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UPDATED EVALUA'PION OF POI,YMER FIl.bIS FOR ELt_,CTt_iCAL, I_IA'ITION*

ll E, McCoy, Jr,

ABSTRACT

Several types of tests have I:}eenrun on polyme r film
materials that cou].d be useful for electrical insulation,

The polymers studied were polyethylene terephtha]ate, poly-
carbonate, polysulfone, l,olyethersulfsone, 'polyethe_'imide,

ultrahigh-moleeular-weigl_t polyethylene, polyimide, poly-

butylene terephtha].ate, and a laminate of Kraft paper and
po]vpropylene. Thermal aging tests were run to'60,000 h on

_everal of the polymers, and the samples were evaluated by
tensile tests, electrical breakdown tests, and immersion

dens i. ty 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 theonly mater'ial suitable for the extremes of this

temperature range, belt many of the other polymers would be

suitable for intermediate temperatures. Creep tests were
run in nitrogen and transformer oil at 900C. It was found

that some polymers are weaker and less ductile in oil than

in nitrogen and tlJat other polymers have 'equivalent
properties in the two environments.

A means of applying mechanical, thermal, and electrical

stresses simultaneously to polymer samples was developed.

Tests were run at 900C irl transformer oil on polyethylene

terephtlla].ate, polyJ.mide, and polyethersulfone. Tests t;hus

far do. not indicate that 'the creep rate is affected by the
application of a 5 kV dc potential,.

INTRODUCTION

'Phe Di.vision of Electric Energy Systems of the U.S. Department of

Energy is developing equipment to t.mprove POWer t:ran':;mtssiol_ c.apabi].ities

aI_d re]iabi],ity, to increase effi.ciency, and to reduc.e the erlvil.Ol/lllellta].

I.'ese,'lrch sponsored by t:l_e Off:ice of El_ergy Storage and Distribut::ion,
El{.'ct:l'ic El-lt_lT_y SystOlllS Program, U.S. Depart:ment of.. Energy, under cont:r,'.lct:
I)t'2-.AC{}5-8401<2140{} wit l/ Martin Mal'ic_tt{:t [,_rlc, l:_,y Syst::e.ls, l_c,
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impact of electric utility transmission systems, I 'The program described

in this report was initiated to directly support the efforts to dev(_l._,l_a

transformer utilizing aluminum conductors polymer insulation, and SFt_

dielectric, _ Thus, many of the materials and test: conditions were

influenced by this application. As the more general applicab:[lity oi!'

polymers for many insulation applications became apparent,, otller polymer

films were involved in the study, The new developments in h:igh-

temperature superconductors will make it necessary to have in._ulators wit:l_

suitable properties at temperatures of-225 to -175°C. Polymers may be

able to fulfill some of these needs, and our program has been modiFic:_d to

determine their properties at applicable temperatures. Several activitI.(_;s

were involved in this study, and they are described in this report.

Most polymers were developed for nonelectrical application._;, so

numerous properties must be measured and evaluated. For c_xa,lple,

properties such as dielectric strength, mechanic.al strength, and IIia:.:ilHltm
,

use temperature 111ustbe evaluated, and chemical compatibilit:y with tl_o

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 oile

extending over months or years, the stability of these properties iilt_st/be

known as a function of time, This stability question is loosely re.fe_:rc._d

to as aging, although property changes with timeare inf_'luenc_d by

thermal, electrical, and mechanical stressing. In solJ:_:cases t:l_echol,ical.

environment also plays a significant role in aging, so the condi,ti.oi_s

during aging must be specified and carefully 'controlled for the resul,t._:to

be meaningful,

Test retorts were constructed to expose polymer fi_ms under

conditions involving temperature, mechanical stress, and environment a._:

variables, The exposed polymer samples were tested to eva].uate chang_,_;ill

e i ,tensile properties, dielectric str ngtn and density, Samples wero

exposed up to 60,000 h at temperatures ranging from 70 to 160°C. Sl_ort-

term tensile properties were determined over t:lletemperature range of -196

to 200°C. Tensile tests were also run at 90°C in air and in transforl11_r

oil to determine whether oil altered the properties. A l.aminaced Kralt:

paper-polypropylene product was also subjected t',otensile tests, For
E_

IF
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lorl.g-.term app'.l, icattons, creep, or deformation with time, is of concern;

and measurements were made in nitrogen and oil environments. A question

of concern for polymers is whether they age dt.ffferent'iy when exposed to

sir_gle or mu].tt.ple stresses. The stresses of particular concern are

therIiml, mect_anical., and el.eetrical, and a .test has been set tlp in wl_t.ch

ali three stresses can be applied simultaneously to a polymer sample.

Tests were performed on three polymers, and these results are presented.

EXPERIMENTAL DETAILS

TEST MATERIALS

Several commercial test materials were selected for evaluation., the

available information is summarized in Table I, The program initially

concentrated on the gas transformer concept, with polyethylene

terepllthalate es the refererice material, Foul: 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, p°lyethersulf°ne, polyparabanic acid, and polyimide.

Two prototypic transformer coils were wound with type-EL polyethylene

terepht:halate 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 available at the time

of procurement, the status of Tradlon, or polyparabanic acid, has since

cIlailgedsignificantly. The material was produced by Exxon, which has

discontinued its manufacture. The production facility is for sale,

however, so it:may be reactivated and the product may again become

a_a .iiab Ie .
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EQUIPMENT

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

previously. 3'_ The equipment will be described in this report only as

required to interpret the test results.

THERMAL AGING STUDIES

The polymer sheets were alternated between aluminum in the

configuration shown in Fig. i. 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 supplied 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 different

temperatures of 70, ii0 135, and 160_'C, This entire assembly was

contained within a tubular section to pr<.,.,ideatmospheric control.

Three such chambers were used to expose samples in three

environments SF 6 with a partial pressure of water of 40 Pa (400 #atm)

(Chamber A), SF6 with a partial pressure of water of 4 Pa (40 #atm)

(Chamber B), and SF6 with a partial pressure of water of 4 Pa (40 #atm)

and 1 vol % of Freon-ll3 (Chamber C). The total pressure in each chamber

was 0.4 MPa (4 atm). Freon-].].3 was added to simulate coolant inleakage in

s:ystems where Fre.on-]]_3 is used as a cool.ant. In the first year o'f these

studies it was concluded that the po]ylrlers being evaluated were inert

'_,ward SF 6 and Freon-ll3. 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 nitia], watel._ levels were maintained.

Exposed salnp].es were removed periodically from the charnbers, and new

s i.ns(rt:ed over the ,.pproximate].y 60,000 h that the exposures were in

:'Lress. 'I'l_e exposect F ,]ylner s,alnples were the, n subjected to several

:;ts. Specilllel/s with t}l(! cont!iguratio_ shown ii1 Fig. 2 were prepared

wittl a steel-rule (lie: so ttnat tin(:: gage portions consisted of either

st.:res:_ed or unstre, ssed materia]. Electrical. break(:lown measuremer_t.;s were

made on t;t_e film materi.als, immersion density measurement:s were made on

.... _.ll pieces of: sample as the easiest way to detect changes in the degree
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6.9 MPa (I ksi)

POLYMER..--L_ ........

_ 5.1x5.1x O.01cm"''_'°OM--- l J (_,_,ooo,,,o)
////////////////////.

Fig. i. Schematic diagram of test setup for aging sheets of
polymers.

ORNL-DWG 81 -11498

--0.635 (0.250) TYP.

[---0.622 (0.245)

_' .___ 0._35 (0.250)

: y

(0.75)

(t.0) I (0.75
TYP.

i_ 7.,6 ( 3.0 )

Fig. 2. Diagram of polymer tensile sample. Dimensions are in
centimeters (inches).



of crystallinity with aging. Scanning electron microscopy was.pc;rformed

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 polymer- fLlms are generally determined by

the test method descL-ibed in ASTM D 882. In this procedure, st_'ips of

uniform width and thickness were cut and tested, The shortest test

specimen allowed was i00 mm (4 in,), and the length to be used for high-

precision work was 250 mm (i0 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

'type IV in that specification, but the overall length of our specimen was

less. Several testing speeds are recommended in the two specifications

for various types of materials.

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 exposure 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 (i,0 x 0,245 in.). This geometry

permitted specimens to be cut from the stressed or unstressed regions of

the aged sheets and oriented eit[ier in the machine direction (MD) o_-

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 Ib). 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 pulled, the g_'ipping force increased

and prevented slippage. A 222-N (50.0-1b) load cell was used, and the

breaking force rarely exceeded 44 N (I0.0 lh). The strain rate used was

0.0033 s-l (0.20 rain-l).
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Some tensile tests 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 in Fig. 2. Holes were punched in each end, and

the same aluminum grips used in creep testing were used to grip the

sample. The sample and grips were enclosed in a tube furnace for heating

or in liquid nitrogen or alcohol-dry ice for cooling. The test strain

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

Data analysis was done entirely from tile charts of load versus cross-

head travel and consisted of determining the 0.2_ offseC yield stre.ss , tile

ultimate tensile stress, and the elongation to fracture. The results

exhibited considerable scatter, which must be considered When drawing

conclusions, lt is likely that the main contributor to the scatter was

the variation in smoothness of the gage-section edges, with the smootl_er

samples straining the most before fracture. This variation had little.

effect on the yield strength, so the scatter in yield strength is small.

For a material that exhibits little strain hardening, large scatter in tl_e

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 properties

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 _lesigned

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
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0,8-mm (O,031-in.) radius (electrode type.' 3 in ASTM I)149), Tile bottom

electrode was s;tatiot_ary, and t.:l_e top electrode was movabl.e Lo permit

inserting samples. Tt_e Lop electrode, was counterbalanced to re,;ult in a

net force on the speci_inen of 50 + 2 g. The power supply was designed so

that the potential could be increased manually until breakdown occurred.

This procedure was somewhat operator-dc;pendent, but: the potential was

normally itlcreased from zero to t:he. b{e'akdowrl voltag e t.n about 30 s. 'I'llc:

voltage rise rate was 1.00 to 200 V/s, well within the specifl.ed rate of

rise for t:tle short-time test conditions in ASTM D149. 'rbe dc breakdowll

voltage was usucil, l.y well defined and not very dependent on operator

technique, The ac breakdown voltage was more dc!pendei_t on operator

technique, and surface ionization occurred to such an extent that the

sampl.e could be dalnaged locally, Thus, ionization could lead to formation

of a weak area wl_c..re I_reakdown would occur. For e:.:a,tple, breakdown

occurred at: ,-it)out 75_ of: tl_e normal breakdown voltage i.I: :ionization was

allowed t:o occur for a few iniz_utes att:l_e 75g volt:age.

Testir_g e:.:t)(:rieHce .irl t:l_is area revealed tile need for be. tter colltrol

of t::he ,,,olt;_ge ri_,:;e rat_e a_d the ability togo to higher potentials to

cause electrical breakdown in thicker samples. Two Hipotronics power

suppl, ies were procured to meet those needs. One supply is capable of

50 kV dc anti the other of 50 kV ac:, and the rate of voltage rise of each

supply is adjustable but Control].ed automaticall.y. This equipment makes

use of the electrodes described ozl the Biddle power supply and ,the vo].tage

rise rate of 1 kV/s selected f.or both ac at_d dc tests. Host of the future

testing will. br.. pe_rforlned with the tlipot:rc)nics equiplnent.

The electtrode a._;selnbly is in a clear pl.a._;tic elmlosure, which was

purged wit.h dry r_itrogen, with test. :._amples itltroduced through a small

door. The samples could be pl. aced with a manipulator between the

electrodes for measuremc, nts wit:hour breaking the seal. between the nttrogei_

e:nc].osure and air.

CREEP CHAMBER WITH NITROGEN ENVIRONMENT

A sc:t_::lr,,'__t.i.(: di.agcall, of t},c. cllamber _..tse.d for creep t:estii_g is; shown ii_

Fi.g. 3. The _;pecilr_c.rl sllo',,:rl in Fig. ? wa._; al:_o used for these tests, witll

the er,dy-; pur_ctled arid a ].l.tmi.ilum pa(l._; bol t r:d o,.,e rea(.:}, end for s;uppor t wh i l e..
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Ot_t_L-DW(:, 83 --t0'.)8rlt_

..- .... ,.,Upf,()h, T

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°



II

st:tess,lng, The stress was applied by weights attached to the bottom of

the specimen. The co!:e of a linear variable differential transformer

(LVDT) was attached to an extension member from the bottom .of tlaeweight,

and the coil of the transducer 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) in oi]. 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 t:ests, The temperature was controlled witll a type K

tllerlnocoup]e sensing element and a proportioning controller,

The oil oxidized slowly because it was exposed to air, Each test was

interrupted monthly, the old oil pumped out, and new oil pumped in,

Plexiglas boxes have been fabricated to contain each test unit irt a dry

nitrogen environment, This change cleaned up the test environment

markedly.

MUI,TISTRESS 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-depositlng silver on tl_e

sample while it was covered by a mask with an opening to define the strip,

The strip was about 1 x 10-5 cm thick, 0.51 cm wide, and 7,62 cm long, As

shown in Fig, 6, the strips were located on each side so that the

potential was applied across the longitudinal center ).I 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 tile strip

wider res;u].ted in arciIig a].ong the samp].e 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 fi].m
specimens in oil,
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ORNL-PHOTO 5897-85

Fig, 5, Close-up of oil creep apparatus. Ten test specimens are

in the oil. The ]oad is applied through a wire rope that extends over

the pulley, The strain is read on each dial gage.

ORNL-DWG 88M-7895

Contact & Grlp,,,,_

-- r " , " _f _.Silver[ ....... I ............. ,r__L_I I_: Polymer
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I" 101.6(4) _t

F.-3os(1.2)_-_ 2s4(,.o)_-

)- _SIIver

t.._. 76.2(3.0) -I-I

Fig, 6, Test specimen, Thicknesses not to scale,

Po'J.yme_: samp].es about 2 to 5 x lO -z mm thick, and the

silver st:rip is about ], × 10 't' mm thick, l)imensions

are in mtll.Jmet-ers (inches), Cont:act and grip are not

S h OW'rl t['1 p "l. _-]n vi[ew ,
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ORNL-PHOTO 4678-86

P

Fig, 7, Apparatus for simultaneously exposing
polymer film samples to nhermal, 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 sinai.icrarrow, SamplEs are ImmEr'seciiI_ a center

vessel of heated o_.]_, The load iS applied through
the cable ].inkage by placing shot in the cans, 'l.'he
d:l.a], ind:icat:ors are used to read st2.';._.ln.
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Ceneral views of the test equipment are shown in Figs, 7, 8, and 9,

The center of the apparatus was a w_ssel partially filled with transformer

oil that was stirred and heated, The Sample was clamped so that the ends

were across the dc power supply, The specimen was immersed in the oil. aL_d

the mechanical load applied to obtain the deslred stress, The loading

mechanism involved a steel cable that ran from the top of the specimen

over a pulley and attached to a can that contained the appropriate

weights, A dial indicator on the load train was used to measure the

deformation of the polymer samples.

A Hipotronics dc power supply capable of 50 kV was used to provide

the potential across the specimens, The rate of voltage rise was set at

I kV/s. A current cut-off turned off the supply in the ev_.nt of short

circuits, The most common source of electrical short was the grips, A

thin sheet of polymer insulation was placed under one side (the noncontact

side) of each grip before it was tightened, However, sufficient creep

occurred often enough for the grip to cut through the sample and contact

the silw_r strip on the far side, This was remedied by using a double

layer of insulating polyimide film,

The samples were immersed in Univolt N61 insulating oi]., This

particular oil contains 0,5% by mass antioxidant (2,6-ditertiary-butyl

paracresol). The oil was heated and stirred, and the temperature

controlled at 90°C, The top of the vessel was open to air, and the oil

darkened with time as it oxidized and was contaminated with moisture in a

way that is not typical of transformer oils in service, The apparatus

will be modified so that the oil surface is exposed only to dry nitrogen,

TEST RESULTS

GENERAL OBSERVATIONS OF AGED SAMPLES

The polymer films were aged in the configuration shown in _'ig, I,

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 MP_ (i ksi), The main concern about the films sticking was tl_at
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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

oi]., The support bracket (marked with an arrow) transfers
the mechanical load to the test sample,
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ORNL-PHOTO 4676-86

Fig, 9, View of apparatus showing electrical connectJ.orls.
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subsequent movement (clue either to thermal expansion or to mechanical

forces) might tend to tear tilepolymer and dest:roy its usefulness as an

i.nsulator,

The observations on the materials tilat were aged are given in

Table 2, Four polymers--polyethersulfone, polyimide, polyarabanic _:_c"[d,

and polyetherimide--did not stick at the highest aging temperature, !60°(.I.

Polysulfone and ultrahigh-molecular-weight polyethylene had intei._mediate

heat resistance, and polyethylene terephthalate and 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,
J

Table 2. Sticking of polyimer films

Highest temperature
Exposure

at which sticking was
Polymer time

(h) not observed a
(°c)

Polyethylene terephthalate 59 138 70

Polycarbonate 59 138 70

Polyethersulfone 59 138 160

Polyimide 59 138 160

Polyparabanic acid 59 138 1,60

Polysulfone 37 600 135

Polyetherimide 37 600 160

Ultrahigh-molecular- 26 400 ilO b

weight polyethylene

a
Exposure temperatures were 70, II0, 135, and 160°C.

bNot run at higher t.emperatures.

TENSILE TESTS ON THERMALLY AGED SAMPLES

Tensile tests were performed on duplicate age.d speciInens. 'l't_e

samples of most polymers were heate.d almost 60,000 .h at temperat.uces,o[
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70, Ii0, 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. Thenotations on the graphs are defined as follows'

MD machine direction

TD transverse direction

dry water partial pressure of 40 #atm

wet water partial pressure of 400 #atm

stressed compressive stress of 6.9 MPa (I ksi)

[no stress sample aged without applied stress
, notation]

Some of the detailed observations for shorter aging times were presented

previously 3-6

Polyethylene Terephthalate

The lot of polyethylene terephthalate was quite anisotropic.

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 axis parallel:to the TD did

not workharden nearly as 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 I0_. The ultimate

tensile strength increased about 20_ over the first 4000 h of aging and

then decreased gradually to about i0_ less than original value. The

elongation was not altered significantly.

Aged at II0°C. The yield strength was increased about 20_. The

ultimate tensile strength in the MD 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 I00,000 h and

then gradually decreased about i5_ to 60,000 h (Fig. i0). The

elongation at fracture varied from 25 to i12_, but most of the data fell

above the 49_ for the as-received material in the MD (Fig. ll).
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Fig. i0. Influence of aging at llO°C on the tensile properties
of polyethylene terephthalate.
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Fig. Ii. Fracture strain of polyethylene terephthalate following

aging at IIO°C.
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Aged at 135°C. The yield strength was increased about lO_ by

aging at 135°C. This value was rather constant except for a set of

samples aged 21,000 h in which the yiela strength decreased about I0._.

The ultimate tensile strength in the MD increased about 40-_ after a few

hours of aging, and then decreased to near the as-received value. The

ultimate tensile Strengtli 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 environment. Seven samples fractured with

10% or less strain, and all of these samples were either stressed or

exposed to the higher moisture environment. Thirteen specimens

fractured at between I0 and 50% strain (as-received level), Ten of

these sampl.es we.re either stressed or exposed to higher moisture. Ten

samp].es fractured with more than 50% Strain', none of..these samples was

stressed or exposed to the higher moisture,

Aged at 160°C. It was not possible to obtain 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% except for a group of samples aged 23,000 h in

higher moisture. The ultimate tensile strength i.n the TD was not

altered appreciat_]y by a_i, ir!g, but: the u].t. iln_lte texlsile stceI_gt:ll in the

MD was decreased about 25_. Six samples failed at strains of lO_ or

less Three of these were either stressed or a_,ed in higher moisture.

Five samples fractured at stratr_s betwee.r_ 1.0 and 50g (as-received

].evel). Two of these samples were aged under stress or high moi.stu:ce.

Si.:< samples fai].ed at higller than 50% strai.n, and none was st cessed or

exposed to higher moisture,

Polyearbonate

Polycarbonate :is; a very ar_i.sotropic mat:eria].. Ttle yield strent!,tll

i.s about eq_:ivalent: i.n the Ml) and TD. The. ult:Jlnate tensdle ._trerlgtzh in

t:_le TI) is only at)out 20_, hid,her than t:he yield strength, but: the.

ultimate tensile strength in the Ml) i.s about 160% tligt_er than tl_e yield

st:rength, The el_ongation at: fracture is about 30_ in tile MD and 130_ Lh

t.h e T D,
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_d at 70°C. Aging caused increases up to about 50% in the yle]d

strength in both orientations and the ultimate tensile strengt.:llj.n the

TD Aging caused the ultimate tenslie strength in the MD {o gradually

decrease about 20%, Tlie elongation at fracture in the MD was altered
,

appreciably by aging. The fracture strain in the TD Was dec_.'easedfl:om

135% to i0%,

Aged at IIO and 135°G, Aging' caused increases up to about 40% in

the yield strength in both orientations ,and in the ultimate tensile

strength in the TD, Aging caused the ultimate tensile strength in the

MD to gradually decrease about 30%, The elongation at fracture in the

TD decreased from 135% to about 10%.

Aged at 160°C, The yield strength in the MD and TD and the

ultimate tensile strength in the TD were not greatly affected by aging,

There were small variations, but the data were insufficient to detel:mlne

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 I0%, and in the TD the fracture decreased drastically

from 135% to the range of I0 to 20% (Fig, 13),

Po lye the rsuifone

Polyethersulfone was more heat-resist_int than polyethylene

terephthalate and polycarbonate and is also more isotropic,

-Aged at 70°C. There were no detectable changes in the tensi].e

properties,

_Aged at Ii0 and 135°C, The strength values remained ve1.'yclose t:o

those of the starting material, The fracture strain gt'adua]].ydec__'e.as_,d

about 50% to values as low a.t 9,5%.

A_ged at 160°C, The strength values shown in Fig. 14 :ii_di.catc_t:l_;ll.

the minimum yield and tensile st-re.ngths _:emaJned vet'y c].ose t:o t:ltat of

_ e tic ,the starting material. There is some st_engt:hetling up to about. 2..._

The samp].es aged 23,000 h were in t-.he higher moisture e._viror_n,e,_,t. 'l'llc_

fracture strain decreased about 50% af:ter aging a few thousaild 11ou17;.; al_(l

remained nearly constant (Fig. 15).
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Polyimide

The properties of polyinlide were not altered app1eciably when aged

at 135 and 160°C, The results shown in Figs, 1.6 and 17 for 160°C are

typical for 135 and 160°C, The strengt h of the aged mat.el.ialfalls

within a range close to that of the as-received material. Similarly,

the fracture .strain falls close to the values of the as-received

material, One group of samples that may be significant are those aged

8500 h in a moist environment, The fracture strains of these salnples

are slightly lower than those of the other samples,

Polyparabanic 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 tiara s(:at.te.r makes tt dtfficu].t tc) know Whether small changes

are significant:, The fracture elongation of the as-recet:ved material, ts

33%, with a standal:d deviation of 18%, The general trend seems to be.

that aging 23,000 tl at 135 or 1.60°C results in a decrease in the yield

strength of about I0%, a decrease in the ultimate tensile strength oi"

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 resu].ts are summarized in Table 3, The ultrahigh-mo]ecular-

weight, po].y(:_thy].e.ne (UIIMWPE) was aged at 70 and 110°C, and there were 11o

det:c, ctable cllanges :iii the tensile properties,

A new lot of polyimt.de (API) was obtained ai-ld exposed at. :135 ail(.l

160°C, The property changes were rel.atively small, Aging at both

temperatures increased the yield str4_.ngth about 20%, decreased the

ul.timate tensile strength about 10%, alld decrea:-ed the fr'_cture straI.ll

Slightly. The scatter in the test results was quite large (note the

large standard deviation),

Two lots of po].ysu]fone (APS and WPS) were aged, The yield and

ulti. mate tensile strengths were incl.'eased, but: t:tle property etlaxl_,(: of

most conc,::.:,'l, is the re(tuctiorl in the fracture stra:tn, AgI.llg at 70°C
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Table 3, Influence of aging (26,417 h) on tensile

properties of several polymers

Aging Ultimate tensile
Yield strength Elongation

tempe ra- Or ienta tion strength
ture (MPa +1 a) (% J=l o)
(oC) (MPa il a)

UHMWPE

NA MD 14 5 + 0 7 41 4 i 5 5 477 ± 65

NA TD 15 2 + 0 7 40 0 _+ 6 2 486 + 59

70 MD 15 5 + 0 9 48 I + 7 4 470 ± 63

70 TD 15 9 + 1 2 51 1 ± 4 ,3 539 ! 36

II0 MD 17 9 ± 0 6 55 2 + 7 5 443 + 18

ii0 TD 18 4 + 7 0 48 9 _+ 6 2 445 +_ 51

API

NA MD 60,7 + 1,4 174 4 -+22 i 61 6 + 22,8

NA TD 62,7 ± 3,4 175 8 + i5 9 64 4 ± 17,9

135 MD 76,5 + 2,8 162 7 _+Ii 5 43 0 ± ].3,3

].35 TD 72,4 + 2,3 151 7 + 21 4 38 8 + 25,2

160 MD 77.2 -+ 2,2 180 6 i 4 6 59 6 ± 3,7

160 TD 74,4 ± 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 TD 59,3 + 2,9 65,5 + 4 8 8 1 ± 3 0

110 MD - 74,5 ± 3 5 i0 0 ± 3 4

II0 TD - 71,7 ± 2 1 8 9 ± 2 5

135 MD - 74,5 + 4 8 7 4 ± 0 9

135 TD - 73,8 ± 4 0 7 5 ± i 1
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Table 3, (continued)
L

Aging

tempera- Orientation Yield strength U].timat_etensile
ture (MPa ii _) strength E].ougat:ion(_ ±1 cJ)

(°C) (MPa ±i _)

WPS

NA MD 55,{4 "± 1,4 66 9 i 1,4 29 8 -± 15,2

NA TD 55,2 + 2,8 65 5 .! 5,5 97 9 J; 4o,6

70 MD 68,3 _+ 3,7 77 2 + 1,3 20 0 J: ii,0

70 TD 68,3 i 2,8 75 8 + 0 15 9 i 5,5

ii0 MD 77,2 + 1,5 80 7 -± 2,3 ii 8 i 2,1

ii0 TD 79,3 _+ 1,8 82 0 ! 2,0 9 3 + 3,2

135 MD - 84 8 ! 4,2 8 4 -± 0,8

135 TD - 84 8 -± 3,5 9 3 .;_b0,6

WPEI

NA MD "/6 6 ! 3,5 96 5 ± 2 1 28 2 ± ii.7

NA MD 79 3 i 3,5 96 5 ! 2 1 50 6 -± 28 2

70 MD 56 5 + 9,2 70 3 ! 14 5 ii 5 J- i 1.

70 TD 57 9 + 3,7 65 5 + 0 9 16 9 ± 8 2

II0 MD 93 8 -± 7,6 106 2 ! 5 2 16 9 ± 9 4

Ii0 TD 93 8 4- 0 106 2 _+ 0 9 14 9 :_ 5 9

135 MD 95 8 4m 4,1 1.07 5 -± 6 4 12 3 i" 2 8

135 TD i00 6 -± 1,4 116 5 i" 0 7 16 0 ! 4 3

160 MD I17,2 + 5,5 1.31 0 "± 4 1 i0 5 "J--0 6

APEI

NA MD 64,1 "± 2,8 73,1 ! 2,1 22,5 + 11,0

NA TD 60,7 "± 1,4 69,6 J: 0,7 23,0 "J: 9,8 :
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Tabl, o 3, (continued)

Aging Ultimate torls :I.1_
tempera- Orientat::l.on Yiold strength t_longatiol_

ture (MPa ±1 o) stcongth (_ ±1. o)
(°C) (MPa 2t_'1o)

APEI (eont:t.nucJd)

70 MD 70 3 i 0 85 5 + 1 4 11. 8 :!: 2,8

70 'I'D 72 4 4_-4 1 92 4 ± 1 4 i0 5 ± (6

ii0 MD 73 1 4.-4 8 82 7 + 4 9 i0 5 ± 1 9

1.1.0 TD 77 9 _4:.1.4 80 7 i 5 7 8 6 ± I 6

]25 _,D 77 2 ± 1 6 88 9 ± 3 5 9 3 ± 0 5

1.35 TD 75 1 ± 3 2 79 3 ± 8 3 8 3 i I 6

160 MD 92 4 + 4 I 106 9 i 2 1 i0 0 i 1 5

].60 TD 91 7 ± 2 1 102 0 ± O 7 i0 3 ± 1 8

WPES

NA MD 53,8 71 0 118

NA TD 55,2 73 8 i0,5

70 MD 65,5 +_ 1 8 75 8 i 1 3 38,0 ± 21 0

70 'I'D 86 9 ± 3 0 i00 0 i 1 3 50,3 ± 33 2

ii0 MD 61 4-I_-1 7 67 6 ± 0 8 16,8 ± 7 8

110 TD 80 7 ± 6 6 92 4 ± 9 0 25,4 4:23 6

1.35 MD 82 0 _+4 5 91 7 ± 4 0 11,8 i 3 0

135 TD 83 4 ± 1 3 94 5 ± 1 7 9,0 i 1 2

160 MD 84 1 .+_3 2 93 8 ± 1 2 12,0 ± 5 6

160 TD 109 6 ± 4 6 ].22 0 i 1 0 13,3 ± 5 5
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Table 3, (continued)

Ag,lng Ultimate tensl,l_

tempera- Ot'ientation Yield strength Elotlgatlon
ture (MPa +I a) strength (_ !l a)
(°C) (MPa "Jl ¢7)

......................... ...........

APES

NA MD 67 9 i"3 9 77 2 -± ].,4 36 8-l_ 9 9

NA TD 69 6 +_1 4 75 1 :__ 2,1 18 J.+ 8 3

70 MD 54 1 + 4 1 60 7 :k 4,1. 13 6 i" 4 9

70 TD 56 2 + 0 7 61 8 i 0 4 48 0 k 42 7

Ii0 MD 61 2 + 1 5 68 3 J- 2 9 II 3 ! 2 1.

11.0 TD 63 8 i 0 7 73 8 -t_ 0 8 13 5 J: 2 7

135 MD 73 ].+ I i 82 0 "i" 0 6 19 5 J- 7 4

135 TD 69.6 _+2 5 76 5 J: 2 6 1.3 0 i 8 7

160 MD 78,6 + 4 8 87,6 I_'.2 5 i0 0 i 2 0

160 TD 87,6 + 2 8 93,8 ! 2 0 10 8 J- 3 9
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brott_ht about a st.gllifLeatlt reduction iri f.'rac.t:Llre_ Stl.'_[n, alld ag:lng at

hi_,hor tc,mperat:ures hacl an even 1.argot eff.:ect,

TwO lots of polyetherlmide (WPEI and APEI) were aged, These two

lots had d:[f:ferentproperties in the as-recel.ved concll,t:ion, and the

properties reina:[neddifferent under all. aging conditions, The yield and

tensile st:rengtl_,_ ancl th6 fracture elongation of:' WPEI deeroased when

aged at 70°C, Aging at 110, 135, anti 1.60°C caused the yield and tensile

strengths to l.tmrease and the fracture elongation to 'de.crease, The

yield and ultimate strengths of: APEI increased and tl_efracture strain

decreased with increasing agl.ng temperature,

The two lots off polyc.'tllersulfone (WPES and APES) had different

propertt.es but: responded similarly to aging, Generally, aging increasc:d

the yield and ultimate st:rengths and decreased the :fracture elongation,

Aging 1.ot WPES at llO°C and lot APES at 70°C caused slight decreases in

yield and ult:imate tensile st.rengtlls,

DENSITY AND ELECTRICAL BREAKDOWN MEASUREMENTS ON AGED SAMPLES

Immersion ciensity measurements were an eff_ctive way of

determining the transformation from amorphous to crystalline states

during ag:lng, Generally th_,re are significant differences in the

density of each polymer in the amorphous and crystalline condition,

Detailed measurements were inade on several polymers following 23,000 h

of aging, arm the_.:e wer,:., reported previously. _° AddLtional lneasttrelnents

have not: bee:, made sir.ce that time,

The principal find:i.ngs from Gtrr previous measurenlents was t.hat all

polymers being stuclied densif.'ied sl. ightly when aged at 160°C.

Polyethylene terephthalate underwent the largest change, lt was 57%

crysta].line in the as-received conclition and 83._ crystalline after aging

21,515 h at 160°C,

Electrical breakdown measurexnents were made of many of the aged

samples. Some of the polyxnsrs had slight increases tn breakdown voltage

aft:ct aging, but decreases oeettlTecl only when the polymer was visibly

damaged, Under conditions wtlere the poly.lets stuck toget:her, the

polymer sheets- were oft:en damaged in try:i, ng to pull them apart.
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TENSILE PROPERTIES FROM-196 to 200°G

Polymer insulations are needed for a broad range of temperatures.

Tensile tests were run on several polymers from-196°C to about 200°C.

The properties are tabulated at -196, 24, and II0°C in Tables L_, 5,

and 6, At -196°C only one polymer, polyimide (API), had a well-defined

yield stress, The other polymers deformed almost linearly 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), _,nd

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 serains.

Table 4. Tensile properties of several polymers at -196°C

Ultimate tensile strength Elongation
Polymer

MPa ksl (_)

PET 261 37 9 7 5

API a 272 39 5 ].8 7

PBT 275 39 9 5 0

WPS 117 16 9 6 0

APS i00 14 5 6 5

APEI 113 16 4 6 5

WPEI 121 17 6 6 5

PES 194 28 2 6 6

APES IB4 19 5 5 8

WPES 140 20 3 6 3

UHMWPE 129 18 7 4.3

SYield 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 'ksi MPa ksi (_)

PET MD 82,7 12.0 164,8 23,9 49,0

TD 84.8 _ 12.3 129,6 18.8 58,1

API MD 60.7 8,8 1,74.4 25,3 61,6

TD 62,7 9,1 175,8 25.5 64,4

PBT MD 45 .5 6,6 51,7 7 ,5 86,5

TD 44.8 6,5 49,6 7 ,2 93,5

WPS MD 55,8 8,1 66.9 9.7 29,8

TD 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 6.8 15.5

APEI MD 64. i 9.3 73. i i0.6 22.5

TD 60, 7 8,8 69,6 I0,I 23.0

WPEI MD 76,5 ii. I 96,5 14,0 28,2

TD 79 .3 ii .5 96 ,5 14 .0 50,6

PES MD 80,7 ii. 7 91,7 13,3 32,8

TD 71 0 i0,3 84 1 12.2 21.9

APES MD 68 3 9,9 77 2 ii.2 36.8

TD 69 6 I0.I 75 1 i0.9 18.1

WPES MD 53.8 7 8 71.0 I0.3 I].8
TD 55.2 8 0 73.8 i0.7 II

UHMWPE MD 14.5 2 1 41 4 6.0 477
TD ].5.2 2 2 40 0 5.8 486
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Table 6. Tensile properties of several polymers at IIO°C

Yield strength Ultimate tensile strength
Polymer Orientation Elongation

MPa ksi MPa ksi (%)

PET MD 0 0 95.8 13.9 140

TD 0 0 102.7 14,9 78

API MD 52.4 7.6 160.6 23.3 96

TD 51.0 7.4 155.1 22.5 88

PBT MD 6,9 i 0 20'.7 3,0 250

TD 9.7 1,4 17,9 2.6 205

WPS MD 42,1 6.1 47.6 6.9 9.0

TD 39,3 5,7 46.9 6,8 7,5

APS MD 31,0 4.5 40.0 5.8 i0,0

TD 25,5 3,7 31.0 4_5 7.0

APEI MD 25,5 3.7 36.5 5.3 28.5

TD 28.3 4.1 36.5 5,3 25.0

WPEI MD 58.6 8.5 64,8 9.4 29.5

TD _4,5 7_9 60.0 8 .7 40.0

PES MD 57.9 8,4 62,7 9.i ii. 0

TD 46.9 6.8 56.5 8.2 22 .5

APES MO 51.0 7.4 57.9 8.4 36 .5
TD 49,6 7,2 56.5 8 ,2 44.0

WPES MD 53.8 7 .8 57 ,2 8 .3 16

TD 48,9 7 .I 53.8 7.8 16

UHMWPE MD 0 0 17.2 2.5 887

TD 0.7 0.i 19.3 2.8 997
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At a test temperature of 24°C all of the po!ylners tested exhibited

sufficient plastic strain to have a yield strength and an ultimate

tensile strength (Table 5). The "best" material at 24°C depends on

whether yield, ultimate tensile strength, or fracture elongation is the

most important characteristic.

At a test temperature of llOOC, all polymers tested are weaker

than they were at 24°C. Polyimide (API) retains a larger fraction of

_ts 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 terephthalate (PET)
oriented in the machine direction

Temperature Yield strength a Ul_imate tensilestrength Elongation b

(°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

II0 -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 i00 90,3 18 000 124 1 45

-10 14 700 101.3 16 700 115 1 Ii
-20 15 I00 104.1 19 600 135 1 46
-30 15 500 106.9 19 200 132 4 18

-40 17 I00 117.9 20 400 140.6 13
-50 17 I00 ].17.9 21 800 159 3 18
-60 17 i00 117.9 23 700 163 4 23

-.70 16 300 112.4 24 300 167 5 13
-75 21 600 148.9 25 i00 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 ].55.8 27,800 191 7 Ii
-196 c c 37,900 261 3 7.5

aBased on 0.2_ offset method.

hMeasured over 25-mm (l-in.) gage length.

CDid not exhibit significant yielding before fracture.
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tests on this lot of material showed that the only mechanic::al prop_::rt:y

that varied significantly between the MD and TD was the ult:im,'itet:etlsi].e

strength, which at 24°C was 20,_weaker in the TD. The yield strengtl_ and

fracture elongation were equivalent in the two directions, The yield and

ultimate tensile strengths are shown as a function of temperature irt

Fig. 18. The yield strength data were fit by a linear model, and the

ultimat e tensile, strength data were fit by a second-order polynomial,

This material flowed (yielded) at very low stresses at temperatures above

100°C, but hardened sufficiently to have a fracture strength of about

i00 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 abrupt 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 I0_ or less below-100°C, i0 to 20_ from-i00 to 0°C,

and 50_ and higher at temperatures above O°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

,ver 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 second-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 increases from about

at-196°C to about 100g above 200°C.

Fractography of Polyethylene Terephthalate and Polyimide

The fracture surfaces of several specimens were e.xamined in the

scanning electron microscope. Typical e].ectron micrographs of PET a2:e

shown in Fig. 22. The microstructure of th:[s material and the tensile
.

properties were ani.sotropic. Individual grains were elongated with the
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Fig. 19. Fracture elongation of polyethylene

terephthalate when subjected to a short-term tensile

test at various temperatures.
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EPIOI95

(a)

(b)

Fig. 22. Fractographs of polyethylene terephthalate

tested at (a) -196°C, (b) O°C, and (c) IIOOC. 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 polyl.mide (API) oriented
in the machine direction

Yield strength a Ultimate tensile lr
Temperature strength Elongatlon

(°C) psi MPa (%)
psi. MPa

270 5,300 36 5 14,100 97 2 110

235 6,800 46 9 ].5,800 108 9 1.06

210 4 I00 28 3 131100 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 iii 7 67

ii0 7 600 52 4 23 300 160 6 96

70 8 200 56 5 20 000 137 9 3o

24 9 500 65 5 24 900 171 7 32

0 9 300 64 1 24 300 167 5 40

-i0 12 000 82 7 24 500 168 9 35

-20 9 700 66 9 21 900 151 0 18

-30 i0 500 72 4' 26 200 180 6 33

-40 Ii 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

-I00 14 900 102.7 30 400 209 6 24

-1.96 15 400 106.2 39 500 272 3 1.9

aBased on 0,2% offset method,

bMeasured over 25-mm (i in,) gage length,

longest dimension oriented primarily in the MD. At -196°C, the ductility

of t'hematerial was low and the grains seemed to pull. apart with little

plastic deformation [Fig. 22(a)]. At 0°G, the material was more ductile

and the individual grains deformed sufficiently to make the fracture

surface rather smooth [Fig. 22(h)]. At IIO°C, the material was very

ductile and the grains grew under the combined influences of the elevated

temperature and strain [Fig. 22(c)].

Fractured polyimide samples were also examined. Several/ electron

micrographs of fracture surfaces are shown in Fig, 23, This 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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YPIOI89

Fig, 23, Scanning electron micrographs of fracture

surfaces of polyimide for samples tested at (a) -196°C,

(b) 0°C, and (c) ilO°C, Samples are oriented so that the

machine direction comes out of the page,
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temperature [Fig, 23(s)] had ,Jome areas of cleavage (brltt:].e)fract:ul:e,

bttt most of the fracture Was dtLcti].etearing,' At O°C [Fig, 23(b)1, thc_

strain at fracture was higher and the fracture was totally dltctt].c.,.

tearing, The fracture strain was even higher at IlO°C, but: the L'ractul:e

surface was smoother, TheL'e was a].so a layered appearance to the

microstructure [Fig, 23(c)],

TENSILE PROPERTIES OF POLYMERS IN OIL

The tensile properties of s_veral polymers were measured in

transformer oii (Exxon Univolt N60) at 24 and 90°C, '.['hesamples were

immersed in the test: environment and equilibrated approx:Lmate].y 5 rain

before being tested, These test results were then compared w:l.th those

obtained in an air environment, The ratio of the ultinlate tensile stress

to that in air is compared _,n Fig, 24 for several polymers tc_st:edat 24

and 90°C, The plain horizontal lines on the bars in Fig, 24 rc;pl:esellttllu

24°C test condition, At a ratio of i, the tensile strength was tlle._;a,lc:

in air and oil; at a ratio of <l the polymer was strengthened by the oi.[',

and at a ratio of >I, the polymer was weakened by t:he oil. At 2z_°C, ali

but two of the ratios fell between 0,9 and I,I, IndicatiI_g tl_at the o|.]

has very little effect, One lot of polyethersulfone (PES) had a ratio of_

i,I,5 (weakened), but the two other lots of polyethersu].fone (APES and

WPES) had ratios very near 1. One lot of polyetherimide (APF,I) ha(l a

ratio of 0,82 (strengthened by the oil), but the other lot (WPI?,I)l_ad 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 tl_an I, so

none of the polymers are strengthened by oil at this temF,erat:ure, Most

materials showed weakening effects due to oi]: oi' 25_ or less, One lot og.

polyethersulfone (WPES) was weakened 33&, polyethylene terephtha]ate (PIi',T)

was weakened 150_, and one lot of polysulfone (WPS) was weakened 226.'_,

The ratio of the fracture elongation in air compared wit:h that i.n o:i.]

is gi.ven in Fig, 25, The plain horizontal line is ffor t:lle24°C test,u, A

ratio of 1 indicates no effect, a ratio <I indicates that t:he e].ongat:1o_l

is greater in oil than in air, and a ratio >i indicates tl_at:the

elongation is less in oil than in air, Three polymers had greater
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Fig, 24. Comparison of ultimate tensile strength of

several polymers in oil and air,
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e]ongati0n J.n oil than in air, two were unaffected, and five had lower

elongation at fracture in oil than in air,

The results at a test ta-mperature of 90°C are represented by a

horizontal llne with an astarisk, Under these conditions, the elongation

ratio was >I for all polymers, i,e,, the fracture elongation was lower in

oil than in air, PET arid API were affected the least, and the elongation

ratio varied from 3 to 7 for all other polylners, 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 evaluation, The material was in the form of strips

25,4 mm (i' in,) wide with Kraft paper on the tWo outer surfaces and

polypropy].erle film in the center, Wherl the samples were aged in the

Dussek flulcl, they were easy to delaminate into ]ayers, Thickness

uleasurements indicated that the paper was 0,0254 mm (i mil) on each side

and the po].ypropylene was 0,0508 mm (2 mils), for a total thickness of

0,1.016 mm (4 mils), Irl the thicker material the paper was 0,0381 mm

(].,5 mils) on each side ai-ldthe polypropylene was 0.0762 mm (3,0 mils),

for a total thickness of 0,1524 mm (6 mils),

The strain measuring system being u.sed was not accurate enough to

measure the exact fracture strain of the laminate, The paper usually

fractured at about 4_ strain, Under some conditions (usually at 25°C) the

polypropylelle broke at the same time, At elevated temperatures and after

aglrlg in the l)ussek fluid, the paper broke and the propropylene remained

intact arid stretched several hundred percerlt before fracturirlg,

Because 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

corml.usions seem to be supported by tlae data:

• The thicker material Iu stronger than the thinner material,

• Tile fracture stress of each material decreases slightly with

increc_sl.r_g test teinperature,

• Aging :iri the l)ussek fl, uid and then testing at: 25°C in air

reduces the fracture strength, The reduction in strength due

to aging 4343 h at 90°C is about 50_,
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Table 9, Ultimate tensile strength of Kraft:
paper-polypropylene product under various cotlcltt:l, ot_s

Ave r a geThiekrmss

(mi Is ) Test corldi t::tons [:'rat t:u t+e 1.oad
( i b )

4 25°C air 8 9

6 25°C al.r 12 8
4 70 °C air 6 3
6 70°C air 12 0

4 90 ° C a i r 6 7
6 90°C air 9 0

4 1lO°C, air 6 7

6 171.0°C, a[_." 8 4 ,
zr 2!5°C, Dttssek 8 9

6 25°C, l)ussek 13 1.
4 "1.00 h; 90°C, l)ussek; 25°C, air 8 2
6 100 h; 90°C, Dussek; 25°C, air 11 4
4 i030 h; 90°C I)ussek; 25°C a;lr 7 3

6 1030 h; 90°C l)usse.k; 25°C a:l.r 10 0
4 4343 h', 90 °C Dussek; 25°C air 4 1
6 4343 h; 90°C l)ttssek; 25 °C air 7 3
4 24 h; -196°C Dussek; 250C air 8 7
6 24 h; -1+96 °C l)ussek; 25 °C air ]2 8
4 1.3 h; -78°.C, Dussek; 25°C, air / 9
6 13 h; °78°C, l)ussek; 25°C, air 12 3

TENSILE PROPERTIES OF POLYBUTYLENE TEREPHTHALATE

Polybutylene terephthalate (PBT) is a po].ymer in wh:t.ctl t::llere seems t:o

be considerable interest as ata insttlatirtg mat;ertal, We evalttat:e_l t:l_ree

thicknesses of this material (0,25, 0,38, and 0,51 mm), and t:lle Fe.,:;ttlt.,.;

for an air test envirortmer_t are summarized t.n Table 10, 'l'l_e mat:erl;_l

becomes weaker wi. th increasing thickness, The yield and ultimate tzc+l_._;ll_,

strengths are shown as a function of temperature for tl_e 0,25-mm-t.hl.ct,:

material in Fig, 26, This polymer was very l.sot:ropt_e with al.most

equivalent properties tn the MD and ciae TD, The st:rengtt_ dc'crea.'-;e_l

rapidly with :Increasing test ternperature, so that ttte st:retlg, t.h at_ov¢: 1()()"(1

was; very smat+l. The fracture str_ltils for these same salnplt:s ;trt_ .':;}t(,wt_ lJ_

Fig, 27, The fracture strain for t:t_is material Was bot:weetl /5 al_(l l.(Jl}'_, ;_t.+

2.5°(7 all(l 7[tic rc, as(,.d t:o s;ev(:,+r¢ll ttt.ttt¢lred pel'cetlt, wl.t.tl .1 tlcv_,;l+qitlj', t <'lnl+t+l';it_t_'t,,

+,
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terephthalate when tensi]e-tested at various temperatures.
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A few tensile tests of PBT were run in transformer oi]. at 24 and

90°C, and these results are summarized in Table ll. At a test temperature

of 24°C, the yield and ultimate tensile strengths were about equivalent to

those obtained in an air environment (Table I0). At a test temperature of

90°C, the yield and ultimate tensile strengths were 25 to 50% lower in oil

(Table Ii) than in air (Table i0). At 24°C, the fracture strain irl oil

was consistently about 30% of that measured in air, The effect of oil on

the fracture strain at 90°C was not as clear. At 90°C in air, the

fracture strains fell between 150 and 200%. At 90°C in oil, tile fracture

of. three samples was below the ranges 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, izl

general, polymers have an initially high creep rate followed by a period

of decreasing creep rate.4 It appears that if the stress is low e_ough,

the creep rate will continue to decrease until it approaches zero. The

tests reported this time were •runwithout the complex history of varying _

test temperature that was used in the previous creep tests.

The creep test results in Table 12 show very similar trends to those

noted before. The strain that occurred during the first 50 to i00 h was

very dependent upon the stress level. However, the long-term creep rate

was of the order of I0-4 to 10-5 %/h and was not very dependent upon the

stress level. Thus, the problem with dimensional stabilit.y was prim_ri]y

a concern during the early hours of loading. There were significant

strength differences between the various polymers. Polyimide and

polyethersulfone had the highest creep strengths 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 p¢_r

month, but some darkening due to oxidation was still noted° Tile

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 reported 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 properties 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 creep rupture

strength of these materials 'was lower in oll 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 dit'ection of the sheet. Duplicate specimens were stressed 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

_or duplicate PET tests at two stress levels are shown in Figs, 28 and 29.

'['[lefew 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 do potential applied in these tests

was 46,000 V, or about one-half the ineasured breakdown voltage of the

film,
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Table 14. Summary of test information for tests

on polyethylene terephthalate a

Mechanical stress Strain when

Test test terminated

MPa ksi (%)

25005 20 7 3 5.1

25009 20 7 3 5.3

25010 27 6 4 8.1

25006 27 6 4 ii.I

25007, 34 5 5 16.9

2501110 34 5 5 II,0 '

25012 41 4 6 20,2

25008 41 4 6 26,4

aTests were run at 90°C in N61 grade Exxon

Univolt transformer. The potential-time cycle

in terms of time interval (h) and potential

(4000 V dc 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

Ali 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 terephtha].ate 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 (O = off, V - voltage on),
Reference test number to Table 14 for more details.
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Fig, 29, Stress-tlme behavior for two samples of
polyethylene terephthalate stressed at 41.4 MPa irl N61 oi]

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 Polys,thylenB TersphthalatB

Following thB experiment _itli PET samples, lt was not:_d that the

insulation of one type of high-voltag¢_ lead had reacted slightly with the

oil, This wire was replaced with wire having a compatible insulation, but

the instllation of the first wlrt_ had dlsso].v6_d in the ell and depos:[t_d on

the salllp].es, The samples were cleaned ill alcohol ancl viewed ill a ].ew,.

power stel._eo lllicroscope, Pits were present it] several spec:[lllef|s, The

si].vel: was removed f'roln s_veral samples by iJnmersioll ill dilute nitric

acid, and the samples were again viewed, The pits were mostly associated

with the silver strip, but lt WAS not clear whether they wou].d have formed

had the wire :[.r,sttlation Álet contaln:[nated the oi]., 'rl-lel._ewas no obvious

variation in the concentt'atiol] of pits between the sanlp].es, There Js no

obvious reason why te.qt 25011 failed in such a sllo1:t tilne, The fl:act:ure

looks l]o1._mal,and there al:e no visible flaws, Howevel', the l['ttptttretillle

of this test is anomalous,

Test Results for Polylmido

A second test sequence was completed with polyimide specimens, 7

Type H (Kaptron) po].yimide film with a thickness of 0,051 mm (0,002 in,)

was used, As shown in Table 15, the salnples in this experiment wer6_ run

irl pairs with an electrical potential applied to only one of the Kwo

samples at a given stress, Because of some problems with electrical

shorts at tile grips, tile potential, on Inany specilllel]s was ].nterFupted foi:

sllol:t pel:iods wl_ile. 1;epall:'s welTe lnade, T[le cl.*eep cttl'ves t:.o17 two qpect.llle.ll.,_

stressed at 4].,4 MPa are shown in Fig, 30, '.l'he t:wo curves compare, very

we].l, showing tllat the creep betlavior was not dctectab].y II_t!luetlced by t.l_e

electric potential., The dc: electrical breakdown volt:age of this mater:la].

was not mc.,.asured but: is estimated to be at least 10,000 V, and the applied

potential was about one-half.' the breakdowt_ voltage,

Post-test Examination of Polyimide

'I.'he sJ.].vel: strip was removed from the samples w:[th di.lute nitric

acid, and the satnpil.es were vi.owed mtcroscop:i.eal, ly, There, was; no evidettce

oL alteration of the material by tile electric pote_ntta], or the mechanical.

stl:ess, None o[ the sampl.es_ f:aJ, led, and t:he strains at t:he time the test:._

were t:.c,rlnti_ated varied £ronl 1 to 2%,
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T_st R_sul,ts for Poly_thsrsulfon_

A group of testa is in progr_as on polyether.sulfono; tl_c.,, resttll::_

obtained to date are aununarir, ed in l'abl_ 16, The eonstdorablc,, scat:t:er In

test results -for this Inat:_:r:l.al iu thottght to be cttm largc, ly to at.trt!'etce

pits, These were deep coli|pared to the thickness of t:ho mat:oi:tel a1_d of.te.,l_

occurred in clusters,' The last four teat.a :l,n Tab].e 1.6 :l.udt.c_._te that

applied voltage probably does not have a '.large effect ot_ t:l_e rupt:ure_ l t.Fo,

The reauits of the tests at higher stresses are not eonelus:I.ve, These

tests are continuing,

• DISCUSSIONOF RESULTS

Polymer films have excel, l.ent insulating properties, The program

described in tlqis report :[s_ eoncerl_ed with determining the propert-ies of

several polymers so that these materials can be evaluated for en_,i_leo, rl.ng

applications, Test samples were thermally aged at 70, 110, 1.35, and 160°C

for times to 60,000 h, A._ these samples were removed from t:he ag:[.ng
1t

fixture, the tendency for the films to stick together could be evaluated,

The sticking temperatures noted in Tabl.e 2 indicate t:hat polyimide,

polyethersulfone, polyetherimide, and polyparabanie acid were resistant to

atieking at 160°C, The other polymers evaluated had lowe.r sticking

te|nperaturea, Sticking wou],d be of particul.ar importanee where Inatertal_s

of differing therlnal expansion bonded during service and were 1.ater

thermal, cycl.ed,

Most of the poly|hera were tested for tensile properties .fol. l.owtnp

thermal aging, "I'hese tests reveal.cd changes in strength and fract:urc,

strain, The mechanical properties of polyethylene terephthalate ancl L:

polycarbonate were altered significant].y by aging owr the range of 7(1 ..-

to 160°C, However, these polymers are: likely to be useful f:or some

applt.eations over the ].owc_r part of that t.emperature range, Po].yt.mide was -=
' E

found to be affected little, if any, over the t:c,mperat-ure ra_ge of." 70

to 160°C, 'the strength of polyethersulfone, pol.yparaba1_ic acid, and =

poly.etlnerimide eithe.r remained constant with aging or increased s11._-llt;ly;
,

however, th'e fracture at;rain of al.1 three, materials decro.as_e.d abottt> 50_,

.7--
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Table 16, Summary of test information for polyethersulfone

in N61 grade transformer oil at 90°C

Mechanical stress Potential

Test applied Time
(h) Rupture

MPa ksi (kV dc)

25702 , 34.5 5 0 5 9263.7 Yes

25702 34 5 5 0 5 0.7 Yes

25700 34 5 5 0 5 0 Yes

25704 34 5 5 0 150 Yes

25706 34 5 5 0 120 Yes

25705 27 6 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 32.3 Yes

25712 20 7 3 0 5 120 Yes

25711 20 7 3 0 8139 No

25957 20,7 3.0 52.3 Yes

25958 ].3.8 2.0 5 6096 No

25959 13,8 2.0 6096 No

25960 ].0.3 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 decrease in strength and fractt_re strain at

all aging temperatures.

Density and electrical breakdown measurexnents were made on many of

the samples aged about 23,000 h The main purpose of the 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 largest change in crysta'llinity, increasing fl.'om

57 to 83g in crystallinity during aging at 160°C. The other polymers

underwent very small inc,reases in density during aging,

Electrical breakdown measurements were made. on all of the po].ymet_

films in the as-received condition, Small changes were often noted du_ing

aging, but the Changes were insignificant until visible physical d_image

occurred. This damage was usually in the form of small tears that

occurred in separating polymer sheets that were partially stuck together'. =

Many applications Call for insulators st 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 exl!ibited a yield

stress at -196°C and had good fracture elongation, PET was brittle and

exhibited only a fracture stress. The tensile properties of several.

polymers were measured at -196, 24, and ll0°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 laye;_:sof --

Kraft paper and one layer of polypropylene. The product exhibited some

decrease in. strength with increasing temperature, most likely due to [:lle

decrease in strength of the polypropylene. This material migb,t be used

immersed in Dussek fluid (an organic), so some samples weL-e aged 43/_3 h at: _

90_C in this fluid. The fracture strength decreased about 50%, and tlle

product was easily delaminated.

The other new product evaluated was polybutylene terephtha]ate (PBT)
.=

film. The material was not very heat-resistant, with very low tensi].e

strength above 100°C. At 90°C, PBT had yield and tensile strengtl_s 25 to

50% lower in oil than in air. The data on fracture st_.'ain_e_:e t;oo
--

erratic to be conclusive.

.
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Creep tests were run in dry nitrogen 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 10-4 to I0"5 %/h and not very

stress-dependent, The creep properties of polyethylene terephthalate,

polyimide, and polyetherimide were not detectably dependent o'n whether the

test environment was transformer oil or nitrogen. Test results for

polyethersulfone, polysulfone, polybutylene terephthalate, and ultrahigh-

molecular-weight polyethylene showed that the creep streugth of these

materials Was lower in transformer oil than in nitrogen.

Equipment and experimental techniques have been developed for

evaluating the influence of an applied 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 in dry nitrogen. Second, the potential is

applied to only 20% of the area of the test section of each sample.

Applying the potential to more of the gage section causes shorting as a

result of surface conduction. If there are only small effects of an

applied potential on cresp behavior, they might be masked in this system°

Post-test exalnination of the sample with the silver strip removed would

reveal whether any structural damage resulted from the potential even

though c_'eep effects might not have been noted. Thus, this technique 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) iilms

(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 terephthal;,,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 applied potential in dry nitrogen over the temperature range of Ii0 to

161°C. _ The results from the present experiments at 90°C seem consistent
,

with the previous results. The general behavior of an initially high

creep rate that decelerates during the entire test seems to be

characteristic of these materials, as this behavior was noted in the

previous experiments.

SUMMARY

Several polymer films were thermally aged up to 60,000 h at 70,

II0, 135, and 160°C. Polyimide, polyethersulfone, polyetherimide, and

polyparabanic 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 P01ycarbonate were altered significantly by aging. The

tensile properties of polyimide were affected little, if any, by aging.

The strength of polyethersulfone, 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 70 to 160°C. Electrical breakdown

was not affected by aging until the polymer had undergone ,_isible physical .mp

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 polymers was characterized by a period of high

initial creep and an extended period when the creep rate diminished to

10 -4 to 10 -5 _/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 polymer's, The creep and tensile

strengths Of some polymeL's were lower in t_.'ansfornleroil at 90°c than in

dry nitrogen.

Two new products were evaluated, A laminated product having two

layers of Kraft paper and one .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 over a range

of t.emperatures, 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"equip.lnentwas developed in which samples could be

exposed to mechanical, thermal, and electrical[ stresses, Tests thus far

in transformer oil at 90°C fail to show any increase in the creep rate

when a clc potential is present, The materials tested were polyetllylene

terephthalate, polyimide, and polyethersulfone,
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