partial pressure of water of 4 Pa (40 patm)
and 1 vol % of Freon-112 (Chamber C). The total pressure in each chamber
was 0.4 MPa (4 atm). Freon-113 was added to simulate coolant inleakage in
systems where Freon-113 is used as a coolant. In the first year of these
studies it was concluded that the polymers being evaluated were inert
“oward SFg and Freon-113. As the program turned from the gas transformer,
the test gas was changed to nitrogen, and the Freon-113 additive was
dropped. Water content was found to be important with some polymers, so
the initial water levels were maintained.

Expoéed samples were removed periodically from the chambers, and new

s inserted over the pproximately 60,000 h that the exposures were in
Lress., The‘oxposed [ olymer samples were then subjeéted to several
sts.  Specimens with the configuration shown in Fig. 2 were prepared

with a stecl-rule die so that the gage portions consisted of either
stressed or unstressed material. Electrical breakdown measurements were
made on the film materials. ITmmersion density measurements were made on

will pieces of sample as the easiest way to detect changes in the degree
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Fig. 1. Schematic’diagram of test setup for aging sheets of
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of crystallinity with aging. Scanning electron microscopy was performed
on the fractures of selected tensile specimens or on the as-exposed

"surfaces to detect changes in surface morphology.

PROCEDURES FOR TENSILE TESTS

The tensile properties of polymef‘films are generhlly determined by
the test method‘described in ASTM D 882. 1In this procedure, strips of
uniform width and thickness were cut and tested. The shortest test
specimen alloWed was 100 mm (4 in.), and the length to be used for high-
precision worklwas 250 mm (10 in.). The procedure for testing plastics in
more conventional thicknesses is given in ASTM D 638, and the test ’
specimens have gage sections. Our test specimen was very similar to
cype IV in that specification, but the overall length of our specimen was
less. Several testing speeds are reéommended‘in the two specifications
for various types of materialé. |

The procedure we adopted for our testing was a hybrid of the two
specifications just described because the size of the material being
‘exposed (76- x 76-mm eﬁposure coupon) controlled the overall length of the
test specimen. The dimensions of our test specimen are shown in Fig. 2.
The test section was 25 x 6.22 mm (1.0 x 0.245 in.). This geometry
permitted specimeris to be cut from the stressed or unstressed regions of
the aged sheets and oriented either in the machine direction (MD) or
transverse direction (TD) within the plane of the sheet. The specimens
were cut with a steel-rule die having the shape of the specimen. The test
material was backed by Plexiglas and the die pressed into the material
with a force of about 22 kN (5000 1lb). The cutting edges of the die were
honed periodically to keep them sharp enough to produce test specimens
with smooth edges.

The tensile specimens were tested in an Instron testing machine with
a special set of grips in which the ends of the sample were wrapped around
rubber rollers. As the sample was puiled, the gripping force increased
and prevented slippage. A 222-N (50.0-1b) load cell was used, and the
breaking force rarely exceeded 44 N (10.0 1b). The strain rate used was

0.0033 s™! (0.20 min™!).



Some tensile tesﬁs on as-received materials were performed at
temperatures from -196 to about 200°C. The test specimen was of the same
geometry as the one shown 1in Fig. 2. Holes were punched in each end, and
the same aluminum grips used in creep testing were used to grip the
sample. The éample and grips were enclosed in a tube furnace for heating
or in liquid nitfogen‘or alcohol-dry ice for cooling. The test strain

‘rate and the ‘load cell were the same s utilized in the tests at 25°C.

Data analysis was done entirely from the charts of load versus ctoss;
head travel and consisted of determihing the 0.2% offset yield stress, the
uitimaté tensile stress, and the elongation to fracture. The results
exhibited considerabble scatter, which must be considered when drawing
conclusions. It is likely that the main contributor to the scatter was
the variation in smoothness of the gage-section edges, with the smoother
samples straining the‘moét before fracture. This'variatioh had little
effect on the yield strength, so the scatter in yield strength is small.
For a matefial that exhibits little strain hardening, large scatter in the
fracture strain has little effect on the ultimate tensile strength. For a
material that exhibits high strain hardening, a reduction in fracture
strain results In a lower ultimate tensile strength. Thus, the edge .
quality of tensile specimens results in large variations in fracture
strain and ultimate tensile strength for materials with high strain
hardening. Thickness variation is another parameter that could contribute
to the scatter, but only polyethersulfone exhibited measurable thickness
variation. The minimum thickness within the gage section was used in
computing stresses. Generally, we tested six samples to obtain propertics
of as-received materials and two samples for each test condition. The
average properties and the standard deviation are reported for each test

condition.

ELECTRICAL BREAKDOWN EQUIPMENT

Most of the electrical breakdown measurements in this report were
made with a Biddle AC/DC Breakdown, Leakage, and Ionization Tester
RM Z-15-L/2, which is capable of 12 kV dc and 6 kV ac (rms). We designed
and fabricated the measuring probes, which consisted of two opposing

cylindrical brass rods 6.4 mm (0.25 in.) in diameter with edges rounded to



0.8-mm (0.031-in.) radlus (¢lectrode type 3 in ASTM D149).. The bottom
electrode was stationary, and the top electrode was movable to permit
inserting sampleg. The top electrode st counterbalanced to result in a
net force on the specimen of 50 * 2 g.- The power supply was designed so
that the potential could be increased manually until breakdown occurred.
jThiS procedure was somewhat operator-dependent, but the potential was
normally increased from zero to the breakdown voltage in about 30 s. The’
voltage rise rate was 100 to 200 V/s, well within the specified rate of
fisc for the short-time test conditions in ASTM D149. The dc breakdown
voltage was usually well defined and not very dependent on operator
technique., The ac breakdown voltage was more dependent on operatof
technique, and surface ionization occurred to such an extent that the
sample could be damaged locally. Thus, ionization could lead to formation
of a weak area where breakdown would occur. For example, Breakdown
occurred at about 75% of the normal breakdown voltage 1f ionization was
allowed to oceur for a few minutes at the .75% voltage,

Testing experience in this avea revealed the need for better control
of the voltage rise rate and the ability to go to higher potentials to
cause electrical breakdown in thicker samples. Two Hipotronics power
supplies were procured to meet those needs. One supply is capable of
50 kV dc and the other of 50 kV ac, and the rate of voltage rise of each
supply is adjustable but controlled automatically. This equipment makes
use ' of the electrodes described on the Biddle power supply and the voltage
rise rate of 1 kV/s selected for both ac and de tests., Most of the future
tésting will be performed with the Hipotronics equipment.

The electrode assembly 1s in a clear plastic enclosure, which was
purged with dry nitrogen, with test samples introduced through a small
door. The samples could be placed with a manipulator between the
electrodes for measurements without breaking the seal between the nitrogen

enclosure and air.

CREEP CHAMBER WITH NITROGEN ENVIRONMENT

A schematic diagram of the chamber used for creep testing is shown in
Fig. 3. The specimen shown in Fig., 2 was also used for these tests, with

the ends punched and aluminum pads bolted over cach end for support while
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Fig. 3, Schematic of test chamber for creep testing
of polymer samples.  One of 18 samples is shown in place.
A linear variable differential transformer (LVDT) is used
to measure creep strain,
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stressing; The stress was applied by welghts attached to the bottom of
the spécimen. The core of a linear variable differential transformer
(LVDT) was attached to an extension member from the bottom.of the weight,
and the coil of the tténsducer was attached to the bottom support plate.
The electronics associated with the LVDT were located outside the test

chamber, and the strain readings were recorded at controlled intervals.

CREEP IN OIL

‘Equipment was developed for creep testing samples of polymer film
(Fig. 2) 1In oil. Figure 4 shows five test units, each of which will test
ten samples., A closer view of one of the units is shown in Fig. 5. Each

-sample is independently stressed and free to creep independently. The
test environment was either N60 or N61 grade Exxon Univolt transformer
oil. The tests were run at 90°C, and the heat source was a hot-plate for
each unit of ten tests, The temperature was controlled with a type K
thermocouple sensing element and a proportioning controller. |

The oil oxidized slowly because it was exposed to air. FEach test was
interrupted monthly, the old oil pumped out, and new oil pumped in.
Plexiglas boxes have been fabricated to contain each test unit in a dry
nitrogen environment. This change cleaned up the test environment

markedly.

MULTISTRESS AGING

The test sample, shown in Fig. 6, was cut from thin film by a steel-
rule die. The silver strips were formed by vapor-depositing silver on thé
sample while it was covered by a mask with an opening to define the strip.
The strip was about 1 x 107° cm thick, 0.51 cm wide, and 7.62 cm long. As
shown in Fig. 6, the strips were lccated on each side so that the
potential was applied across the longitudinal center 5.1 mm of the sample.
The strip was centered (transverse) from side to side of the specimen and
covered only about 20% of the sample width, Attempts to make the strip
wider resulted in arcing along the sample surface to the strip on the

other side. A view of a test sample held above the test equipment is

shown in Fig. 7.
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, ORNL-PHOTO 5896-85

Fig. 4. View of five creep units used to test polymer film
specimens in oil,
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{

‘ Fig. 5. Close-up of oil creep apparatus. Ten test specimens are
in the oil. The load is applied through a wire rope that extends over
the pulley. The strain is read on each dial gage.
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Fig. 6., Test speclmen. Thicknesses not to scale.
Polymer samples about 2 to 5 x 107 mm thick, and the
silver strip is about 1 x 10°% mm thick., Dimensions
are in millimeters (Inches). Contact and grip are not

shown in plan view,
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Fig. 7. Apparatus for gimultaneously exposing
polymer film samples to thermal, mechanical, and
electrical stressing. A typical test sample (noted
with a large arrow) is held in the operator’'s hand,
Test samples are supported by the bracket noted by .
the smaller arrow. Samples are immersed in a center
vessel of heated oil. The load ig applied through
the cable linkage by placing shot in the cans. The
dial indicators are userd to read strain,
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General views of the test equipment are shown in Figs, 7, 8, and 9.
The center of the apparafus was a vessel partially filled wlth transformer
oll that was stirred and heated., The sample was clamped so that the ends
were across the dc power suppiy. The specimen was lmmersed in the oll and
the mechanical load applied to obtain the desired stress., The loading
© mechanism involved a steel cable that ran from the top of the specimen
over a pulley and attachéd to a can that contalned the appropriate
weights. A dial indicator on the load train was used to measure the
deformation of the polymer samples,

A Hipotronics de power supply capable of 50 kV was used to provide
the potential across the specimens. The rate of voltage rise was set at
1 kV/s. A current cut-off turned off the supply in the evant of short
circuits, The most common source of electrical short was the grips., A
thin sheet of pdlymer insulation was placed under one side (the noncontact
side) of each grip before it was tightened. However, sufficlent creep
occurred often enoﬁgh for the grip to cut through the sample and contact
the silver strip on the far side. This was remedied ﬁy using a double
layer of Insulating polyimide film.

The samples were immersed in Univolt N61 insulating oil., This
particular oil contains 0.3% by mass antioxidant (2,6-ditertiary-butyl
paracresol). The oll was heated and stirred, and the temperature
controlled at 90°C, The‘top of the vessel was open to alr, and the oil
darkened with time as it oxidized and was contaminated with moilsture in a
way that is not typical of transformer oils in service. The apparatus

will be modified so that the oll surface 1s exposed only to dry nitropen,
TEST RESULTS

GENERAL OBSERVATIONS OF AGED SAMPLES

The polymer films were aged in the configuration shown in I'ig, 1.
The polymer films were in contact with each other and with the thin
simulated aluminum conductor, This contact was under a compressive stress

of 6,9 MPe (1 ksi)., The main concern about the films sticking was that
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ORNL-PHOTO 4677-86

Fig. 8. Top view of apparatus, Note the center
vessel where samples are immersed in heated and stirred

oil., The support bracket (marked with an arrow) transfers
the mechanical load to the test sample,
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showing

ORNL-PHOTO 4676-86

electrical connections.
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subgequent movement (due either to thermal expansion or to mechanical
forces) might tend to tear the polymer and destroy 1ts usefulness asg an
insulator,

The observations on the materials that were aged are givén in
Table 2, Four polymers--polyethersulfone, polylmide, polyarabanic acid,
and polyetherimide--did not stick at the highest aglng temperature, 160°C.
Polysulfone and ultrahigh-molecular-weight polyethylene had intermediate
heat resistance, and polyethylene terephthalate ahd:polycarbonate were the
least heat-resistant. If the service time was shorter than the
experimental times or the degree of contact was not as good, the polymer

‘ might have been used at slightly higher temperatures without sticking.

Table 2. Sticking of polymer films

Highest temperature

Exposure o o
Polymer : time at which stlckiné was
(h) not observed
(°C)
Polyethylene terephthalate 59,138 70
Polycarbonate 59,138 70
Polyethersulfone 59,138 160
Polyimide 59,138 160
Polyparabanic acid | 59,138 | 160
Polysulfone 37,600 135
Polyetherimide 37,600 160
Ultrahigh-molecular- | 26,400 110b
weight polyethylene
aExposure temperatures were 70, 110, 135, and 160°C.
bNot run at higher temperatures.
TENSILE TESTS ON THERMALLY AGED SAMPLES
Tensile tests were performed on duplicate aged specimens. The

samples of most polymers were heated almost 60,000 h at temperatures ,of
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70, 110, 135, and 160°C. The basic approach to dealing with this large
volume of data is to present a summary of the changes in mechanical
properties of each polymer due to aging and show a set of data for one

- temperature. The notations on the graphs are defined as follows:

MD machine direction
TD transverse direction
dry water partial pressure of 40 patm
wet  water partial pressure of 400 patm
stressed compressive stress of 6.9 MPa (1 ksi)‘
[no stress sample aged without applied stress
notation]

Some of the detailed observations for shorter aging times were presented

previously,

Polyéfhylene Terephthalate

 The lot of polyethylene terephthalate was quite anisotropié.
Samples with the longitudinal axis parallel to the MD began to deform
plastically and work harden so the stress to maintain flow continued to
increase. Samples with their‘longitudinal éxis parallel ‘to the TD did
noﬁ‘work‘harden nearly a§ much, and the ultimate tensile strength was
much less in the TD. The fracture strains were about the same in both
directions.

Aged at 70°C. Yield strength increased about 10%. The ultimate

tensile strength increased about 20% over the first 4000 h of aging and
then decreased gradually to about 10% less than original value. The

elongation was not altered significantly.

Aged at 110°C. The yield strength was increased about 20%. The
ultimate tensile strength in the MDD first increased about 30% and then
decreased to about 20% less than its initial value. The ultimate
tensile strength in the TD remained constant for about 100,000 h and
then gradually decreased about 15% to 60,000 h (Fig. 10). The
elongation at fracture varied from 25 to 112%, but most of the data fell

above the 49% for the as-received material in the MD (Fig. 11).
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Influence of aging at 110°C on the tensile properties
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Aged at 135°C. The yleld strength was increased about 10% by

aging at 135°C. This value was rather constant except for a SGt\Of
samples aged 21,000 h in which the yield strength decreased about 10%.
The ultimate tensile strerigth in the MD increased about 40% after a fow
hours of aging, and then decreased to near the as-received value. The
ultimate tensile strength in the TD decreased about 40% over the nearly
60,000 h of aging. The elongation at fracture generally decreased as a
result of aging, and the decrease was larger for stressed samples and
samples exposed in a moist enﬁironment; Seven samples fractured with
10% or less strain, and all of these samples were either stressed or
exposed to the higher moisture environment. Thirteen specimensg
fractured at between 10 and 50% strain (as-received level). Ten of
these samples were either stressed or expoéed to higher moisture. Ten
samples fractured with more thén 50% strain; none of these samples was

stressed or exposed to the higher moisture,

Aged at 160°C. It was not possible to obtaln test samples on much
of the stressed material since the degree of sticking was so high that
the sheets of polymer could not be separated. The yield strength was
increased about 10% excepﬁ for a group of samples aged 23,000 h in
higher moisture. The ultimate tensile strength in the TD was not
altered appreciably by aging, but the ultimate tensile strength in the
MD was decreased about 25%. Six samples failed at strains of 10% or
less. Three of these were ecither stressed or aged in higher moisture.
Five samples fractured at strains betwcen 10 and 50% (as-received
level). Two of these samples were aged under streés or high moisture.
Six samples failed at nhigher than 50% gstrain, and none was stressed or

exposed to higher moisture.

Polycarbonate
Polycarbonate is a very anisotropic material. The yield strength
is about equivalent in the MD and TD. The ultimate tensile strenpth in

the TD is only about 20% higher than the yield strength, but the
ultimate tensile strength in the MD is about 160% higher than the yield
strength. The elongation at fracture is about 30% in the MD and 130% in

the TD.
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Aged at 70°C. Aging caused Increases up to about 50% in the yleld

strength in both orientations and the ultimate tensile strength in the
D. Aging caused the ultimate tensile stfength in the MD to gradually
decrease about 20%. The elongation at fracture in the MD was altered
appreciably by aging. The fracture 3train‘in the TD was decreased frow
135% to 10%.

Aged at 110 and 135°C. Aging;caused increases up to about 40% in
~the yield strength in both orientations and in the ultimate tenslle |
strength in the TD., Aging caused the ultimate tensile strength in the
Mb to gradually decrease about 30%. The elongation at fracture in the
TD decreased from 135% to about 10%. |

Aged at 160°C. The yleld strength in the MD and:TD and the
ultimate tensile strength iﬁ‘the TD were not greatly affected by aging.
There were small variationsg, but the data were insufficient to determine
whether the changes were real or due to scatter. ‘The ultimate tensile
strength in the MD showed variations up to 35%, all in the lowered
direction (Fig. 12). The elongation at fracture decreased gradually in
the MD from 30 to 10%, and in the TD the fracture decreased drastically
from 135% to the range of 10 to 20% (Fig. 13).

Polyethersulfone

Polyethersulfone was more heat-resistant than polyethyiene‘
terephthalate and polycarbonate and is also more isotropic,

Aped at 70°C. There were no detectable changes in the tensile
properties, '

Aged at 110 and 135°C. The étrength values remained very close to

those of the starting material. The fracture strain gradually decreaged
about 50% to values as low at 9.5%.

Aged at 160°C. The strength values shown in Fig. 14 indicate that

the minimum yield and tensile strengths remained very close to that of

the starting material. There is some strengthening up to about 25%,
The samples aged 23,000 h were in the higher moisture envirvorment, The

fracture strain decreased about 50% after aging a few thousand hours and

remained nearly constant (Fig. 15).
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Polyimide’

The properties of polylmlide were not altered appreclably when aged
at 135 and 160°C. The results shown in Figs. 16 and 17 for 160°C are
typlcal for 135 and 160°C, The strength of the aged material falls
wlithin a range close to that of the as-received material. Similarly,
the fracture strain falls cloge to the valueg of the as-received
material, One group of samples that may be glgnificant are those aged
- 8500 h in a molst environment, The fracture strains of these samples

are slightly lower than those of the other samples.
Polyparébanic Acid

Polyparabanic acid was in limited supply, and samples were aged to
23,000 h at 135 and 160°C. The tensile properties are quite isotropic,
but the data scatter makes Lt difficult to know whether swall changes
are significant,  The fracture elongation of the as-recelved material 1is
33%, with a standayd deviation of 18%. The general trend seems to be
that aging 23,000 h at 135 or 160°C results in a decreasc in the yleld
strength of about 10%, a decrease in the ultimate tensile strength of

about 20%, and a decrease in the fracture elongation of about 50%.
Miscellaneous Polymers

Several polymers were subject to a single aging run of 26,417 h,
and the results are summarized in Table 3. The ultrahigh-molecular-
weight polyethylene (UHMWPE) was aged at 70 and 110°C, and there were no
detectable changes in the tensile properties,

A new lot of polyimide (API) was obtained and exposed at 13% and
160°C. The property changes were relatively small. Aglng at both
temperatures Increased the yileld strength about 20%, decreased the
ultimate tensile strength about 10%, and decreacsd the fracture strain
slightly. The scatter in the test results was quite large (note the
large standard deviation).

Two lots of polysulfone (APS and WPS) were aged. The yield and
ultimate tensile strenpgths were increased, but the property change of

most concryin 1s the reduction in the fracture strain., Aglng at 70°C
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Table 3. Influence of aging (26,417 h) on tensile
properties of several polymers

tgﬁfwzgu Orientation Yield strength Ultiziizngiasile Elongation
ture (MPa 1 o) (MPa +1 o) (¢ 1 o)
(°G)

UHMWPE
NA MD 4.5+ 0.7 l;l.l&i“’S.S 477 * 65
NA ™ 1.2 £+ 0,7 40,0 £ 6.2 486 £ 59
70 MD 15,5 + 0.9 48.1 + 7.4 470 + 63
70 D 15,9 + 1,2 51,1 4 4.3 539 + 36
110 MD 17.9 + 0.6 55.2 + 7.5 443 + 18
110 D 18.4 £ 7.0 48.9 + 6.2 445 + 51
APT
NA 'MD 60.7 + 1.4 174 .4 + 22,1 61.6 +22.8
NA D 62.7 £ 3.4 175.8 + 15.9 64,4 17,9
135 MD 76.5 £ 2,8 162.7 + 11.5 43,0+ 13,3
135 D 72,4 + 2.3 151.7 + 21.4 38,8 + 25,2
160 MD 77.2 £ 2.2 180.6 £+ 4.6 59.6 & 3.7
160 D 4.4 £ 3,9 160.6 + 17.4 43,3 % 21.2
APS

NA MD 52,4 £ 2.1 60.7 £ 1.4 30.8 £ 22.3
NA TD 55.2 £ 1.4 60.7 £+ 1.4 15,5+ 5.0
70 MD 62.5 £ 5.1 73,1+ 1.8 12,3+ 5.8
70 D 5.3 £ 2.9 65.5 + 4.8 8.1+ 3.0
110 MD - 74.5 + 3.5 10,0+ 3.4
110 Tb - 71,7 £ 2.1 8.9+ 2.5
135 MD - 74.5 + 4.8 7.4 % 0.9
135 D - 73.8 £ 4.0 7.5 4 1.1
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.« (continued)

t22$2§a~ Orientation Yield strength Ultizzign;igsile Elongation
t?ﬁe (MrPa *1 o) (MPa +1 o) (% X1 o)
(°C)
Wps o
NA MD 55,4 + 1.4 66.9 t 1.4 29,8 + 15,2
NA D 55,2 + 2.8 65.5 £+ 5.5 97.9 * 4o.6
70 MD 68,3 = 3.7 77.2 + 1.3 20,0 + 11.0
70 D 68.3 + 2.8 75.8 £ 0 15,9 + 5.5
110 MD 77.2 £ 1.5 80.7 + 2.3 11.8 + 2.1
110 D 79,3 + 1.8 82.0 £ 2.0 9.3 + 3,2
135 MD - 84.8 + 4.2 8.4+ 0.8
135 ™ - B4.8 £ 3.5 9.3+ 0.6
WPET
NA MD 76.6 * 3.5 96.5 + 2,1 28.2 + 11.7
NA MD 79.3 + 3.5 96,5 + 2,1 50,6 + 8.2
70 MD 56,5 * 9,2 70.3 + 14,5 11.5 + 1.1
70 TD 57.9 + 3.7 65.5 £ 0.9 16.9 + 8,2
110 MD 93,8 + 7.6 106.2 + 5.2 16.9 £ 9.4
110 D 93.8 + 0 106.2 £+ 0.9 14,9 £ 5.9
135 MD 95.8 * 4,1 107.5 + 6.4 12,3+ 2.8
135 D 100.,6 + 1.4 116.5 + 0.7 16.0 & 4.3
160 MD 117.2 = 5.5 131.0 & 4,1 10.5 & 0.6
APEI
NA MD 64.1 + 2.8 73.1 4 2.1 22,5 * 11.0
NA TD 60,7 + 1.4 69.6 + 0.7 23.0 &+ 9.8
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Table 3, (continued)

e eee e e - 4 e A e e e

Aging

Ultimate tenglle
tempera-

Yield gtrength strength

ilongatd
Orientation Elongation

C3re (MPa 1 o) (MPa +1 o) (% L1 o)
(°C)
APET (continuod) h '
70 MD 70.3 £ 0 85.5 + 1.4 1.8+ 2.8
70 D 72.4 £ 4.1 92. 4t 1.4 10,5+ (6
110 MD 73.1 £ 4.8 2.7 £ 4.9 10,5+ 1.9
110 TD 77.9 £ 1.4 80.7 £+ 5.7 8.6 £+ 1.6
135 [ 77.2 + 1.6 88.9 + 3.5 9.3+ 0,5
135 I'D 75,1 + 3,2 79.3 + 8.3 8.3+ 1.6
160 MD 92.4 % 4.1 106.9 £+ 2.1 10,0+ 1.5
160 D 91.7 + 2.1 102.0 + 0.7 10,3 + 1.8
WPES

NA MD 53.8 71.0 118

NA TD 55,2 73.8 10,5

70 MD 65.5 + 1.8 75.8+ 1.3 38,0 + 21.0
70 D 86.9 + 3.0 100.0 £ 1.3 50,3 & 33,2
110 MD 6l.4 + 1,7 67.6 + 0.8 16,8 &+ 7.8
110 D B0.7 + 6.6 92.4 + 9,0 25,4 %+ 23,6
135 MD 82.0 * 4.5 91.7 + 4.0 11.8 ¢+ 3.0
135 D 83.4 + 1.3 94.5 + 1.7 9.0+ 1.2
160 MD 84.1 £ 3,2 93.8 £+ 1.2 12,0+ 5.6
160 D 109.6 %

4.6 122,00+ 1.0 13,3+ 5.5
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Table 3, (continued)

Aging
tempera-

Ultimate tensile

Yield strength strangth

Orientation Elongation

t?re (MPa *1 o) (MPa 11 o) (% 11 o)
(°C)

e — — _
NA MD 67.9 + 3.9 77.2 & 1.4 36,8+ 9.9
NA D 69.6 + 1.4 75,1+ 2.1 18,1 + 8.3
70 MD 54,1 % 4,1 60,7 + 4.1 13,6 + 4.9
70 TD 56,2 + 0.7 61.8 + 0.4 48,0 k 42,7

110 MD 61,2 % 1.5 68,3t 2.9 11,3+ 2.1
110 D 63.8 £ 0.7 73.8 & 0.8 13.5 &+ 2.7
135 MD 73,1+ 1.1 82.0 + 0.6 19.5 + 7.4
135 TD 69.6 + 2.5 76.5 & 2.6 13,0 £+ 8,7
160 MD 78.6 + 4,8 87.6 t 2.5 10.0 £ 2.0
160 TD 87.6 + 2.8 93,8 i‘ 2.0 10.8 + 3.9
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brought about a glgnlficant reduction ln fracture strain, and aglng at
higher tomperatures had an even lavper uffect.

Two lots of polyetherimlde (WPEI and APEL) were aged, These two
loty had different properties Iin the ag-recelved conditlon, and the
properties remalned different under all aging conditions, The yleld and
tensile strengths and the fracture elongation of WPEL decreased when
aged at 70°C, Aging at 110, 135, and 160°C cauged the yleld and tensile
~gtrengths to Increase and the fracture elongatlon to decrease., The
yleld and ultimate strengths of APEI increased and the fracture strain
decreased with 1ncreasihg aging temperature,

The two lots of polyethersulfone (WPES and APES) had different
propertics but responded simllarly to aging. Generally, aging increascd
the yleld and ultimate strengths and decreased the fracture elongation,
Agiug lot WPES at 110°C and lot APES at 70°C caused slight decreases in

yleld and ultimate tensile strengths.

DENSITY AND FLECTRICAL BREAKDOWN MEASUREMENTS ON AGED SAMPLES

Immersion density measurements were an effective way of
determining the transformation from amorphous to crystalline states
during aging. Generally thare are significant differences in the
density of each polymer in the amorphous and crystalline condition,
Detailed measurements were made on several polymers following 23,000 h
of aging, and thece wern reported previously.” Additional measurements
have not beer. made slrce that time,

The principal findings from our previous measurements was that all
polymers belng studied densified slightly when aged at 160°C.
Polyethylene terephthalate underwent the largest change. 1t was 57%
crystalline in the as-recelved condition and 83% crystalline after aging
21,515 h at 160°C,

Electrical breakdown measurements were made of many of the aged
samples, Some of the polymers had slight increases in breakdown voltage
after aging, but decreases occured only when the polymer was visibly
damaged, Under conditions where the polymers stuck together, the

polymer sheets were often damaged in trying to pull them apart.
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TENSILE PROPERTIES FROM ~196 to 200°C

Polymer insulations are needed for a broad range of temperatures,
Tensile tests were run on several polymers from -196°C to about 200°C.
Tﬁe propefcies are tabulated at -196, 24, and 110°C in Tables 4, 5,
and 6, At -196°C only one polymer, polylmide (API), had a well-defined
yleld stress., The other polymers deformed almost iinearly with
Increasing stress and fractured abruptly. API clearly has the most
attractive properties at this temperature. Several polymers—-including
polyethylene terephthalate (PET), polybutylene terephthalate (PBT), end
- polyethersulfone (PES, APES, and WPES)--have reasonably high fracture
stresses but rather low fracture strains. A third group--including
'polysulfone (WPS, APS), polyetherimide (APEI and WPEI), and UHMWPE--have

lower fracture stresses and low fracture sctrains.,

Table 4. Tenslle properties of several poiymers at -196°C

Ultimate tensile strength

Polymer Elo?g?tion
MPa kel |

PET 261 37.9 7.5 ‘
AP1E 272 ‘ 39.5 18.7
PBT ‘ 275 39.9 5.0
WPS 117 16.9 6.0
APS 100 - 14,5 6.5
APEIL 113 16.4 6.5
WPEI 121 17.6 6.5
PES 194 28.2 6.C
APES 134 19.5 5.8
WPES 140 20.3 ‘ 6.3
UHMWPE 129 18.7 4.3

“Yield strength of 106 MPa (15.4 ksi).
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Table 5. Tensile properties of several polymers at 24°C

Yield strength Ultimate tensile strength .
» ; ‘ ‘ Elongation
Polymer Orientation (%)
: MPa v ksi MPa ksi
PET MD 82.7 .~ 12.0 . 164.8 23.9 49.0
TD 84.8 123 129.6 ~18.8 58.1
API MD 60.7 8.8 174.4 25,3 61.6
TD T 62.7 9.1 175.8 25.5 64.4
PBT D 45.5 6.6  51.7 7.5 86.5
TD 448 . 6.5 49.6 7.2 93.5
WPS : MD 55.8 8.1 66.9 9.7 29.8
D 55.1 8.0 65.5 9.5 97.9
APS MD 53.8 7.8 60.7 8.8 30.8
' TD 55.2 8.0 60.7 .8 ‘ 15.5
. APEIL MD 64,1, 9.3 73.1 10.6 22.5
D 60.7 ‘ 8.8 69.6 ‘ 10.1 23.0
WPEI MD 76.5 11.1 96.5 14.0 28.2
TD 79.3 11.5 96.5 14.0 50.6
PES MD 80.7 11.7 91.7 13.3 32.8
TD 71.0 10.3 84.1 12.2 21.9
APES MD 68.3 9.9 77.2 11.2 36.8
TD 69.6 10.1 75.1 10.9 18.1
WPES MD 53.8 7.8 . 71.0 10.3 118
TD 55.2 8.0 73.8 10.7 1
UHMWPE MD 14.5 2.1 41.4 6.0 477
2 40.0 5.8 486

TD 15.2 2.
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Table 6. Tensile properties of several polymers at 110°C

Yield strength’ Ultimate tensile strength

Polymer Orientation Elo?f?tlon
MPa ksi MPa ksi ‘
PET MD 0 0 958 13.9 , 140
: D 0 0 102.7 14,9 78
API | MD 52.4 7.6 160.6 23.3 96
D " 51.0 7.4 155.1 22.5 88
PBT MD 6.9 1.0 207 3.0 250
: D 9.7 1.4 17.9 2.6 205
WPS MD 42,1 6.1 47.6 6.9 9.0
D 39,3 5.7 46.9 6.8 7.5
APS ~ MD 31,0 4.5 40.0 5.8 10.0
D 25,5 3.7 31.0 4.5 7.0
APEI MD 25,5 3.7 36.5 5.3 285
D 28.3 4.1  36.5 5.3 25.0
WPEI MD 58.6 8.5 64.8 9.4 29.5
D 4.5 7.9 60.0 8.7 40.0
PES MD 57.9 8.4 62.7 9.1 11.9
™ 46.9 6.8 56.5 8.2 22.5
APES MD 51.0 7.4 57.9 8.4 36.5
D 49.6 - 7.2 56.5 8.2 44,0 -
WPES MD 53.8 7.8 57.2 8.3 16
D 48.9 7.1 53.8 7.8 16
UHMWPE M 0 0 17.2 2.5 887
D 0.7 0.1

19.3 2.8 997
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At a test temperature of 24°C all of the polymers tested exhibited
sufficient plastic strain to have a yield strength and an ultimate
tensile strength (Table 5). The "best" material at 24°C depeﬁds on
whether yield, ultimate tensile strength, or fracture elongation is the
mést.important characteristic.

At a test temperature of 110”@, all polymers tested are weaker
than they were at 24°C. Polyimide (API) retains a larger fraction of
its strength at 24°C than the other polymers. Several polymers (e.g.,
PET, PBT, and UHMWPE) begin to deform at a very low stress. The same

polymers have extremely high elongation before fracture.
Polyethylene Terephthalate

Polyethylene terephthalate (PET) was tested at numerous
temperatures of over the temperature range of -196 to 200°C. The
results for tensile tests are given in Table 7. These samples were all

oriented with the MD parallel to the long axis of the sample. Previous

Table 7. Tensile properties of polyethylene‘tefephthalate‘(PET)
oriented in the machine direction

Yiela strengthd Ultimate tensile

Temperature strength Elongationb
(°c) (%)
psi MPa psi MPa
185 0 ~0 12,700 87.6 250
160 ~0 ~0 10,600 73.1 75
135 -0 -0 14,200 97.9 114
110 ~0 ~0 14,900 102.7 78
- 70 8,200 56.5 22,400 154.4 75
24 12,000 82.7 23,900 164.8 49

0 13,100 90.3 18,000 1241 45
-10 14,700 101.3 16,700 115.1 11
-20 15,100 104.1 19,600 135.1 46
-30 15,500 106.9 19,200 132.4 18
-40 17,100 117.9 20,400 140.6 13
-50 17,100 117.9 21,800 159.3 18
-60 17,100 117.9 23,700 163.4 23
-70 16,300 112.4 24,300 167.5 13
~75 21,600 148.9 25,100 173.0 17
-80 18,800 129.6 26,700 184.1 26
-90 20,000 137.9 28,000 193.0 20

-100 22,600 155.8 27,800 191.7 11
-196 c ¢ 37,900 261.3 7.5

“Based on 0.2% offset method.
PMeasured over 25-mm (1-in.) gage length.

®Did not exhibit significant yielding before fracture.
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tests on this lot of material showed that the only mechanical property
that varied significantly between the MD and TD was the ultimate ténsilev
strength, which at 24°C was 20% weaker in the TD. The yield strength and
ftacturé elongation were equivalent in the two directions. The yield and
ultimate tensile strengths are shown as a function of temperature in
Fig. 18. The yield strength data were fit by a linear model, and the
ultimate tensile strength data were fit by a second-order polynomial.
This material flowed (yielded) ét very low stresses at temperatures above
100°C, but hardened sufficiently to have a fracture strength of about
100 MPa. At 25°C and lower temperatures, the yield and ultimate tensile
strengths became closer. The yield and ultimate tensile strengths both
increased with decreasing temperature, with no ébrupt steps at‘any |
particular temperature, ‘

The fracture elongation is shown as a function of temperature in
Fig. 19. The line drawn through the data is a third-order polynomial.
The elongation is 10% or less below -100°C, 10 to 20% from -100 to 0°C,
and 50% and higher at temperatures above 0°C. There is considerable .

scatter in the results, but the trends seem well defined.
Polyimide

The results of tensile tests on polyimide over the temperature range
of =196 to 270°C are summarized in Table 8. This material continued to
display yielding and strain hardening up to the ultimate tensile strength
wver the entire temperature range. The yield and ultimate tensile
strengths are shown in Fig., 20 as a function of test temperature. The
lines fit through the data are seéond-order polynomials. Both strength
parameters increased smoothly with decreasing temperature. The test

~sults for the fracture elongation are shown in Fig. 21. Although there
considerable data scatter, the fracture elongation‘increﬁses from about

. at -196°C to about 100% above 200°C,
¥ractography of Polyethylene Terephthalate and Polyimide
The fracture surfaces of several specimens were examined in the
scanning electron microscope. Typical electron micrographs of PET arc
shown in Fig. 22. The microstructure of this material and the tensile

properties were anlsotropic. Individual grains were elongated with the
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Fig. 22, Fractographs of polyethylene terephthalate
tested at (a) -196°C, (b) 0°C, and (c) 110°C. Samples are.
oriented so that the machine direction comes out of the
plane of the page.
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Table 8. Tensile properties of polyimide (APT) orlented
in the machine direction

Ultimate tensile

‘ a
Temperature Yield strength strength Elongationb
(°C) (%)
psi MPa - psi ~ MPa

270 5,300 36.5 14,100 97.2 110
235 6,800 46,9 15,800 108.9 . 106
210 4,100 28.3 13,100 90.3 39
185 6,400 44,1 13,800 95.1 41
160 5,900 40.7 21,200 146.2 114
135 4,300 29.6 16.200 11L.7 67
110 7,600 52.4 23,300 160.6 96
70 3,200 56.5 20,000 137.9 37
24 9,500 65.5 24,900 171.7 32

0 9,300 64,1 24,300 167.5 40
~10 12,000 82,7 24,500 168.9 35
-20 9,700 66.9 21,900 151.0 18
-30 10,500 72,4 26,200 180.6 33
=40 11,700 80.7 27,800 191.7 38
~50 12,000 82.7 31,500 217.2 54
-60 13,200 90.0 26,800 184 .8 24
-70 13,600 93.8 33,000 227.5 49

- =75 16,300 112.4 27,800 191.7 28
-80 13,000 89.6 33,200 228.9 43
-90 13,600 93.8 28,700 197.9 21
-100 14,900 102.7 30,400 209.6 24
-196 15,400 106.2 39,500 272.3 19

4Based on 0.2% offset method,

bMeasured over 25-mm (1 in.) gage length,

longest dimension oriented primarily in the MD. At -196°C, the ductility
of the material was low znd the grains seemed to pull apart with little
plastic deformation [Fig. 22(a)]). At 0°C, the material was more ductile
and the individual grains deformed sufficiently to make the fracture
surface rather smooth (Fig. 22(b)]. At 110°C, the material was very
‘ductile and the grains grew under the combined influences of the e¢levated
temperature and strain [Fig. 22(c)]. |

Fractured polyimide samples were also examined. Several electron
micrographs of fracture surfaces are shown in Flg. 23, Thils material was
isotropic and appeared to have a very fine grain size. The material had

19% strain at fracture at -196°C. The fracture surface at this
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Fig. 23, Scanning electron micrographs of fracture
surfaces of polyimide for samples tested at (a) -196°C,
(b) 0°C, and (c¢) 110°C. Samples are oriented so that the
machine direction comes out of the page.
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temperature [Flg, 23(a)] had some areas of cleavage (brittle) fracture,
but most of the fracture was ductile tearing., At 0°C [Flg. 23(b)), the
strain at fracture was higher and the fracture was totally ductile
tearing, The fracture strain was even higher at 110°C, but the fracturc
surface was gmoother, There was also a layered appearance to the

microstructure (Flg. 23(c)]

TENSILE PROPERTIES OF POLYMERS IN OIL

The tensile properties of several polymers were measured In
trangformer oil (Exxon Unlvolt N60) at 24 and 90°C. The samples were
immersed in the test environment and equilibrated approximately 5 min
before being tested. These tedst results were then compared with those
obtained in an air environment., The ratlio of the ultimate tenslle stress
to that in alr ls compared Iin Flg. 24 for several polymers testod at 24
and 90°C. The plain horizontal lines on the bars in Fig. 24 represent the
24°C test condition., At a ratio of 1, the tensile sgtrength was the same
in air and oil; at a ratio of <l the polymer was strengthened by the oll;
and at a ratio of >1, the pblymer was weakened by the ofl. At 24°C, all
but two of the ratios fell between 0,9 and 1.1, indlcating that the oil
has very little effect. One lot of polyethersulfone (PES) had a ratio of
1.15 (weakened), but the two other lots of polyethersulfone (APES and
WPES) had ratios very near 1. One lot of polyetherimide (APE1) had a
ratio of 0.82 (strengthened by the oil), but the other lot (WPEL) had a
ratio of 0.98,

The horizontal lines with asterisks in Fig. 24 are for a test
temperature of 90°C. None of the materials had a ratio less than 1, so
none of the polymers are strengthened by oll at this temperature. Most
materials showed weakening effects due to oll of 25% or less, One lot of
polyethersulfone (WPES) was weakened 33%, polyethylene terephthnlate'(PHT)
was weakened 150%, and one lot of polysulfone (WPS) was weakened 226%,

The ratio of the fracture elongation in air compared with that in oil
ls given in Fig. 25. The plain horizontal line is for the 24°C testy, A
ratlo of 1 indicates no effect, a ratlo <1 indicates that the elongation
ls greater in oil than in air, and a ratio >1 indicates that the

elongation is less In oll than in air. Three polymers had pgreater
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elongation in oll than {in alr, two were unaffected, and five had lower
elongation at fracture in oil than in air.‘

The results at a tedt temperature of 90°C are represented by a
horizontal line with an asterisk., Under these conditions, the elongation
ratio was >1 for all polymers, i.e., the fracture elongatlion was lower in
oil than in air, PBET and API were affected the least, and the elongation
ratio varled from 3 to 7 for all other polymers. Thus, the fracture

strain was less in oil than in air for most polymers.

TENSILE PROPERTIES OF KRAFT PAPER-POLYPROPYLENE LAMINATED PRODUCT

Samples of a product developed for Electric Power Research Institute
were provided for evaluatlion. The material was in the form of strips
25.4 mm (1 in.) wide with Kraft paper on the two outer surfaces and
polypropylene film in the center. When the samples were aged in the
Dussek fluld, they were easy to delaminate into layers. Thickness
measurements indicated that the paper was 0.0254 mm (1 mil) on each side
and the polypropylene was 0.0508 mm (2 mils), for a total thickness of
0.1016 mm (4 mils), 1In the thicker material the paper was 00,0381 mm
(1.5 mils) on each side and the polypropylene was 0,0762 mm (3.0 mils),
for a total thickness of 0.1524 mm (6 mils),

The strain measuring system being used was not accurate enough to
measure the exact fracture strain of the laminate. The paper usually
fractured at about 4% strain, Under some conditlons (usually at 25°C) the
polypropylene broke at the same time. At elevated temperatures and after
aging in the Dussek fluld, the paper broke and the propropylene remained
Intact and stretched several hundred percent before fracturing,.

Becauge the strengths of the two components vary differently with
temperature, the fracture loads (listed in Table 9) do not make much sense
when converted to stresses. On the basis of the fracture loads, several
conclusions seem to be supported by the data:

* The thicker material i1s stronger than the thinner material.

o The fracture stress of each material decreases slightly with
increaslng test temperature,

* Aging In the Dussek fluid and then testing at 25°C in alr
reduces the fracture strength, The reduction {n strength due

to aging 4343 h at 90°C is about 50%,
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Table 9, Ultimate tensile gtrength of Kraft
paper-polypropylene product under various conditions

Average

Thickﬁass Test conditliony fracture load
(mils) ‘ (1b)
4 25°C, alr 8.9
6 25°C, atlr 12.8
4 70°C, alr 6.3
6 70°C, alr ' 12.0
4 90°C, air 6.7
6 20°C, air 9.0
U . 110°C, alr ‘ 6.7
6 110°C, air ‘ 8.4
4 25°C, Dussek : 8.9
6 25°C, Dussek 13.1
4 “100 h; 90°C, Dussek; 25°C, air 8.2
6 100 h; 90°C, Dussek; 25°C, alr 1.4
4 1030 h; 90°C, Dussek; 25°C, alr 7.7
6 1030 hy 90°C, bussek; 25°C, alr 10,0
4 4343 hy 90°C, Dussek; 25°C, alr 4.1
6 4343 hy; 90°C, Dussek; 25°C, ailr 7.3
4 24 h; -196°C, Dussek; 25°C, air 8.7
) 24 h; -196°C, Dussek; 25°C, air 12.8
4 13 h; -78°C, Dussek; 25°C, air 7.9

6 13 h; «78°C, Dussek; 25°C, air

12.3

TENSILE PROPERTIES OF POLYBUTYLENE TEREPHTHALATE

Polybutylene terephthalate (PBT) is a polymer in which there scems to
be considerable interest as an insulating material. We evaluated three
thicknesses of this material (0.25, 0.38, and 0,51 mm), and the results
for an air test environment are summarized in Table 10, The matoerial
becomes weaker with increasing thickness. The yield and ultimate tensilo
strengths are shown as a functjon of temperature for the 0,2%-mm-thick
materlal in Fig. 26. This polymer was very lsotropic with alwmost
equivalent properties in the MD and the TD. The strength decreascd
rapldly with Increasing test temperature, so that the strength above 100°C
was very swmall. The fracture strains for these same samples are shown In
Flg. 27. The fracture strain for this material was between /9 and 100% at

25°C and increascd to several hundred percent with inercasing temperature.
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A few tensile tests of PBT were run‘in transformer oil at 24 and
90°C, énd these results are summarized in Table 11. At a test temperaturé
of 24°C, the yleld and ultimate tensile strengths were about equivalent to
those obtained in an air enQironment (Table 10). At a test temperature of
90°C, the yield and ultimate tensile strengths were 25 to 50% lower in oil
(Table 11) than in air (Table lO)f At 24°C, the fracture strain in oil

.was‘consistently about 30% of that measured in air. The effect of o0il on
thé fracture strain at 90°C was not as clear. At §O°C in air, the
fracture strains fell between 150 and 200%. At 90°C in oil, the fracture
of three samples was below the rangés for an air test environment, and

three samples had fracture strains above the 150 to 200% range for air.

CREEP TESTS IN DRY NITROGEN

The results of creep tests reported previously indicated that, in
genefal, polymers have an initially high creep rate followed by a pericd
of decreasing creep rate.’ It appears that if the stress is low enough,
the creep rate will continue to decrease until it approaches zero. The
tests reported this time were run without the complex history of varying
test temperature that was used in the previous creep tests,

The creep test résults in Table 12 show very similar trends to those
noted before. The strain that occurred during the first 50 to 100 h was
very dependent upon the stress level. However, the long-term creep rate
was of the order of 107 to 107 %/h and was not very dependent upon the
stress level. Thus, the problem with dimensional stability was primarily
a concern during the early hours of loading. There were significant
strength differences between the various polymers. Poiyimide and

polyethersulfone had the highest creep strengthé at 90°C.

CREEP TESTS IN OIL

The major shortcoming of the creep test units with an oil environment
was that the oil was exposed to air. The oil was changed about once per
month, but some darkening due to oxidation was still noted. The

experimental ~quipment is being altered to enclose the test samples in a
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dry nitrogen environment, but this conversion has not been completed and
all of the data recported came from the old equipment,

" Limited data from the creep tests in nitrogen and oil are used in
Table 13 to show comparative effects of the two environments. Because of
the scatter inherent in testing polymers, it is unlikely that enough tests
have been run to accurately determine the creep propérties in the two
environments.

» The results available for polyethylene terephthalate, polyimide, and
polyetherimide failed to show any influence of environment, Test results
for polyethersulfone, polysulfone, polybutylene terephthalate, and
ultrahigh-molecular-weight polyethylene show that the creép rupture
strength of these materials was lower in oil than in nitrogen. . This
environmental effect would need to be taken into account if the affected

polymers were to be used in an oil environment,

MULTISTRESS AGING
Test Results for Polyethylene Terephthalate

The test conditions for type C film polyethylene terephthalate are
summarized in Table 14.7 The test material was 0.0254 mm (0,001 in.)
thick, and all specimens were oriented with the longitudinal axis in the
machine direction of the sheet. Duplicate specimens were streésed from
20.7 MPa (3 ksi) to 41.4 MPa (6 ksi). The experimental approach taken
with the first set of specimens was to apply the dc potential to all
specimens for a time and then run for a time without any applied
potential. The strain-time (creep) curves were examined to determine
whether the applied potential affected the creep rate.‘ The creep curves
for duplicate PET tests at two stress levels are shown in Figs. 28 and 29,
The few slope changes in these curves were associated with changes in the
test temperature. The applied potential sequence is indicated in
Table 14, and in Figs. 28 and 29. There is no detectable change in the
creep rate due to the potential, The dc potential applied in these tests
was 46,000 V, or about one-half the measured breakdown voltage of the
film,

| \M
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Table 14, Summary of test information gor tests
on polyethylene terephthalate

‘Mechanical stress Strain when
Test test terminated
MPa ksi (%)
25005 1 20.7 3 5.1
25009 20.7 3 5.3
25010 27.6 4 8.1
25006 27.6 4 11.1
25007b 34.5 5 16,9
25011, 34.5 5 11.0
25012 o414 6 20,2
25008 41 .4 6 26.4

ATests were run at 90°C in N6l grade Exxon
Univolt transformer. The potential-time cycle
in terms of time interval (h) and potential
(4000 V dec during "on" cycle and zero during
"off" cycle) was as follows:

Time interval Potential
0-1525 On
1525-1870 ‘ off
1870-2200 On
2200-2525 Off
2525-2700 On
2700-3020 Off
3020-3370 On
3370-3690 Off
3690-4050 On

All tests except 25011 were run 4050 h,

bTest ruptured at 280 h,
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Fig. 28, Stress-time correlations for two samples
of polyethylene terephthalate stressed at 20.7 MPa in
N61 oil at 90°C. Both samples were exposed to 4000 V dc

in the pattern noted on the graph (0 = off, V = voltage on).

Reference test number to Table 14 for more detalls.
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Fig. 29. Stress-time behavior for two samples of
polyethylene terephthalate stressed at 41.4 MPa in N61 oil
at 90°C. Both samples were exposed to 4000 V dc in the
pattern noted on the graph (0 = off, V = voltage on).
Reference test number to Table 14 for more details.
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Post-test Examination of Polyethylene Terephthalate

Following the experiment with PET samples. 1t was noted that the
insulation of one type of high-voltage lead had reacted slightly wlth the
oll, This wire was replaced with wire having a compatible Insulation, but
the insulation of the first wire had dissolved in the oill and deposited on
the samples. The gamples were cleaned 1n alcohol and viewed in a low-
power stereo microscope, Plts were pregent in several sgpecimens. The
silver was ramoved from saveral samples by fmmersion in dilute nitric
acld, and the samples were agaln viewed., The plts were mostly associated

with the silver strip, but it was not clear whether they would have formed
‘hnd the wire insulation not contaminated the oil, There was no obvious
variation In the concentration of pits between the samples., 'There is no
obvious reason why test 25011 failed in such a short time. The fracture
looks normal, and there are no vlisible flaws., However, the rupture tlme

of this test 1s anomalous,
Test Results for Polylmide

A second test sequence was completed with polyimide specimens,’
Type H (Kaptron) polyimide film with a thickness of 0.051 mm (0,002 in.)
was used, As shown in Table 15, the samples in this experiment were run
In palrs with an electrical potentlal applied tv only one of the two
samples at a glven stress., Because of some problems with electrical
shorts at the gripe, che potential on many speclmens was Interrupted for
short perlods while repairs weve made. The creep curves for two specimens
stressed at 41,4 MPa are shown in Fig. 30, The two curves compare very
well, showlng that the creep behavior was not detectably i(nfluenced by the
electric potentlal, The dc electrical breakdown voltage of thls materlal
was not measured but ls estimated to be at least 10,000 V, and the applied

potential was about one-half the breakdown voltage.
Post-test Examination of Polyimide

The silver strip was removed from the samples with dilute nitric
acid, and the samples were viewed mlcroscopically, There was no evidence
of alteration of the material by the electric potential or the mechanical
stress,  None of the samples falled, and the stralns at the time the testy

were terminated varied from 1 to 2%,
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Test Results for Polyethersulfone

A group of tegts lg In progress on polyethersulfone; the results
obtalned to date are summarized In Table 16. The considerable scatter in
test results for this materlal ls thought to be due largely to surface
plts. These were deep compared to the thickness of the watevial and often

cccurred in clusters.' The last four testy in Table 16 indlcate that

applied voltage probably does not have a large effect on the vupture 1ife,

The results of the tests at higher stresses are not conclusive. These

tests are contlnulng,
DISCUSSION OF RESULTS

“Polymer films have excellent insulating properties. The program
described in this report is concerned with determining the properties of
several polymers so that these materials can be evaluated for enginecrlng
applications., Test samples were thermally aged at 70, 110, 135, and 160°C
for times to 60,000 h, As these samples were removed from the aging
Fixture, the tendency for the fllms to stick together could be evaluated,
The sticking temperatures noted in Table 2 indicate that polyimlde,
polyethersulfone, polyetherimide, and polyparabanic acld were resistant to
sticking at 160°C. The other polymers evaluated had lower sticking
temperatures. Sticking would be of particular lmportance where materials
of differing thermal expansion bonded during service and were later
thermal cycled.

Most of the polymers were tested for tenslle propertics following
thermal aging. These tests revealed changes in strength and fracture
strain, The mechanical properties of polyethylene teréphthalnte and
polycarbonate were altered signlificantly by aglng over the range of 70
to 160°C. However, these polymers are lilkely to be useful for some
applications over the lower part of that temperature range, Polyimide was
found to be affected little, 1f any, over the temperature range of 70
to 160°C. The strength of polyethersulfone, polyparabanic acid, and
polyetherimlde either remained constant with aging or increased slightly;

however, the fracture strain of all three materials decreased about 0%
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Table 16. Summary of test information for polyethersulfone
in N6l grade transformer oil at 90°C

Mechanical stress Potential Time
Test ‘ applied (h) Rupture
MPa ksi (kV dc) ‘

25702 - 3.5 5.0 5 9263.7  Yes
25702 3.5 5.0 5 0.7 Yes
25700 34.5 5.0 5 0 Yes
25704  34.5 5.0 | 1150, Yes
25706 34.5 5.0 | 120 Yes
25705 276 4.0 9263 No
25699 27.6 4.0 35 Yes
25701 27.6 4.0 | 5 | 815 | Yes
25703 27.6 4.0 5 150 Yes
25726 20.7 3.0 5 323 Yes
25712 20.7 . 3.0 5 120 Yes
25711 20.7 3.0 8139 Mo
25957 20.7 3.0 52.3 Yes
25958 13.8 2.0 5 6096 No
25959 13.8 2.0 | 6096 No
25960 10.3 1.5 5 6096 No

26205 10.3 1.5 . | 6096 No
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during aging. Polysulfone was less heat-resistant than the other
materials, with a significant decféase in strength and fracture strain at
all aging temperatures.

Density and electrical breakdown measurements were made on many ofl
the samples aged about 23,000 h. The maln purpose of tﬁe density
measurement was to determine any change in the amount of crystalline
material in a given polymer. Most polymers have appreciably different
densities in their crystalline and amorphous forms. Polyethylene
terephthalate showed the 1argeét change in crystéllinity, increasing from
57 to 83% in crystallinity during aging at 160°C. The pther polymers
underwent very small increases in density during aging.

Electrical breakdown measurements were made.on all of the polymer
films in the as-received condition. Small‘changes were often noted during
aging, but the changes were insignificant until visible physical damage
occurred. This damage was usually in the form of small tears that
occurred in sepérating polymer sheets that were partially stuck together.

Many applications call for insulators at temperatures above or below
25°C. For this reason, tensile tests were run from -196 to 200°C for
polyimide (PI) and polyethylene terephthalate (PET). PI exhibited a yield
stress at -196°C and had good fracture elqngation“‘PET was brittle and
exhibited only a fracture stress. The tensile properties of several
polymers were measured at -196, 24, and 110°C. They exhibited a variety
of properties, and the selection of a polymer for a given application may
very well depend upon the service‘temperature.

Two new products were evaluated. One was a laminate of two layers of
Kraft paper and one layer of polypropylene. The product exhibited some
decrease in, strength with increasing temperature, most likely due to the
decrease in strength of the polypropylene. This material might be used
immersed in Dussek fluld (an organic), so some samples were aged 4343 h at
90°C in this fluid. The fracture strength decreased about 50%, and the
product was easiiy delaminated.,

The other new product evaluated was polybutylene terephthalate (PBT)
film. The material was not very heat-resistant, with very low tensile
strength above 100°C. At 90°C, PBT hacdi yield and tensile strengths 25 to
50% lower in oil than in air. The data on fracture strain were too

erratic to be conclusive.
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Creep tests were run in dry nltrogen and transformer oil at 90°C.

The general creep response of polymers involved an initial period of high
‘creep rates and then continuously decreasing creep rate for many hours to
a rate near zero, The initial creep period was very stress-dependent,

but the latter period was of the order of 107 to 1075 $/h and not very
stress-dependent. The creep properties of polyethylene terephthalate,
polyimide, and polyetherimide were not detectably dependent on whether the
test environment was transformer oil or nitrogen. Test results for
poiyethersulfone, polysulfone, polybutylene terephthalate, and ultrahigh-
molecular-weight polyethylene showed that the creep strength of these
materials was lower in transformer oil than in nitrogen.

Eq@ipﬁent and experimental techniqﬁes have been developed for
evaluating the influence of an appiied dc potential on the deformation of
polymer film samples while they are heated and under mechanical stress.
The system currently has two known shortcomings. First, the transformer
oil in contact with the samples is‘exposed to air and is subject to
oxidation and contamination with moisture. This will be corrected in the
future by enclosing the system iﬁ dry nitrogen. Second, the potential.is
applied to only 20% of the area of the test section of each sample.
Applying thé potential to more of the gage sectlon causes shorting as a
result of surface conduction. If there are only small effects of an
applied poténtial on creep behavior, they might be masked in this system,
Post-test examination of the samplé with the silver strip removed would
reveal whether any structural damage resulted from the potential even
though creep effects might not have been noted. Thus, this techniqﬁe is
felt to be rather sensitive even though the electrical potential is
applied to only 20% of the gage area.

‘Polyethylene terephthalate (type C) and polyimide (type H) films
(both manufactured by Du Pont) were tested in separate experiments. The
tests were conducted at 90°C, a dc potential of either zero or about
one-half the breakdown voltage, and a range of mechanical stresses. There
was no evidence in either experiment that the strain-time (creep) behavior
was altered by the presence of an applied potential. Some pits were |

formed in the polyethylene terephthals'e specimens, but these are thought
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to be associated with the contamination from the wire insulation that
partially dissolved in the oil. This will be tested in a future
experiment,

| Both of the materials examined were‘previously creep tested without
an apﬁlied potential in dry nitrogen over the temperature range of 110 to
161°C." The results from the present experiments at 90°C seem consistent
‘with the previous'résults. The general behavior of an initially high
creep rate that decelerates during the entire test seems to be
characteristic of these materiéls, as this behavior was noted in the

previous experiments.
SUMMARY

Several polymer films were thermally aged up to 60,000 h at 70,
110, 135, ‘and 160°C. Polyimide, polyethersulfone, polyetherimide, and
polyparabénic acid were heat-resistant enough not to stick together at
160°C, but the other polymers stuck at lower temperatures. Tensile tests
run on the aged polymers indicated that the properties of polyethylene
terephthalate and polycarbonate were altered significantly by aging. The
tensile properties of polyimide were affected little, if any, by aging.
The strength of polyethersulfoﬁe, parabanic acid, and polyetherimide
‘either remained constant or increased about 50%. Polysulfone had
significant decreases in strength and fracture strain due to aging at any
of the temperatures over the range of 7C to 160°C. Electrical breakdown
was not affected by aging until the polymer had uudergone’visible physical
deterioration.

Several polymers were evaluated in tensile tests over the range of
-196 to 200°C. Polyimide had superior properties at both extremes, but
many of the other polymers had good properties over narrower temperature
ranges.

The creep behavior of polymeré was characterized by a period of high
initial creep and an extended period when the creep rate diminished to
107" to 107% %/h., The first period of creep was very stress-dependent,

but the slower creep region was not. The creep strength at a given
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temperature varied considerably among the polymers. The creep and tensile
strengths of some polymers were lower in transformer oil at 90°C than in
dry nitrogeh.

Two new products were evaluated. A laminated product having two
layers of Kraft paper and cne layer of polypropylene was found to
decrease in yield and tensile strength when aged in an organic fluid
‘at 90°C, A polymer film, polybutylene terephthalate, tested oﬁer a fange
of tempevratures, was found to not be very heat-resistant and to have a
very low tensile strength at 100°C. The tensile strength was less in
transformer oil than in air,

A piece of‘equipment was‘developed in which samples could be
exposed to‘mechnnical, thermal, and electrical stresses. Tests thus far
in transformer oil at 90°C fail to show any increase in the creep rate
when a dc potential is present, The materials tested were polyethylene

terephthalate, polyimide, and polyethersulfone.
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