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I ntroduction

This report provides the final results of the mechanical and Hiermsting performed for
Princeton Plasma Physics Laboratory (PPPL) by Composite Technologyopeesit, Inc.
(CTD) during June — October 2003. The test program was undertaken tmidetehe
mechanical and thermal properties of the epoxy/insulation systenhdoNational Compact
Stellarator Experiment (NCSX) modular coils. This test prognaas carried out in conjunction
with, and under the direction of, PPPL. PPPL fabricated stlisfgecimens, and CTD performed
all test specimen preparation, including minor specimen machirmppcation of strain gages
where necessary, strain gage wiring, specimen inspection, and assigiofn specimen
identification numbers, and testing. Testing consisted of cure sheniests on the chosen
epoxy vacuum impregnation resin system, CTD-101K, mechanical tests Watedssingle
modular coil and 2x2 modular coil bundle specimens, and thermal expans®mnesingle
modular coil specimens and individual turn and ground insulation specimens.

Test Procedures and Results
Cure Shrinkage Tests

Cure shrinkage tests were conducted to determine the amount of shiimkajee CTD-101K
epoxy resin system undergoes as it gels and cures from a liquidtegsitosa solid state, using
the same cure cycle to be used in the modular coil. The chemamlons that occur when a
thermosetting resin system cures usually result in a reductioesof volume. While some
shrinkage may occur prior to gelation (initial hardening) of the rdsimtest only measured the
shrinkage occurring after gelation and full cure of the epoxy resin.

This test was performed according to ASTM test standard D2566,diBlerinkage of Cured
Thermosetting Casting Resins During Cure.” The test used @\i@fer shaped steel mold,
shown in Figure 1, that is approximately 10.0-in.hes in length, with a nbmside radius of
2.25-inches. Prior to testing, the steel mold surface was caéted thin film of oil and lined
with a Teflon™-coated release film, approximately 0.001-inch thickr@gent resin adhesion to
the mold and to enable easier movement of the resin within the nratg dure.

A 100-gram batch of CTD-101K resin was used for each test. Tinewas mixed according to
manufacturer’s directions by using 100 parts by weight (pbw) of Part Ab@0of Part B, and
1.5 pbw of Part C. The resin was mixed and completely degasgsguaicessing temperature
of 60°C and poured into the mold. The resin was then cured using timenneaded cure cycle
for CTD-101K of 2.5-hr ramp from its processing temperature to 110%hrahold at 110°C, a
1-hr ramp to 125°C, followed by a 16-hr hold at 125°C, and finally, a 10-hr cooldo25°C.
The linear shrinkage of the resin was calculated from the known lefigte mold and the final
length of the cured resin, measured using calipers accurate toi@cD01 The release film
thickness was accounted for in calculating the linear shrinkage.curkd resin castings were
measured after holding at least 48 hours at ambient conditions.

Six tests were performed. The results showed an average tontrdaring cure of 1.48
percent, which is in the normal range for an epoxy resin systemailddetest results are
provided in Appendix A.
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Figure 1. Steel mold used for cure shrinkage tests.

Mechanical Testing
Specimen Description

The mechanical test specimens were fabricated to be reptasenfahe windings found within
the NCSX modular coils. In application, the modular coils are wautodvery complex shapes,
and are fabricated by winding the stranded copper cable conductor onto mathinkess steel
winding forms, which provide the structural support necessary to teatigh electromagnetic
loads. A single modular conductor turn is comprised of four, rectangafapacted copper
ropes in a two-by-two configuration, measuring approximately 0.25 by 0.3125-icbr to
winding the modular coils, each single modular conductor turn would be wound hugitigje
turns, with a combination of dry S-2 glass fabric and Kapton™ (polyimibhe) ftape.
Nominally, the glass fabric tape was 0.007-inch thick, while the dfafdape was 0.002-inch
thick. The glass fabric and Kapton tape were wound around the conduckothat a low
viscosity epoxy resin could easily reach and impregnate all of the dondiands and glass
fabric within the modular coil to form the turn insulation.

Two types of test specimens were used, the insulated single maduldfISMC) conductor
specimen, representing a single conductor turn, and the insulated 2odutamcoil bundle
(MCB) specimen, which includes the turn insulation for each of the dooductors and the
ground insulation surrounding all four conductors. Representative crossiakdrawings of
the insulated single modular coil specimen and of the insulated Znodilar coil bundle
specimen are shown in Figures 2 and 3, respectively.
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Figure 2. Cross-section of insulated single modular coil conductorG)Siecimen.
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Figure 3. Cross-section of the insulated 2 x 2 modular coil bundIBjMpecimen.

PPPL fabricated all specimens. The specimens were wrapgietheinumber of layers of S-2
glass fabric tape and Kapton as indicated in Figures 2 and 3, andrijpezgnated with the
DGEBA epoxy resin system, CTD-101K, and cured. The specimenshegrehipped to CTD

for testing.
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Test Equipment and General Procedures

All tests were performed on a MTS Systems Servo-Hydrauliartashine with a 100 kip load
capacity. All tests were performed using a load card with>amuen range that encompassed
the expected load capacity of the specimen. A Vishay Measure@eoip 2120A strain
conditioner was used to monitor the strain gage and strain gage ext¢égrso@sponse when
necessary. Table 1 identifies each piece of equipment usedddeshiprogram as well as the
date of calibration. All calibration certificates and rethtnformation on all equipment used in
this program are available upon request.

Table 1. Test Equipment

Description Model Number Serial Number | Calibration Date Comments
MTS Systems Corp.
100 kip Load Cell 661.23E-01 105169 9/24/02 +100 kip range card
+50 kip range card
20 kip Load Cell 661.23E-03 57911 9/23/02 +20 kip range card
+4 kip range card
LVDT LVDT 106826 2/24/03 +0.5 in. range carg
+1.0in. range card
Lakeshore
Cryotronics, Inc.
Silicon Diode DT-470-CU-13- D47357 3/25/03
4L
Vishay
Measurements
Group, Inc.
Strain Conditioner 2120 63543 3/07/03
Strain Conditioner 2120 A 100030 4/18/02
Strain Conditioner 2120 A 100017 3/07/03

All tests at 76 K, 100 K, and 150 K used liquid nitrogen as the cooling aryo§®r tests

performed at 76 K, the entire test specimen and fixturing were esgleh in liquid nitrogen

contained in a cryogenic Dewar. For the intermediate test tatopes (100 K and 150 K), the
temperature was controlled by manual modulation of the liquid nitrodepréssure within a

cryogenic Dewar. The cryogenic test temperature was monitored.dkeahore Silicon Diode

temperature sensor. Each test specimen was held at thenmgsrature for a minimum of 5
minutes prior to the start of the test, with the temperaturggbeiaintained to 5 K throughout
the duration of the test. The 29 5K tests were performed undeemtnconditions.

All load, displacement, and strain gage data were recorded through acdisition system

designed by CTD, using a data sampling frequency of 10 Hz. All detavi#re provided to
PPPL.
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Table 2 summarizes the tests performed for each type of specirBecause the material
configuration and specimen geometry were so unique, no ASTM test stadsts for these
specific types of composite or metal specimens. However, thé¢ mleyant ASTM test
standards were followed as closely as possible in terms ohfpadtes, data recorded, span
ratios, and other testing parameters.

Table 2. Mechanical Test Types and Specifications

. ASTM Test .
Specimen Type Test Type Standard* Instrumentation
ISMC Compression D695 2 - axial strain ggges
Tension D3039 2 - 0/90 rosette stra
gages
Flexure D790 NA
MCB Shear D2344 NA
Flexure D790 NA

* Tests were performed to comply with ASTM test standasdsach as possible.
Insulated Sngle Modular Coil (ISMC) Specimen Testing

The ISMC specimens were subjected to compression, tension, amek flesting. Each test was
performed at 76 K, 100 K, 150 K, and 295 K, and used from four to sixnsgesiat each
temperature. Test procedures are described below.

ISMC Compression Testing

The specimen used for the ISMC compression tests was nominally-i0dsb8eep by 0.790-

inch wide by 1.0-inch long, as received from PPPL. All specimgese tested in the
longitudinal direction, or parallel to the axis of the copper conduciwo 0.125-inch gage

length strain gages were affixed to the outer surface of the tiosilane on either side of the
specimen. Strain gages designed for use at cryogenic tempexatuecssed for all cryogenic
tests. Two strain gages were used on either side of the gmetimaccount for any uneven
loading due to misaligned loading platens or un-even cutting of the spedaiges eA photo of

an ISMC compression specimen with an attached strain gage is shévguie 4.

For each test, the test specimen was placed between twoéadrsteel platens within the load
frame cryostat and a 50-100-Ib. preload was applied. For the cryogstsicthe specimen was
cooled to its test temperature using liquid nitrogen and held for apprekniaminutes before

testing. The specimen was then loaded to failure at a dispateate of 0.00033 in/s. The
load, displacement, and strain values were recorded at 10 HzrefFasually seen within the
insulation, was readily apparent and was verified by a signifaraptin load during the test.
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Figure 4. Typical ISMC compression specimen. The blue arrow teditae loading direction.

The results of the ISMC compression tests are representeguire and Figure 6, showing the
measured compressive strength and calculated compressive moduydastively, at each test
temperature. The results of all compression tests can be foApgémdix A.
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Figure 5. Measured compressive strength of ISMC specimens.
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Figure 6. Compressive modulus of ISMC specimens, calculated asanggages and test
machine LVDT.

As can be seen in Figure 5, the ultimate compressive strengthl&Ni@specimens behaves as
expected, with the highest strength seen at the lowest tempearatudecreasing strength as the
temperature is raised to room temperature. Of particularisdtet the compressive strength
varies very little from 76 K to 150 K, losing only approximately 50 MPaveen these two
temperatures. However, the compressive strength almost doubleghehest temperature is
lowered from room temperature to 76 K.

The compressive modulus, shown in Figure 6, was calculated usmgdifferent strain
measurement techniques. As described above, two strain gagesnaamged on each test
specimen to measure strain during loading. The strain values frotwadhstrain gages were
averaged and a stress-strain curve produced, from which the modultisewdaken using the
most linear section of the initial curve. As seen in Figurdé modulus calculated in this way
did not make logical sense, since the results indicated an imgreasdulus with increasing
temperature, which is the opposite of what one would expect. In addh@rgompressive
modulus at 295 K was extremely high and was judged to be in error. Tthexplsation for
this anomalous behavior is that the bond between the glass fabridiomsalad the Kapton
barrier was more susceptible to damage at the higher tempgstatausing premature de-
bonding in these areas during loading, which resulted in the measuremeniclof smaller
strains on the outer surface of the test specimen (where dine géiges were mounted). These
very small strains would account for the very high modulus values repostadtie strain gage
measurements.
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In an attempt to arrive at a more correct compressive modulukjrtbar Variable Differential
Transformer (LVDT) mounted on the MTS test machine actuatoused to calculate the strain
of these same specimens and thus, the modulus of the ISMC compgssiimens. The
calculated modulus values taken from the LVDT measurements sreslabwn in Figure 6.
These values are significantly lower than those reported for thia gilige modulus. However,
there is very little variation seen in these modulus values ovetethperature range tested.
CTD is continuing to study these results in the hope of arrivingowtte sconclusive and
representative compressive modulus values for these specimens.

Two types of insulation failure, termed “splitting” and “unwrappinggre seen in these tests.
These failure types are illustrated in Figure 7.

Figure 7. Failure modes called splitting (left) and unwrapping (reggh in the ISMC
compression tests.

ISMC Tension Testing

Specimens used in the ISMC tension testing were similarassesection to the compression
specimens, at approximately 0.655-inch deep by 0.790-inch wide. Howeveovéhall
specimen length was nominally 15.0 inches. Approximately 4.0 incheasaofaiion was
removed from either end of the test specimen, so that only the copp@éuctor would be
gripped and loaded by the tensile grips, not the insulation. Therefdyethe insulation located
in the center 7 inches of the tensile test specimens wasthaft during the these tests. As in the
compression tests, two strain gages were affixed to the outacesibf the insulation on each
specimen, one on opposite sides. Each strain gage consisted of a 658, so that both
longitudinal and transverse strain measurements could be taken, allcaltndation of both
modulus and Poisson’s Ratio. A typical tension specimen is shown ire Bgu
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Figure 8. ISMC tension specimens with insulation removed from ends.

A special tensile grip was developed for the ISMC tensiomggestA set of split, angular tension
grips were fabricated to match the conductor cross-section. Tsewere composed of three
primary parts: split aluminum angular grips that fit directly ontotds® specimen; a matching
female stainless steel angular grip holder that the aluminum amgudarfit into; and clevis grip

ends that the specimen/grip assembly fit into and attached ditedtie test machine cryostat.
Photos of the grips are shown in Figures 9 through 13.

Figure 9. ISMC tension specimen, aluminum tension test angulay anigpstainless steel grip
holders.
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Figure 10. ISMC tension test specimen with split angular tensipa griplace.

Figure 12. Assembly of angular tension grips, grip holders, and c&aason fixturing.
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Figure 13. Assembled ISMC tension test grips and test fixturing.

The loading rates and data acquisition system used for the ISMGri¢esiing were the same as
in the ISMC compression tests. Due to the unusual gripping mechaaigmneload of
approximately 2000 Ib. was used to fully seat the tension grips pribe tstart of each test.

The ISMC tension test results are given in Figures 14, 15, and 1l6nhghthe tensile strength,
tensile modulus, and Poisson’s Ratio, respectively. These resalthe average of 4 to 6
individual tests at each test temperature. The individualdsslis and datasheets for all tension
tests are provided in Appendix A.
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Figure 14. Measured ISMC Tensile strength.
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Figure 15. Calculated ISMC tensile modulus.
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Figure 16. Calculated ISMC Poisson’s Ratio.

As seen in Figure 14, the tensile strength of ISMC specimensades with temperature, as
expected. It should be noted that since the copper conductor was being tlvadeth the
tensile grip set-up described previously, these strength valueg oefteluctor failure, usually at
the grip edge, rather than insulation failure.

The tensile modulus values, shown in Figure 15, show little variatibh temperature,
remaining almost constant from 76 K to 295 K. The overall modulus vakmsrted,
approaching 100 MPa (14.5 Mpsi) are very near that of copper itselfatimgidhat the bond
between the insulation and the copper was maintained under initidé tlvaling, even at
temperatures down to 76 K.

The Poisson’s Ratio, shown in Figure 16, remains relatively unchanged7® K to 100 K,
there is a reduction seen in this property as the temperaturasesr® 295 K. Further testing is
warranted at 295 K to accurately assess this property at thaertature since the results for both
tensile modulus and Poisson’s Ratio shown here represent only twduedis malfunctioning
strain gages.

ISMC Flexure Testing

The ISMC flexure test specimens were of the same insulatsbk-section as the ISMC
compression and tension test specimens. Specimens were np®i6ad-inch deep by 0.790-
inch wide by 10.0-inch long. The specimens were tested following ASTRODFlexural

Properties of Unreinforced and Reinforced Plastics and Eledmsalating Materials, as closely
as possible. Specimens were loaded at a rate of 0.00033 aniilsrae-point bend configuration,
common to flexure and short-beam shear testing. Specimens werd loatdea discernable
failure occurred, or until the load reached a maximum and stdrggabing off (for the 295 K
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tests). The specimens were tested in two different direstieach perpendicular to the
longitudinal direction of the conductor strands. The two directions wlesignated as

“edgewise” and “flatwise” and are shown, along with the testigeind fixturing, in Figures 17

and 18.

Figure 18. ISMC specimen orientation for flatwise flexure ngsti
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Because of test fixture size limitations, the maximum spandsetthe lower loading noses was
8.0 inches, resulting in a span ratio (span to thickness ratio) ofah@.42.2 for the edgewise
and flatwise specimens, respectively. These span rati@sshghtly smaller than the value of
16 called for in the ASTM standard.

ISMC flexural strength and flexural modulus values are shown in Figi®esand 20,
respectively. The results shown are the average of threentesish orientation. There is very
little discernable effect on flexural strength or modulus dugéaisen orientation. Individual
test results and datasheets for the ISMC flexural tesfgraveded in Appendix A.
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Figure 19. Measured ISMC flexural strength.
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Figure 20. Calculated ISMC flexural modulus.
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As expected, the flexural strength is reduced as the test témpeiaincreased from 76 K to
295 K. There is very little strength decrease from 76 K to 100Koon .00 K to 150 K, but a
significant reduction in flexural strength from 150 K to 295 K. The flakorodulus exhibits
very little change between 76 K to 150 K, and a very slight redudtid®=eK.

2 x 2 Modular Coil Bundle (MCB) Specimen Testing

The MCB specimens were subjected to flexure and shear tefsimpent at 76 K, 100 K, 150 K,
and 295 K, with six specimens tested at each temperature. ddedpres and results for these
tests are described below.

MCB Flexure and Shear Tests

The 2 x 2 MCB flexure and shear test specimens, fabricate®Rit,Pare composed of four
individual ISMC specimens, bundled together to form a 2 x 2 matrix anciaduvith a ground

wrap insulation layer. A drawing of the cross-section for a 2 x BMfecimen was shown in
Figure 3. The actual, as fabricated, specimen cross-sectionahsions were nominally 1.35-
inch high x 1.55-inch wide. Figure 21 shows an MCB specimen. The M&Bré and shear
specimens were identical in cross-section, and differed only in ldegth. The flexure

specimens were nominally 18 inches long, and the shear specimensingres long.

Figure 21. Typical cross-section of 2 x 2 MCB specimen.

Both the flexure and the shear tests were performed using a 3-paihtdifiguration, common
to both the flexure test standard (ASTM D790) and to the sheartaesiasd (ASTM D2344,
Short-Beam Strength of Polymer Matrix Composite Materials and Tla@ninates). Specimen

2600 Campus DRIVE, SUITE D | LAFAYETTE, CO 80026 | PHONE: 303-664-0394 | Fax: 303-664-0392| www.CTD-MATERIALS.COM
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orientation for both flexure and shear testing was flatwise, tw#hoading applied normal to the
widest dimension of the specimen.

For the MCB flexure tests, a span of 16 inches was used, ngsulta span ratio of 12.0, as in
the ISMC flexure tests. As expected from the standard flegstimg, failure typically occurred

as a compressive failure at the top of the specimen or asike tiilure at the bottom of the

specimen. For the MCB shear tests, a span of 6.7 inches e@sresulting in a span ratio of
5.0. The span ratio for the shear tests follows convention outhirtbe D2344 test standard that
recommends the use of a span ratio of 5.0 for glass fiber-readftaminates. The 3-point bend
shear test was used to simulate a shearing effect in thetiosub@tween the top and bottom
modular coil pieces. This type of shear loading was successtkidl loaisthe shearing type of
failure mode noted on the MCB shear specimens when visually adahftes each test was

completed.

In both the flexure and shear tests, each specimen was loadagtata 0.00033 in/s until
failure. At cryogenic temperatures, the failure point was lsuahdily discernable. However,
at room temperature, failure was very gradual, with a progregdoxeér load carrying capacity
noted after reaching a maximum load. A photo of a loaded MCB fleégstaspecimen is shown
in Figure 22.

w, b

Figure 22. A 2 x 2 MCB flexure specimen under load at 295 K.
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It should be noted that the strength values reported for the flextiraréesalculated from the
equation:

S = 3PL/dd?

Where:

S = stress at the outer surface of the midspan

P = maximum load

L = support span

b = width of the specimen

d = thickness of the specimen

Whereas, the strength values reported for the shear testarateal from the equation:

S =0.75 Aid

Where:

S = shear strength

P = maximum load

b = width of the specimen

d = thickness of the specimen

Therefore, the strength values reported for the flexure and shsigr dee not directly
comparable.

The flexural modulus was reported for all tests, both flexure ana, shs@ is calculated from
equations taken from the flexure test standard (D790). Although the madidusation is not
included in the shear test standard (D2344), it was calculatedef@hear tests for comparison
purposes. The flexural modulus was calculated from the equation:

Es = L’mV4 bd®
Where:
Es = modulus of elasticity in bending (flexural modulus)
L = support span
b = width of the specimen
d = thickness of the specimen
m = slope of the tangent to the initial straight-line portion otfdhd-deflection curve

The 2 x 2 MCB flexural strength and flexural modulus results are gnvéigures 23 and 24,
respectively. The individual test results and the datasheetdtiothx 2 MCB flexural tests are
provided in Appendix A.
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Figure 23. Measured flexural strength for 2 x 2 MCB.
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Figure 24. Calculated flexural modulus for 2 x 2 MCB.

Both the strength and modulus showed the expected higher values at loeratenes. A
nearly linear decrease in properties is seen between 76 K and 29 khe nominal values at
295 about 40 percent lower than at 76 K.
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As previously mentioned, even though both tests used a similar 3-point berguaiidn for
testing, the equations used to calculate flexural strength areicagtly different than those
used for shear strength, resulting in completely different testtseand data that are not directly
comparable. While the flexural test is designed to evaluaterialatin bending, the shear test is
designed to maximize the shear stress within a laminated s&ustigh that interlaminar shear
failures are obtained and the “apparent” interlaminar sheaigétrean be calculated. Therefore,
the shear test uses a much shorter span between the two loweg loaskes. Interlaminar-type
shear failures were readily apparent upon visual examination shéa test specimens.

Figures 25 and 26 show the apparent shear strength and flexural modubestively.
Individual test results and the corresponding datasheets for thesartegtrovided in Appendix
A. Much like the flexural tests, the shear strength valueh®&Ptx 2 MCB shear tests decrease
with increasing temperature, as seen in Figure 25. The sheagthtat 100 K is only slightly
less than that at 76 K, although the data scatter in the 100 Ksresuhther large. This same
relationship was seen in the calculated flexural modulus, as shdvigure 26. Once again, the
data scatter for the flexural modulus at 100 K is quite high.
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Figure 25. Apparent shear strength of 2 x 2 MCB.
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Figure 26. Calculated flexural modulus for 2 x 2 MCB.
Thermal Testing

Thermal expansion measurements were performed from 76 K to 296&Kspecimens used and
the test procedures are described below.

Specimen Description

Three different types of specimens were tested for thermalnsigpa including an ISMC
specimen much like that shown in Figure 4, the ISMC turn insulatidrouti the conductor, and
the MCB ground insulation without the conductor. Two different specimeraatf type were
tested. The ISMC specimen that included the copper conductor e tiesletermine if any
effect could be discerned in the thermal expansion due to the condUdtsr.specimen was
nominally 0.655-inch wide by 0.790-inch high by 1.0-inch long.

In order to evaluate the thermal effect of the copper on the irsulatie turn insulation,
including the Kapton™ layers, had to be evaluated by itself, witheutdnductor. Therefore, a
section of the turn insulation was removed from the surface ISME tension test specimen for
evaluation. Special care was taken in the removal of the irsulatim the conductor to ensure
that the bond between the glass insulation and the Kapton™ film was nagjethmThe turn
insulation specimen measured approximately 0.5-inch wide by 2.0-inch lon@bin6h thick.

A section of the ground insulation was cut and removed from one of the 2 QR fldxure
specimens. The ground insulation included no Kapton™ layers, but was coneptiselg of
fiberglass reinforcement and CTD-101K epoxy resin. The specimensouskdse thermal tests
measured approximately 1.5-inch wide by 2.0-inch long by 0.04-inch thick.
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Thermal Expansion Test Procedures

All of the thermal expansion tests were performed using the gjeje method. This test
method is a modified version of other strain gage thermal expansionner@ast methods used
previously by Composite Technology Development, Inc. (CTD) and ottfefsand is intended
primarily for use at cryogenic temperatures. This test methadfived developed and used by
the National Institute for Standards and Technology (NIST) in Boulttdgrado, and has been
used by CTD for many years on numerous government and industry cryogenim¢gams.
The accuracy of the thermal expansion measurements is approximapascent, and the
reproducibility is usually: 20 pe in the temperature range from 4K to 300K.

In preparation of the specimen for use in thermal expansion testirgythsi strain gage method,
each specimen was cut or machined to size suitable for uskd tedt fixturing. A suitable
strain gage, rated for use at cryogenic temperatures, was atihénedspecimen in the correct
orientation in order to measure the thermal expansion in thatidirecbtrain gages with gage
lengths of 0.125-inch were used for all tests. For all specinsamarate strain gages were
aligned in the longitudinal or axial direction of the conductor as welinathe transverse
direction or 90° from the longitudinal direction. All strain gagesewadhered to the outer
surface of the specimen using a strain gage adhesive suitable farargegenic temperatures.
A NIST traceable copper standard of known thermal expansion chastcsewas also strain
gaged with the same type and lot of strain gages used on the othspdesnens to help
eliminate any variation in strain measurement. The gages otheosipecimen and the standard
were wired in order to transmit strain data to a strain conditiomeich in turn, transmitted
strain data into a PC-based data acquisition system. Thermocouglesattached to the
specimen and to the Cu test standard.

The specimen and standard, both with wired strain gages and thermscagrle placed inside
an insulated specimen holder that is equipped with a heater on thewtfkee. The specimen
holder was lowered into a cryogenic Dewar and the strain gage andethermocouples were
attached to the strain conditioner. The strain gages wenecbdl@o that the strain was zero at
room temperature. The gages were also calibrated for gage taetoge with temperature,
using the internal shunt calibration resistor in the strain conditi The temperature of the
specimen and standard was then lowered using liquid nitrogen (76 K)eauitibrium of the
test specimens at the desired temperature was reachedth®nemperature was stable, the data
acquisition program was started and the temperature and strairregerded at set intervals,
usually every 20 seconds. The temperature and strain data wedkeceabthese intervals while
the temperature of the specimen and standard slowly warmed ugbienatemperature. After
all desired data had been collected, the data acquisition prograstopped.

! “Low Temperature Thermal Properties of Composite InsiaBystems,” P. Fabian, T. Bauer-McDaniel, and R.
Reed,Cryogenics, V35, No. 11, 719, (1995).

2 “Thermal Expansion Measurements of Resins (4 K - 300 K) Walsh, R. Reed, Adv. Cryo. Eng. - Mater. 40:
1145, (1994).

3 “Measurement of Thermal Expansion Coefficient UsingiStGages,” Tech Note TN-513, Measurement Group,
Inc., P.O. Box 27777, Raleigh, NC (1986).
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To analyze the data set, the known thermal expansion of copper waactdbtfrom the
reference copper data to give the strain gage thermal outpuliysisaied in Figure 27. The
strain data were normalized to zero at 293K. The gage thees@bnse was then subtracted
from each specimen’s data set to calculate the thermal expgii&drof the specimen. To
obtain the coefficient of thermal expansion (CTE) of each mateha derivative of the
polynomial equation fitting the thermal expansion curve was calculdted.actual CTE curves
and values calculated for any given temperature are more suscéptitieall errors in the
measurements since they are calculated from the derivativpatyr@omial curve fit. Each data
set was plotted as micro-strain versus temperature and CTUS Yensperature.

1000 + Strain Gage Thermal Output
— O \\ et | ! \;
g 0 50 100 150 200 300
© -1000 Apparent Strain of Copper
S
c -2000 -
o
& il .

-3000 Copper Thermal Expansion

-4000 -

Temperature (K)

Figure 27. Calculation of strain gage thermal output from thesumed apparent strain of the
copper reference and the known thermal expansion of copper.

Thermal Expansion Test Results

The thermal expansion characteristics of three different typgseaimens were evaluated to 76
K. The first specimen was an ISMC specimen which included abper conductor. Two
separate tests were conducted on this type of specimen and uhs, r@sowing the thermal
expansion and coefficient of thermal expansion, are shown graphicalheft8 MC specimen in
Figures 28 and 29. The tabular data and the datasheets for eaclCoEthests are provided in
Appendix A. As seen in these two figures, agreement between thdiff@rent tests is quite
good throughout the 76 — 295 K temperature range, with the exception of soat®wdrom
approximately 76 — 120 K.
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The second type of specimen tested was the ISMC turn insulation witigocopper conductor.
The thermal expansion and coefficient of thermal expansion testsrésut these tests are
shown in Figures 30 and 31, respectively. The tabular data and datdehd¢btse tests are
provided in Appendix A. As seen in Figure 30, there is very good agred&eigveen the two
different tests conducted on the turn insulation. There appears verpdittle difference
between the transverse and longitudinal directions. When comparirthetimeal expansion
results of the ISMC specimen (Figure 28) and the ISMC turnatisal without the conductor
(Figure 30), there is very little difference in overall contactt 76 K. This would indicate that
the thermal contraction measured on the outer surface of the 19dtGen is affected very
little by the copper conductor.

The coefficient of thermal expansion for the turn insulation, shownguar&i31, does exhibit a
difference between the two different directions, with a greaeation over the temperature
range seen in the longitudinal direction when compared to the trangueceon.
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Figure 30. Thermal expansion of single modular coil turn insulatidrowitconductor. MCTI —
Modular Coil Turn Insulation.
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Figure 31. CTE for single modular coil turn insulation without condud@.TI — Modular
Coil Turn Insulation.

The third type of specimen measured for thermal expansion was the M&@hilaBundle

(MCB) ground insulation that was removed from the 2 x 2 MCB testirmpas used in the
mechanical tests. The ground insulation was composed of only glassaiathithe CTD-101K

epoxy resin and contained no Kapton™ or copper conductor. The thermal expansion and
coefficient of thermal expansion test results are shown in Figd2eand 33, respectively.
Tabular data and datasheets for these tests are provided in Apfendix

As seen in these Figures 32 and 33, there is little variationbstereen the two test specimens
in overall thermal contraction and CTE down to 76 K. There is, hemve slight difference
between the transverse and longitudinal directions, with a largeractotr seen in the
longitudinal direction than the transverse direction at the lowegteteature. The overall value
of thermal contraction at 76 K is not significantly different floe ground insulation than that
shown previously for the other two types of test specimens, whiochbie €xpected since all of
the materials tested are composed primarily of glass fatdiepoxy resin.
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Appendix A
Individual Test Results and Datasheets
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Linear Cure Shrinkage Test Results - ASTM D256

TEST CONDITIONS

Material: CTD-101K Neat Resin Resin weight of casting 100 grams
Matrix: CTD-101K Ambient temperature; 72 - 16°F
Reinforcement: NA
Fiber Lay-up: NA Cure Cycle: 2.5h ramp to 110°C
Nominal Specimen Dimensions: 10 In. 5h @ 110°C
Material Reference: 7021-300 1hramp to 125°C
Customer; PPPL leh @ 125°C
Specimen 10h cool to 25°C
Conditioning: NA
Test Fixture: 10" linear shrinkage mold
Test Date: 5/14/03 - 5/26/03
TEST RESULTS
Inside Mold| Specimep Differende Film Linea Percent
Specimen # Length Lengthh inLength Thickngss Shrinkage nedri
(in) (in) (in) (in) Shrinkage
1 10.00 9.830 0.170 0.001d 0.0171 1.689
2 10.00 9.877 0.123 0.001d 0.017 1.219
3 10.00 9.851 0.149 0.001d 0.014 1.479
4 10.00 9.838 0.162 0.001d 0.014 1.609
5 10.00 9.850 0.150 0.001d 0.014 1.489
6 10.00 9.855 0.145 0.001d 0.014 1.439
Average: 0.015 1.48%
Standard Deviation: 0.002 0.16%
Coefficient of Variation: 0.108 0.108
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Compression Test Result:

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tap Stroke Range Card +/- 0.5 in.
Barrier: Kapton Film Temperature ContriLakeshore 33(
Specimen Type Single Modular Coil Compres Temperature Sensc Thermocouple
Material Reference: Princeton NCSX
7021-300 Specimen
Conditioning: NA
Load Rate: 0.00033 in/:
Strain Measurement; 2 Strain Gages- SK-06-S080W-3!
Tesl
Test Fixture: 3 inch platens Temperature: 76 K
Test Date 6/3/200:
TEST RESULTS
LVDT
Specimen| Thickness Width Length  X-Sectign Young's Younpg'¥ltimate Comp. Failure
# Area Modulus | Modulus Load Strength Mode
(in) (in) (in) (in? (Msi) (Msi) (Ibs) (ksi)
3 0.995 0.654 0.786 0.514 6.7 3.1 25044.8 48. St
4 0.991 0.656 0.785 0.515 5.5 2.6 252437 49.1 Unwrap
9 0.987 0.655 0.790 0.517 5.0 47 25094.2 48.% St
11 0.985 0.655 0.790 0.517 4.0 41 23379.9 45.p Unwrap
23* 0.984 0.635 0.792 0.503 5.4 33 2548419 50.1 Split
24* 0.989 0.651 0.786 0.512 5.1 3.0 240972 471 Split
Compression Strength Compression Modulus Compres$gamulus LVDT
ksi MPa Msi GPa Msi GPa
Averagg 48.2 3325 5.3 34 3.4 2B.7
Std. Dev. 1.9 12p 0.9 q 0.8 $.3
CV: 0.04 0.04 0.17 0.1 0.22 0.p2

* these two additional tests performed on 6/17/03
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Compression Test Result:

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 0.9
Barrier: Kapton Film Temperature Control Lakeshore 330
Specimen Type: Single Modular Coil Compres Temperature Sensor: Thermocouple
Material Reference: Princeton NCSX
7021-300 Specimen
Conditioning: NA
Load Rate: 0.00033 in/s
Strain Measurement: 2 Strain Gages- SK-06-S080W-350
Test
Test Fixture: 1 inch platens Temperature: 100 K
Test Date 6/4/200!
TEST RESULTS
LVDT
Specimen Thickness Width Length  X-Sectign Young|s Young's Ultimate Comp. Failure
# Area Modulus Modulus Load Strength Modg
(in) (in) (in) (in% (Msi) (Msi) (Ibs) (ksi)
5 0.983 0.655 0.788 0.516 5.0 35 23510J7 45.9 Unwap
6 0.990 0.655 0.785 0.514 5.4 4.3 223545 43.5 Unwap
7 0.992 0.654 0.790 0.516 5.4 4.6 2473414 47.9 Split
8 0.992 0.655 0.786 0.515 4.7 35 23682J1 46.0 Split
12* 0.992 0.659 0.787 0.518 5.5 2.7 228706 44.2) Unwfap
17* 0.980 0.655 0.783 0.512 14.7 35 242925 47.4 Unwap
Compression Strength Compression Modulus Compredéamtulus LVDT
ksi MPa Msi GPa Msi GPa
Average 45.8 315F 6.8 44.7 3.7 2b.4
Std. Dev. 1.8 12 39 248 0.7 .6
CV: 0.04 0.04 0.57 0.97 0.18 0.8

* these two additional tests performed on 6/17/03
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Compression Test Result:

TEST CONDITIONS

Matrix System: 101K Load Range Card:  +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 0.5
Barrier: Kapton Film Temperature Controll Lakeshore 330
Specimen Type: Single Modular Coil Compres Temperature Sensor: Thermocouple
Material Reference: Princeton NCSX
7021-300 Specimen
Conditioning: NA
Load Rate: 0.00033 in/s
Strain Measurement: 2 Strain Gages- SK-06-S080W-350
Test
Test Fixture: 3 inch platens Temperature: 150 K
Test Date. 6/4/200!
TEST RESULTS
LVDT
Specimen Thickness Width Length  X-Sectign Young Youml;‘s Ultimate Comp. Failure
# Area Modulus Modulus Load Strength Modd
(in) (in) (in) (in? (Msi) (Msi) (Ibs) (ksi)
2 0.984 0.654 0.788 0.515 12.2 4.0 2102644 40.9 Split
10 0.989 0.655 0.789 0.517 7.2 3.6 207334 40.1 Split
13 0.991 0.655 0.789 0.516 45 43 208369 40.3 Unwfap
19 0.993 0.658 0.789 0.519 6.6 2.7 2033644 39.9 Split
18* 0.992 0.651 0.787 0.512 10.3 5.2 206299 40.3 Split
22* 0.990 0.652 0.782 0.509 6.7 31 22702.1L 44.9 Unwfap
Compression Strength Compression Modulus Compressantulus LVDT
ksi MPa Msi GPa Msi GPa
Average 40.9 281 7.9 54.4 3.8 2p.1
Std. Dev. 1.9 12 2.8 193 0.9 :
CV: 0.05 0.0} 0.35 0.35 0.24 0.p4

* these two additional tests performed on 6/17/03
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Compression Test Results

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Cari+/- 0.5 in.
Barrier: Kapton Film Temperature Cont Lakeshore 33(
Specimen Type: Single Modular Coil Comp Temperature Sens Thermocouple
Material Reference: Princeton NCSX
7021-300 Specimen
Conditioning: NA
Load Rate: 0.00033 in/s
Strain Measurement: 2 Strain Gages- J2A-06-S033P-350
Tesl
Test Fixture: 3 inch platens Temperature: 295 K (RT)
Test Date 6/3/200:
TEST RESULTS
LVDT
Specimen Thicknes Width Length X-Sectipn  Young's  Your|gltimate Comp. Failure
# Area Modulus| Modulus Load Strength Modd
(in) (in) (in) (in%) (Msi) (Msi) (Ibs) (ksi)
14 0.991 0.655 0.789 0.516 62.6 3.0 13638.2 26.4 Unwlrap
15 0.987 0.652 0.789 0.514 28.2 2.6 12978.0 25.2 Unwlrap
16 0.991 0.653 0.7817 0.514 48.9 2.3 13119.4 25.5 Unwlrap
1 0.990 0.656 0.789 0.517 20.4 2.6 14209.0 275 Unwirap
20* 0.990 0.650 0.784 0.509 8.9 4.8 139995 275 Split
21+ 0.989 0.655 0.786 0.515 53.1 25 140394.6 27.3 Split
Compression Strength Compression Modulus Compreddaxtulus LVDT
ksi MPa Msi GPa Msi GPa
Averagd 26.6 183.2 37.0 255.1} 2.9 20.4
Std. Dev,| 1.0 6.9 21.0 144.7 0.9 6.3
CV: 0.04 0.04 0.57 0.57 0.31 0.31

* these two additional tests performed on 6/16/03
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Tension Test Result

TEST CONDITIONS

Matrix System: CTD-101K Load Range Card: +50 Kip
Reinforcement: Glass Tape Stroke Range Card: +1.0in.
Barrier: Kapton Temperature Controller:  Lakeshore 330
Specimen Type: Single Modular Coil Tension Temperature Sensor: Si Diode #D47355
Material Reference: Princeton NCSX
Material Reference: 7021-300
Load Rate: 0.00033 in/s Specimen NA
Strain Measurement: Dual 0°/90° strain gages Conditioning:
Strain Gage Type: SK-06-125TM-350
Test Fixture: Tension fixture Test Temperature: 76 K
Test Date: 9/11-12/2003
TEST RESULTS
Ultimate Tensile Tensile Poisson’
Specimen # Length Width Depth Area Load Strength Modulps tioRa
(in) (in) (in) (in?) (Ibs) (ksi) (Msi)
7.20 0.495 0.638 0.316 10961.9 34.7 17.4 0.39
7.20 0.503 0.646 0.325 11450.2 35.2 13.7 0.39
10 7.20 0.528 0.653 0.345 11355. 32.9 13.6 0.39
19 7.20 0.526 0.641 0.337 11168.9 33.1 13.6 0.35
20 7.20 0.510 0.645 0.329 10495.4 31.9 13.6 0.40
Tensile Strength Tensile Modulus Poisson's
ksi MPeg ksi GPe Ratio
Average 33.6 23116 Averape 14.4 9p.2 Aveljage D.38
Std. DeV| 1.4 9.p Std. Dgv. 1.69 1}.6 Std. Pev. D.02
CV: 0.04 0.04 CV: 0.1 0.12 CvV: 0.0t
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Tension Test Result

TEST CONDITIONS

Matrix System: CTD-101K Load Range Card: +50 Kip
Reinforcement: Glass Tape Stroke Range Card: +1.0in.
Barrier: Kapton Temperature Controller:  Lakeshore 330
Specimen Type: Single Modular Coil Tension Temperature Sensor: Si Diode #D47355
Material Reference: Princeton NCSX
Material Reference: 7021-300
Load Rate: 0.00033 in/s Specimen NA
Strain Measurement: Dual 0°/90° strain gages Conditioning:
Strain Gage Type: SK-06-125TM-350
Test Fixture: Tension fixture Test Temperature: 100 K
Test Date: 9/9-10/2003
TEST RESULTS
Ultimate Tensile Tensile Poisson’
Specimen # Length Width Depth Area Load Strength Modulps tioRa
(in) (in) (in) (in?) (Ibs) (ksi) (Msi)

2 7.33 0.519 0.643 0.334 11010.7 33.0 12.7 0.37]

16 7.30 0.526 0.644 0.339 10465.3 30.9 12.5 0.35

21 7.12 0.514 0.652 0.335 10913.4 32.6 12.0 0.34

22 7.30 0.518 0.638 0.330 10412.] 31.5 12.5 0.45

Tensile Strength Tensile Modulus Poisson's
ksi MPeg ksi GPe Ratio
Average 32.0 22016 Averape 12.4 8p.7 Aveljage D.38
Std. DeV| 1.0 6.p Std. Dgv. 0.30 .1 Std. Qev. D.05
CV: 0.0¢ 0.0¢ CV: 0.0z 0.0z CvV: 0.15
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Tension Test Result

TEST CONDITIONS

Matrix System: CTD-101K Load Range Card: +50 Kip
Reinforcement: Glass Tape Stroke Range Card: +1.0in.
Barrier: Kapton Temperature Controller: Lakeshore 330
Specimen Type: Single Modular Coil Tension Temperature Sensor: Si Diode #D47355
Material Reference: Princeton NCSX
Material Reference: 7021-300
L oad Rate: 0.00033in/s Specimen NA
Strain Measurement: Dual 0°/90° strain gages Conditioning:
Strain Gage Type: SK-06-125TM-350
Test Fixture: Tension fixture Test Temperature: 150 K
Test Date: 8/14/2003
TEST RESULTS
Ultimate Tensile Tensile Poisson's
Specimen 4 Length Widt Depth Area Load Strength Modulus tioRa
(in) (in) (in) (ind) (Ibs) (ksi) (Msi)

4 6.87 0.527 0.631 0.333 9130.9 275 15.3 0.32

8 7.36 0.519 0.625 0.324 9033.2 27.8 13.7 0.29

17 6.95 0.514 0.628 0.323 8453.6 26.2 12.6 0.28

18 6.97 0.500 0.647 0.324 8618.7 26.6 13.5 0.22

24 7.02 0.520 0.622 0.323 9399.4 29.1 15.2 0.38

Tensile Strengtf Tensile Modulus Poisson's
ksi  MPa ksi GP¢ Ratio
Average 27.4 189)2 Average 14.1 96.9 Avefage D.30
Std. DeV| 11 7y Std. Dgv. 1.16 B.0 Std. Qev. D.06
Cv: 0.04 0.04 Cv: 0.0¢ 0.0¢ Cv: 0.2C
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Tension Test Result

TEST CONDITIONS

Matrix System: CTD-101K Load Range Card: +50 Kip
Reinforcement: Glass Tape Stroke Range Card: +1.0in.
Barrier: Kapton Temperature Controller: Lakeshore 330
Specimen Type: Single Modular Coil Tension Temperature Sensor: Si Diode #D47355
Material Reference: Princeton NCSX
Material Reference: 7021-300
L oad Rate: 0.00033in/s Specimen NA
Strain Measurement: Dual 0°/90° strain gages Conditioning:
Strain Gage Type: SK-06-125TM-350
Test Fixture: Tension fixture Test Temperature: 295 K
Test Date: 8/12/2003
TEST RESULTS
Ultimate Tensile Tensile Poisson's
Specimen 4 Length Widt Depth Area Load Strength Modulus tioRa
(in) (in) (in) (in) (Ibs) (ksi) (Msi)

3 7.69 0.497 0.622 0.309 8287.1 26.8 *

6 7.32 0.491 0.608 0.299 7763.7 26.0 *

7 7.27 0.522 0.618 0.323 7763.7 24.1 *

9 7.25 0.529 0.626 0.331 8225.6 24.8 13.9 0.12

12 7.28 0.544 0.649 0.353 8303.7 235 125 0.17
* Invalid strain gage data

Tensile Strengtf Tensile Modulus Poisson's
ksi  MPa ksi GP¢ Ratio
Average 25.0 1727 Average 13.2 9L.0 Average D.15
Std. DeV| 14 9.p Std. Dgv. 0.99 5.8 Std. Qev. D.04
Cv: 0.0t 0.0t Cv: 0.07 0.07 Cv: 0.24

2600 Campus Drive, SUITE D | LAFAYETTE, CO 80026 | PHONE: 303-664-0394 | Fax: 303-664-0392| www.CTD-MATERIALS.COM
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure B Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation: Specimens loaded Flatwis
Load Rate: 0.00033 in/
Strain Measurement:. MTS LVDT
Tesl
Test Fixture: 3 point benc Temperature: 76 K
Test Date 6/20/200.
TEST RESULTS
Specimen Thicknegs Width Lengtl Span Spal Flex. Ultimate exural
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)
2 0.658 0.773 10.06 8.000 12.2 4.1 1137f3 40.p
7 0.650 0.773 10.02 8.000 12.3 4.3 1149 428
8 0.655 0.771 10.00 8.000 12.2 4.3 12417 45
23 0.645 0.772 9.99 8.000 12.4 4.4 116844 43
Flexural Strength Flexural Modulus
ksi MPa ksi GPa
Averagd 43.0 2965 Average 4.3 29.4
Std. DeV| 1.8 12)y Std. Dqv. 0.13 0.9
CV: 0.04 0.04 CV| 0.03 0.3
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Taps Stroke Range Card +/- 1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure E Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation: Specimens loaded Edgewi:
Load Rate: 0.00033 in/.
Strain Measurement: MTS LVDT
Tesl
Test Fixture: 3 point bend Temperature: 76 K
Test Date: 6/20/200:
TEST RESULTS
Specimen Thicknegds Width Lengt Span Spa] Flex. Ultimpte exural
# Ratio Modulus Load Strengtl
(in) (in) (in) (in) (Msi) (Ibs) (ksi)
10 0.772 0.652 10.02 8.000 10.4 3.9 1475p 455
19 0.775 0.650 9.98 8.000 10.3 4.2 1426.B 43.p
Flexural Strength Flexural Modulus
ksi MP3 ksi GPa
Averagq 44.8 308]J6 Average 4.0 2).9
Std. DeV| 1.2 8L Std. Dgv. 0.16 .1
CV: 0.03 0.0 CV| 0.04 0.04
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System:
Reinforcement:
Barrier:

Specimen Type
Material Reference:

101K Load Range Card:
Glass Tap Stroke Range Card
Kapton Film Temperature Controller:

Single Modular Coil Flexure B Temperature Sensor
Princeton NCSX

+/- 4 Kip

+/- 1in.
Lakeshore 33(
Silicon Diode

7021-30! Specimer
Orientation: Specimens loaded Flatwis
Load Rate: 0.00033 in/:
Strain Measurement: MTS LVDT
Tesi
Test Fixture: 3 point bend Temperature: 100 K
Test Date: 6/23/200:
TEST RESULTS
Specimen Thicknegs Width Lengt Span Spal Flex. Ultimpte exufhl
# Ratio Modulus Load Strengtl
(in) (in) (in) (in) (Msi) (Ibs) (ksi)
5 0.650 0.771 10.06 8.000 12.3 4.6 1123.B 414
13 0.653 0.772 9.94 8.000 12.3 41 1088.B 39.f
14 0.652 0.771 10.00 8.000 12.3 41 1042 38p
Flexural Strength Flexural Modulug
ksi MP4 ksi GP4
Averagq 39.8 27411 Average 4.3 2p.6
Std. DeV, 1.6 11p Std. Dgv. 0.30 D.1
CV: 0.04 0.04 CV| 0.07 0.47
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Tap Stroke Range Card +/- 1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure E Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-30! Specimer
Orientation: Specimens loaded Edgewi
Load Rate: 0.00033 in/
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 100 K
Test Date 6/24/200:
TEST RESULTS
Specimen Thicknegs Width Lengtlh Span Spal Flex. Ultimjate exuUral
# Ratio Modulus Load Strengtl
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

17 0.773 0.651 10.00 8.000 10.3 4.9 13460 416

22 0.770 0.657 10.00 8.000 10.4 4.5 13899 429

24 0.771 0.652 10.05 8.000 10.4 4.1 147314 a5

Flexural Strength Flexural Modulus
ksi MP4 ksi GP4
Averagq 43.4 299)0 Average 4.5 31L.0
Std. Dev 2.1 14p Std. Dgv. 0.37 .6
CV: 0.05 0.01 CV 0.08 0.98
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure B Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-30( Specimet
Orientation: Specimens loaded Flatwis
Load Rate: 0.00033 in/
Strain Measurement. MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 150 K
Test Date 6/23/200:
TEST RESULTS
Specimen Thicknegs Width Lengt Span Spa Flex. Ultimpte exural
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

3 0.648 0.771 9.98 8.000 12.3 45 1098.p 40y

9 0.654 0.770 10.02 8.000 12.2 4.3 1060.4 38

12 0.646 0.770 9.98 8.000 12.4 4.1 1036.p 38.B

Flexural Strength Flexural Modulug
ksi MP4 ksi GP4
Averagd 39.4 2715 Averape 4.3 2p.5
Std. DeV| 11 7.p Std. Dgv. 0.21 .4
CV: 0.03 0.0 CV 0.05 0.d5
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure B Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation: Specimens loaded Edgewi
Load Rate: 0.00033 in/s
Strain Measurement: MTS LVDT
Tesl
Test Fixture: 3 point benc Temperature: 150 K
Test Date 6/23/200.
TEST RESULTS
Specimen Thicknegs Width Lengtl Span Spal Flex. Ultimpte exuFal
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)
16 0.773 0.648 9.99 8.000 104 3.9 129411 40.p
18 0.775 0.650 9.98 8.000 10.3 3.7 1258.p 38.F
21 0.772 0.659 9.97 8.000 104 4.6 12394 37.p
Flexural Strength Flexural Modulug
ksi MP4 ksi GP4
Average 38.9 268)2 Average 4.1 2B.2
Std. DeV| 1.2 8.p Std. Dgv. 0.48 B.3
CV: 0.03 0.0 CVj| 0.12 0.92
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System:
Reinforcement:
Barrier:

Specimen Type:
Material Reference:

101K
Glass Tapt
Kapton Film

Load Range Card:
Stroke Range Card

Temperature Controller:

Single Modular Coil Flexure B: Temperature Sensor:

Princeton NCSX

+/- 4 Kip
+/-1in.
Lakeshore 33(
Silicon Diode

7021-300 Specimen
Orientation: Specimens loaded Flatwis
Load Rate: 0.00033 in/s
Strain Measurement. MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 295 K
Test Date 6/19/200:.
TEST RESULTS
Specimen Thicknegs Width Lengtl Span Spai Flex. Ultimjate exuFal
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)
1* 0.654 0.777 10.05 8.000 12.2 3.9 765.1 27.7
6 0.651 0.771 9.96 8.000 12.3 4.0 756.4 27.8
15 0.651 0.770 9.98 8.000 12.3 39 752.3 27.¥
Flexural Strength Flexural Modulus
ksi MP4 ksi GP4
Average 27.7 1911 Averafje 3.9 2.2
Std. DeV| 0.1 0.pb Std. Dgv. 0.02 .2
CV: 0.00 0.0( CV 0.01 0.q1
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ISMC Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 4 Kip
Reinforcement: Glass Tape Stroke Range Card: +/-1in.
Barrier: Kapton Film Temperature Controller: Lakeshore 33(
Specimen Type Single Modular Coil Flexure Be Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation: Specimens loaded Edgewi
Load Rate: 0.00033 in/:
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 295 K
Test Date 6/19/200:
TEST RESULTS
Specimen Thicknegs Width Lengt Span Spa] Flex. Ultimpte exural
# Ratio Modulus Load Strengt
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

4 0.771 0.655 10.06 8.000 10.4 3.8 960.3 29.f

11 0.770 0.654 9.98 8.000 10.4 3.8 949.7 29.4

20 0.770 0.650 9.99 8.000 10.4 35 948.3 29.6

Flexural Strength Flexural Modulus
ksi MP3 ksi GP4
Averagd 29.5 203J6 Averape 3.7 2p.5
Std. Dey| 0.1 1p Std. Dqv. 0.18 .2
CV: 0.00 0.04 CV| 0.05 0.d5
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2 X 2 MCB Flexure Test Results - ASTM D 790

TEST CONDITIONS

Specimen Type:
Material Reference:

2x2 Coil Flexure Beam

Princeton NCSX

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature ControllcLakeshore 33(

Temperature Seos Silicon Diode

7021-300 Specimen
Orientation:
Load Rate: 0.00033 in/:
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point bend Temperature: 76 K
Test Date 9/26/200.
TEST RESULTS
Specimen Thicknegs Width Lengt?l\ Span Sparf Flex, Ultimateexural
# Ratio Modulus Load Strengtlh
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

3A 1.337 1.634 18.13 16.0 12.0 3.4 5002}4 41.1

8B 1.341 1.605 18.05 16.0 11.9 4.1 4883(8 40.p

9B 1.344 1.603 18.00 16.0 11.9 4.4 4863|8 40.4

10A 1.339 1.599 18.05 16.0 11.9 4.4 4999(0 41.p

11B 1.332 1.592 18.00 16.0 12.0 4.2 4801|8 40.B

12B 1.345 1.578 18.05 16.0 11.9 4.2 4824|2 40.p

Flexural Strength| Flexural Modulis
ksi MP4 Msi GP4
Average 40.9 282)0 Average 4.1 2B.4
Std. Dev| 0.5 3y Std. Dgv. 0.37 P.5
CV: 0.01 0.0] CV 0.09 0.49
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2 X 2 MCB Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System:
Reinforcement:
Barrier:

Specimen Type
Material Reference:

101K
Glass Tape
Kapton Film

2x2 Coil Flexure Bean

Princeton NCSX

Load Range Card: +/- 50 Kip
Stroke Range Card: +/- 1in.

Temperature Controlli Lakeshore 33(

Temperature Sensor Silicon Diode

7021-30( Specimer
Orientation:
Load Rate: 0.00033 in/s
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point bend Temperature: 100 K
Test Date 9/26/200:
TEST RESULTS
Specimen Thicknegs Width Lengt?l\ Span Sparf Flex, Ultimpateexural
# Ratio Modulus Load Strengtip
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

2A 1.335 1.621 18.00 16.0 12.0 3.1 4082|5 33.9

4B 1.336 1.608 18.05 16.0 12.0 3.6 42930 35.9

6A 1.337 1.608 18.00 16.0 12.0 2.9 3736/8 31.p

7A 1.360 1.573 18.00 16.0 11.8 3.9 4882|8 40.3

8A 1.344 1.607 18.05 16.0 11.9 2.8 44438 36.8

9A 1.333 1.609 18.05 16.0 12.0 2.9 3871)1 325

Flexural Strengthl| Flexural Modullis
ksi MP4 Msi GP4
Average 35.1 24210 Average 3.2 2p.1
Std. DeVv| 3.3 22pb Std. Dgv. 0.45 B.1
CV: 0.09 0.04 CV 0.14 0.14
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2 X 2 MCB Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tapt Stroke Range Card +/- 1 in.
Barrier: Kapton Film Temperature ControlltLakeshore 33(
Specimen Type 2x2 Coil Flexure Bean Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-30( Specimer
Orientation:
Load Rate: 0.00033 in/
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 150 K
Test Date 9/26/200:.
TEST RESULTS
Specimen Thicknegs Width Lengt?l\ Span Spa Flex. Ultinpate  Flexural
# Ratio Modulus Load Strengtip
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

1B 1.377 1.606 18.13 16.0 11.6 2.7 3734(9 29.4

2B 1.332 1.615 18.13 16.0 12.0 2.9 3554(7 29.8

3B 1.353 1.609 18.00 16.0 11.8 2.9 3515(6 28.6

aA 1.344 1.620 18.00 16.0 11.9 2.9 38565 316

6B 1.336 1.592 18.13 16.0 12.0 2.9 3248(1 27.4

11A 1.357 1.602 18.05 16.0 11.8 31 4125(8 33.6

Flexural Strength] Flexural Modulis
ksi MP4 Msi GP4
Average 30.1 207 Average 2.9 2p.0
Std. DeV| 2.2 15p Std. Dgv. 0.12 D.8
CV: 0.07 0.0] CV 0.04 0.04
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2 X 2 MCB Flexure Test Results - ASTM D 790

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature Controll Lakeshore 33(
Specimen Type: 2x2 Coil Flexure Beam Temperature Seas Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation:
Load Rate: 0.00033 in/s
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 295 K
Test Date 9/19/200.
TEST RESULTS
Specimen Thicknegds Width Lengt?l\ Span Spar| Flex, Ultimateexural
# Ratio Modulus Load Strengthf
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

1A 1.378 1.605 18.00 16.0 11.6 2.4 331514 26.1

5A 1.340 1.621 18.00 16.0 11.9 2.6 32725 27.0

7B 1.361 1.580 18.00 16.0 11.8 2.6 30112 24§

108 1.338 1.599 18.00 16.0 12.0 2.7 30029 25.p

12A 1.332 1.595 18.00 16.0 12.0 2.4 2953|1 25.p

Flexural Strength] Flexural Moduls
ksi MP4 Msi GP4
Averagd 25.6 176)6 Averagle 2.6 1.6
Std. Dey| 0.9 6.4 Std. Dgv. 0.16 .1
CV: 0.04 0.04 CV| 0.06 0.46
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2 X 2 MCB Shear Test Results - ASTM D 2344

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Taps Stroke Range Card +/- 1in.
Barrier: Kapton Film Temperature ControlliLakeshore 33(
Specimen Type 2x2 Coil Short Beam Shee = Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-300 Specimen
Orientation:
Load Rate: 0.00033 in/
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 76 K
Test Date: 9/24/200:
TEST RESULTS
Specimen Thicknegs Width Lengt Span Spar Flex. Ultinjate pafgnt Shea
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

13C 1.362 1.509 6.99 6.7 4.9 25 10254.9 3.7

13D 1.351 1.526 7.09 6.7 5.0 1.8 107945 3.9

14C 1.365 1.520 7.04 6.7 4.9 2.4 11034.6 4.0

16B 1.338 1.497 7.07 6.7 5.0 21 10889.2 4.1

16D 1.341 1521 7.01 6.7 5.0 25 99385 3.7

16E 1.350 1.522 7.03 6.7 5.0 24 10271.3 3.8

Shear Strength Flexural Modulus
ksi MP3g Msi GP4
Averagd 3.9 26.p Average 2.3 1%.8
Std. DeV| 0.2 1p Std. D\%. 0.27 .8
CV: 0.04 0.04 C 0.12 0.12
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2 X 2 MCB Shear Test Results - ASTM D 2344

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tapt Stroke Range Card +/- 1 in.
Barrier: Kapton Film Temperature ControllcLakeshore 330
Specimen Type: 2x2 Coil Short Beam Shear  Temperature Sgor: Silicon Diode
Material Reference: Princeton NCSX
7021-30( Specimer
Orientation:
Load Rate: 0.00033 in/s
Strain Measurement: MTS LVDT
Tesl
Test Fixture: 3 point bend Temperature: 100 K
Test Date 9/23/200:
TEST RESULTS
Specimen Thicknegds Width Lengﬂl\ Span Spar Flex| Ultimatepatgnt Shedr
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

13B 1.359 1.525 7.00 6.7 4.9 1.3 8632J8 3.1

14A 1.339 1.493 7.09 6.7 5.0 1.3 80547 3.0

15C 1.352 1.524 7.01 6.7 5.0 2.1 10501.0 3.8

15E 1.337 1.509 7.03 6.7 5.0 2.6 105114.2 3.9

17A 1.343 1.483 7.05 6.7 5.0 23 1042219 3.9

17D 1.347 1.501 7.07 6.7 5.0 2.6 998514 37

Shear Strength Flexural Modulus
ksi MP4 Msi GPsg
Averagd 3.6 24y Average 2.0 14.0
Std. Dev| 0.4 2B Std. D\%. 0.62 4.3
CV: 0.11 0.1] C 0.31 0.31
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2 X 2 MCB Shear Test Results - ASTM D 2344

TEST CONDITIONS

Matrix System: 101K Load Range Card: +/- 50 Kip
Reinforcement: Glass Tape Stroke Range Card: +/- 1in.
Barrier: Kapton Film Temperature ControllcLakeshore 33(
Specimen Type 2x2 Coil Short Beam Shee  Temperature Sensor Silicon Diode
Material Reference: Princeton NCSX
7021-30( Specimet
Orientation:
Load Rate: 0.00033 in/
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 150 K
Test Date 9/22/200.
TEST RESULTS
Specimen Thicknegs Width Lengtl Span Spal Flex| Ultinpate pafgnt Shea
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

13E 1.352 1.530 7.03 6.7 5.0 15 96680 35

14D 1.367 1.507 7.07 6.7 4.9 1.2 786118 2.9

14E 1.360 1.532 7.02 6.7 4.9 1.1 7473[1 2.7

15A 1.325 1.509 7.04 6.7 5.1 1.3 70317 2.6

16C 1.342 1.507 7.04 6.7 5.0 1.2 74463 2.8

17B 1.341 1.532 7.00 6.7 5.0 1.2 7934k 2.9

Shear Strength Flexural Modulus
ksi MP4 Msi GPs
Average 2.9 20 Average 1.2 8.6
Std. DeV| 0.3 2p Std. Dgv. 0.13 D.9
CV: 0.11 0.1] C\% 0.10 0.10
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2 X 2 MCB Shear Test Results - ASTM D 2344

TEST CONDITIONS

Barrier:

Matrix System:
Reinforcement:

Specimen Type
Material Reference:

101K
Glass Tape
Kapton Film

2x2 Coil Short Beam Shee
Princeton NCSX

Load Range Card: +/- 50 Kip
Stroke Range Card: +/- 1in.

Temperature Controll¢Lakeshore 33(

Temperature Sensor Silicon Diode

7021-30( Specimer
Orientation:
Load Rate: 0.00033 in/
Strain Measurement: MTS LVDT
Test
Test Fixture: 3 point benc Temperature: 295 K
Test Date 9/19/200.
TEST RESULTS
Specimen Thicknegs Width Lengtl Span Spal Flex| Ultinjate patgnt Shed
# Ratio Modulus Load Strength
(in) (in) (in) (in) (Msi) (Ibs) (ksi)

13A 1.344 1.536 7.04 6.7 5.0 1.0 6082 2.2

14B 1.353 1.510 7.05 6.7 5.0 1.1 58555 2.2

15D 1.341 1.527 7.03 6.7 5.0 1.1 55459 2.0

16A 1.340 1.506 7.08 6.7 5.0 1.1 56886 2.1

17C 1.343 1.483 7.05 6.7 5.0 1.1 6074)7 2.3

15B 1.338 1.520 7.06 6.7 5.0 1.1 5788J1 2.1

Shear Strength Flexural Modulus
ksi MP4 Msi GP4
Average 2.2 14 Average 1.1 1.6
Std. Dev 0.1 0.p Std. Dgv. 0.04 .3
CV: 0.04 0.04 C 0.03 0.03
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CTE Test Result:

TEST CONDITIONS

. Single Insulated Modular Coil
Material: Conductor, #1 Load Range Card: NA
Matrix: CTD-101K Stroke Range Card: NA
BE e Em: Kap?on film interwoven w/ glass
: fabric attached to Cu Conductor
Fiber Lay-up: NA
Nominal Specimen Dimensions: 26 mm L x20mm W x 17 mm T
Material Reference: 7021-300
Customer: PPPL
Load Rate: NA
Sl MEESUITETERE 125 inch Strain Gage Zero/90 . -
Configuration Specimen Conditioning: NA
Strain Gage Type: SK-06-125TM-350
Test Fixture: CTE Test Fixture Test Temperature: 76-293 K
Test Date: 7/30/2003 Temperature Hold Time: Natural Warm-up
TEST RESULTS
. Single Insulated Modular Coil Conductor . Single Insulated Modular Coil Conductor
Specimen Longitudinal Direction Specimen Transverse Direction
|=
TEETILF;T\Z?;;JTE (micrzgtrain) percent TE le-CGZTrTIf/mK Te?ll%?\i?r:)ure (micrzgtrain) percent TE le-(GZTrE/mK
76 -3563 -0.36 9.53 76 -3203] -0.32 9.41
80 -3515 -0.35 9.84 80 -3163] -0.32 9.89
90 -3413 -0.34 10.57 90 -3054] -0.31 10.97
100 -3309 -0.33 11.74 100 -29441 -0.29 12.00
110 -3194 -0.32 12.70 110 -2824] -0.28 12.85
120 -3064 -0.31 13.10 120 -2689] -0.27 13.73
130 -2931 -0.29 13.51 130 -2551] -0.26 14.53
140 -2790 -0.28 14.62 140 -2405] -0.24 15.27
150 -2636 -0.26 15.42 150 -2245) -0.22 15.94
160 -2479 -0.25 15.76 160 -2081] -0.21 16.54
180 -2156 -0.22 16.44 180 -1743] -0.17 17.53
200 -1810 -0.18 17.64 200 -1388] -0.14 18.08
220 -1447 -0.14 18.34 220 -1073] -0.11 18.92
240 -1074 -0.11 18.86 240 -776] -0.08 19.77
260 -686 -0.07 19.40 260 -479] -0.05 20.63
280 -264 -0.03 21.66 280 -187] -0.02 21.49
293 0 0.00 22.35 293 0] 0.00 22.00
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CTE Test Result:

TEST CONDITIONS

. Single Insulated Modular Coil
Material: Conductor, #2 Load Range Card: NA
Matrix: CTD-101K Stroke Range Card: NA
BE e Em: Kap?on film interwoven w/ glass
: fabric attached to Cu Conductor
Fiber Lay-up: NA
Nominal Specimen Dimensions: 26 mm L x20mm W x 17 mm T
Material Reference: 7021-300
Customer: PPPL
Load Rate: NA
Sl WMEESUITETERE 125 inch Strain Gage Zero/90 . -
Configuration Specimen Conditioning: NA
Strain Gage Type: SK-06-125TM-350
Test Fixture: CTE Test Fixture Test Temperature: 76-293 K
Test Date: 8/6/2003 Temperature Hold Time: Natural Warm-up
TEST RESULTS
) Single Insulated Modular Coil Conductor ) Single Insulated Modular Coil Conductor
Specimen 2 Longitudinal Direction Specimen 2 Transverse Direction
|=
TEETILF;T\Z?;;JTE (micrzgtrain) percent TE le-CGZTrTIf/mK Te?ll%?\i?r:)ure (micrzgtrain) percent TE le-(GZTrE/mK
76 -3224 -0.32 8.87 76 -2923 -0.29 11.14
80 -3195 -0.32 9.14 80 -2895 -0.29 11.28
90 -3150 -0.31 9.79 90 -2853 -0.29 11.62
100 -3108 -0.31 10.37 100 -2814 -0.28 11.92
110 -3074 -0.31 11.01 110 -2790 -0.28 12.26
120 -2983 -0.30 11.65 120 -2696 -0.27 12.59
130 -2855 -0.29 13.39 130 -2558 -0.26 14.06
140 -2718 -0.27 15.77 140 -2412 -0.24 15.15
150 -2561 -0.26 15.97 150 -2254 -0.23 16.24
160 -2400 -0.24 16.17 160 -2087 -0.21 16.71
180 -2074 -0.21 16.57 180 -1749 -0.17 17.24
200 -1724 -0.17 17.38 200 -1401 -0.14 17.43
220 -1360 -0.14 17.72 220 -1085 -0.11 17.80
240 -1001 -0.10 18.06 240 -784 -0.08 18.16
260 -631 -0.06 18.61 260 -485 -0.05 18.53
280 -245 -0.02 19.69 280 -183 -0.02 18.91
293 0 0.00 20.50 293 0 0.00 19.13
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CTE Test Result:

TEST CONDITIONS

Material: Modular Coil Turn Insulation, #1 Load Range Card: A

Matrix: CTD-101K Stroke Range Card: NA

B EEEE ;i[:itgn film interwoven w/ glass

Fiber Lay-up: NA

Nominal Specimen Dimensions: 44mm L x 14mm W x 2.3mm T

Material Reference: 7021-300

Customer: PPPL

Load Rate: NA
5 X .125 inch Strain Gage Zero/90

Strain Measurement: Configuration Specimen Conditioning: NA

Strain Gage Type: SK-06-125TM-350

Test Fixture: CTE Test Fixture Test Temperature: 76-293 K

Test Date: 8/14/2003 Temperature Hold Time: Natural Warm-up

TEST RESULTS

. Modular Coil Turn Insulation . Modular Coil Turn Insulation

Specimen 1 Longitudinal Direction Specimen 1 Transverse Direction

Ter(nKF:Ie\:;t;”e (micrIJS_train) Percent TE 10x-(éTnI1£/mK Te?llz‘le\;ar:;"e (micr-gstrin) Percent TE 10x-((:5TnI15/mK
76 -3325 -0.33 7.33 76 -3221 -0.32 11.28
80 -3271 -0.33 8.17 80 -3150 -0.32 11.62
20 -3181 -0.32 9.67 90 -3049 -0.30 12.24
100 -3077 -0.31 11.00 100 -2935 -0.29 12.78
110 -2962 -0.30 12.16 110 -2809 -0.28 13.26
120 -2837 -0.28 13.17 120 -2677 -0.27 13.67
130 -2705 -0.27 14.05 130 -2537 -0.25 14.03
140 -2563 -0.26 14.80 140 -2389 -0.24 14.34
150 -2404 -0.24 15.43 150 -2228 -0.22 14.60
160 -2254 -0.23 1591 160 -2071 -0.21 14.81
180 -1925 -0.19 16.74 180 -1714 -0.17 15.16
200 -1584 -0.16 17.30 200 -1376 -0.14 15.43
220 -1235 -0.12 17.71 220 -1073 -0.11 15.64
240 -896 -0.09 18.05 240 -782 -0.08 15.85
260 -559 -0.06 18.43 260 -488 -0.05 16.11
280 -253 -0.03 18.95 280 -183 -0.02 16.45
293 0 0.00 19.36 293 0 0.00 16.71
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CTE Test Result:

TEST CONDITIONS

Material: Modular Coil Turn Insulation, #2 Load Range Card: A
Matrix: CTD-101K Stroke Range Card: NA
RefinErEETEn :(ap?on film interwoven w/ glass
abric
Fiber Lay-up: NA
Nominal Specimen Dimensions: 44mm L x 14mm W x 2.3 mm T
Material Reference: 7021-300
Customer: PPPL
Load Rate: NA
Siraiin MEESUREmERE 125 inch Strain Gage Zero/90 . L
Configuration Specimen Conditioning: NA
Strain Gage Type: SK-06-125TM-350
Test Fixture: CTE Test Fixture Test Temperature: 76-293 K
Test Date: 8/14/2003 Temperature Hold Time: Natural Warm-up
TEST RESULTS
. Modular Coil Turn Insulation . Modular Coil Turn Insulation
Specimen 2 Longitudinal Direction Specimen 2 Transverse Direction
Te?llr:etle\:ar:)ure (micr-gg_train) Percent TE le-((:STnE/mK Te?WKF;T\;;;l;Ne (micr-gstra_in) Percent TE le-((:STnE/mK
76 -3321 -0.33 7.81 76 -3235 -0.32 10.58
80 -3258 -0.33 8.59 80 -3172 -0.32 11.08
90 -3172 -0.32 10.00 90 -3067 -0.31 11.98
100 -3068 -0.31 11.29 100 -2952 -0.30 12.80
110 -2952 -0.30 12.45 110 -2825 -0.28 13.52
120 -2828 -0.28 13.49 120 -2690 -0.27 14.16
130 -2695 -0.27 14.43 130 -2549 -0.25 14.72
140 -2552 -0.26 15.26 140 -2400 -0.24 15.22
150 -2243 -0.22 15.99 150 -2235 -0.22 15.64
160 -1915 -0.19 16.57 160 -2077 -0.21 15.97
180 -1591 -0.16 17.61 180 -1736 -0.17 16.56
200 -1573 -0.16 18.36 200 -1414 -0.14 16.97
220 -1226 -0.12 18.87 220 -1106 -0.11 17.25
240 -887 -0.09 19.19 240 -803 -0.08 17.45
260 -549 -0.05 19.37 260 -499 -0.05 17.61
280 -242 -0.02 19.45 280 -188 -0.02 17.77
293 0 0.00 19.47 293 0 0.00 17.89
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CTE Test Result:

TEST CONDITIONS

Material:

Matrix:

Reinforcement:

Fiber Lay-up:

Nominal Specimen Dimensions:
Material Reference:

Customer:

Load Rate:

Strain Measurement:

Strain Gage Type:

Test Fixture:
Test Date:

Coil Ground Insulation, #1
CTD-101K

NA

44mm L x 14mm W x 2.3 mm T
7021-300

PPPL

NA

.125 inch Strain Gage Zero/90
Configuration

SK-06-125TM-350

CTE Test Fixture
7/30/2003

Load Range Card:
Stroke Range Card:

Specimen Conditioning:

Test Temperature:

Temperature Hold Time:

NA
NA

NA

76-293 K
Natural Warm-up

TEST RESULTS

. Coil Ground Insulation
Specimen 1 Longitudinal Direction
Temperature TE CTE

(Krfelvin) (microstrain) Percent TE 10x:6 m/mK

76 -3220 -0.3200 7.12

80 -3183 -0.3200 7.12

90 -3160 -0.3200 8.58

100 -3072 -0.3100 12.02
110 -2951 -0.3000 12.92
120 -2819 -0.2800 13.16
130 -2686 -0.2700 13.39
140 -2547 -0.2500 13.95
150 -2404 -0.2400 14.36
160 -2258 -0.2300 14.76
180 -1954 -0.2000 15.57
200 -1634 -0.1600 16.03
220 -1308 -0.1300 16.51
240 -972 -0.1000 17.10
260 -619 -0.0600 17.72
280 -240 -0.0200 19.54
293 0 0.0000 20.32

. Coil Ground Insulation
Specimen 1 Transverse Direction
Temperature TE CTE

(o) (microstrain) "™ TE 10,6 mymK

76 -2796.208 -0.28 7.75

80 -2763.31 -0.28 7.75

90 -2731.675 -0.27 7.71

100 -2651.199 -0.27 10.66
110 -2547.239 -0.25 10.98
120 -2434.336 -0.24 11.34
130 -2318.887 -0.23 11.70
140 -2198.346 -0.22 12.06
150 -2073.405 -0.21 12.42
160 -1947.676 -0.19 12.75
180 -1685.112 -0.17 13.39
200 -1409.682 -0.14 13.80
220 -1129.757 -0.11 14.20
240 -840.3753 -0.08 14.75
260 -534.6406 -0.05 15.39
280 -224.2617 -0.02 17.30
293 0 0.00 20.16
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CTE Test Result:

TEST CONDITIONS

Material: Coil Ground Insulation, #2 Load Range Card: A
Matrix: CTD-101K Stroke Range Card: NA
Reinforcement:
Fiber Lay-up: NA
Nominal Specimen Dimensions: 44mm L x 14mm W x 2.3 mm T
Material Reference: 7021-300
Customer: PPPL
Load Rate: NA
. X .125 inch Strain Gage Zero/90
strain Measurement: Configuration Specimen Conditioning: NA
Strain Gage Type: SK-06-125TM-350
Test Fixture: CTE Test Fixture Test Temperature: 76-293 K
Test Date: 8/6/2003 Temperature Hold Time: Natural Warm-up
TEST RESULTS
Specimen 2 Cail Grognd In.sulat.ion Specimen 2 Coil Ground In.sula.tion
Longitudinal Direction Transverse Direction
Ter(nKF:Ie\:;t;"e (micrl—)ztrain) Percent TE 10x-((:STnE/mK Ter(nKz‘Ie\Zit;"e (micrl%n) Percent TE 10x-((:STnI15/mK
76 -3272 -0.3272 11.15 76 -3009 -0.30 10.30
80 -3228 -0.3228 11.32 80 -2969 -0.30 10.45
90 -3188 -0.3188 11.71 90 -2931 -0.29 10.81
100 -3094 -0.3094 12.11 100 -2843 -0.28 11.17
110 -2970 -0.2970 12.47 110 -2729 -0.27 11.88
120 -2837 -0.2837 13.28 120 -2606 -0.26 12.18
130 -2703 -0.2703 13.66 130 -2484 -0.25 12.49
140 -2563 -0.2563 14.05 140 -2357 -0.24 12.79
150 -2419 -0.2419 14.50 150 -2225 -0.22 13.28
160 -2273 -0.2273 14.81 160 -2091 -0.21 13.62
180 -1969 -0.1969 15.70 180 -1811 -0.18 14.48
200 -1648 -0.1648 16.04 200 -1516 -0.15 14.76
220 -1321 -0.1321 16.58 220 -1215 -0.12 15.24
240 -984 -0.0984 17.16 240 -905 -0.09 15.78
260 -629 -0.0629 17.90 260 -578 -0.06 16.54
280 -247 -0.0247 19.91 280 -238 -0.02 18.83
293 0 0.0000 21.05 293 0 0.00 21.16
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