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ABSTRACT

This paper presentsdata on 3 of the important mechanical propertiesof SSC type
superconductingcoils. The measuredpropertiesare: 1 The azimuthalelasticmodulusof the coil
samplesmadefor the stressrelaxation tests. 2 The rate of stress- relaxationof collared SSC
outercoils molded to differentsizesand3 The pressuresthat various insulationscan withstand
during molding or collaring before turn-to-turnshorts develop. Additional data on theseand
otherpropertiesareavailablebut omittedherebecauseof spacelimitations.

SAMPLE PREPARATION

Coil samplesfor stressrelaxationandmodulustestingweremolded in 3" long molds. During the
cure, a shim was placedbetweenthe top of the fixture and the hydraulic ram loading the coil.
This shim determinedthe cured size of the coil. The hydraulic pressurewas continuously
adjustedby handso that this shimcould just bemovedback andforth betweenthe fixture and the
ram. Thus we were able to monitor the force requiredto just keepthe coil at the desiredsize
duringthe cure. Whenan additionalshim is addedto this shim to makean oversizesample,it is
identified asbeing madewith a negativeshim. Whenan additional shim is placedon top of the
coil during cure to makean undersizedsample,it is identified as being madewith a positive
shim.

COIL MODULUS

We measuredthe modulusof all the samplesand found the stressstrain curve to become
reasonablylinear nearthehigh stressend. All samplesgavea modulusof 1.4 x 10÷6 ± .4 x 10+6
psi, regardlessof the size to which theyweremolded.

STRESSRELAXATION

Figure1 is a drawing of the stressrelaxationfixtures used thereare three. The solid steel
blocks on either side of the load cells arespacersto allow the useof severaldifferent loadcells
with different dimensions.The curvedblock supportingthe coil hasa slightly largerradiusthan
the blockusedto curethe coil becausenow the ground insulationhasbeenadded. The notchjust
abovethe openspaceholds a steel spacerwith the coil I.D. that keeps the coil in place during
assemblyof the coil into the fixture.

We decidedto build the fixtures to havethe sametotal compliancethat is expectedfor the
SSC collars. RobertWands had done a finite elementanalysisfor the collars that predicteda
complianceof .45x106inchesper pound in the azimuthaldirection. One of the load cell and
fixture combinationsturnedout to havea largercompliancethanplanned. The compliancesof the
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load cell-fixture combinationswere measuredby substitutinga solid steel block and a seriesof
shims for the coil and measuringthe load cell output whenthe upper half of the fixture was
tighteneddown. The compliancewas then takenas the slope of the line on the plot of shim
thicknessversusload. Two fixtures were used to take the data reportedhere and one had a
complianceof 1.2 10-6 inchesper poundandwas usedfor samplesnumbered4, 7, 11, and 13, 13R.
The otherhada complianceof .5 10-6 inchesper poundandwasusedfor samplesnumbered8, 12,
14, 15, 16, and 19. These compliancesare only used in the fixture correctedstressrelaxation
calculation.

Figure2 is a photo of the entire creepapparatus.The fixture is enclosedin a plasticbox with
an electric heaterand a fan. The heateris controlledby a PID controller anda thermocouplein
the air downstreamfrom the fan. The air temperatureis controlled to 90° F, ±.2°. The coil
temperatureis measuredwith a thermocouplein the fixture nearthe top of the coil.

The two loadcells in eachfixture are poweredin seriesby a very stableHP6186Cconstant
current power supply and their output voltagesare measuredwith an HP3457A 6 1/2 digit
voltmeter. The voltmeterhasan IEEE488bussand is computercontrolled to measurethe voltages
every4 minutesandrecordthem on magneticdiscs wheretheyarelater convertedto load.

Figure3 is the rawloadversustime for 9 coil samples. The shimsused.to mold thesesamples
are as follows:

Coil Mold Shim MeasuringShim Initial PSI
Sample Thickness Thickness Load

#13 -.008" -.020" 3020
#13R -.008" ÷.007" 12718
#14 -.008" +.018" 8511
# 4 .000" .003" 2469
# 7 .000" .000" 6313
#8 .000" .000" 10105
#11 +.008" 5790
#12 +.008" +.029" 12100
#15 +.016" +.025" 9250
#16 +.024" +.026" 10132
#19 +.040" +.026" 8918

The loadsgiven for samples13R and 15 are the first measuredpoints, therestareextrapolatedto
0 times. At first we tried to mold and measurea coil usingthe sameshim thickness,but the loads
were too low for accuratemeasurementso we beganusing largermeasuringshimssimilar to
collaring to a smallersize and trying to startat the sameload. The data in Figure 3 are very
hardto comparebecauseof thelargeload rangeand the smallvariation. Obviouslysomekind of
normalizationis needed.

We can justify the normalizationin the following way. The stressrelaxationmodulusis
Gt = at/e andthe unrelaxedmodulusthe valueat t=0 is G0 = a0/60. Rememberingthat
strainis nearlyconstant;i.e. eo = e,we can combinetheseequationsto getGt = Go*at/ao, and
divide by the area for Gt = Go*U/lo. Dividing our loads by the initial load will nicely
normalizeour datato a value of G0. Since the actualvalue of G0 is not importantto comparing
data, we chooseto usefor it’s value the ordinarymoduluswe havepreviouslymeasured.Figure4
is a graphof the datanormalizedin this way,using E = 1.1 x 10+6 psi.

The most unusualfeatureof the data is that samples12 and 13 do not agreewith the rest. In
fact, sample11 is also unusual in that it seemsto be decreasingat a nearlylinear rate. These
differencesarenot a function of the shim size used in the molding of the samplessince 12 was
madewith a +.008 inch shim and 13 was madewith a -.008 inch shim. We haveremeasured
sample13 after a longrelaxationtime andgot very different results that agreewith the majority
of the other samples. Thisdata is shownon the graphas sample13R. The straight line portion
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of 13R is dueto a data acquisitionfailure and the line connectsto additional points off the scale
of the graph. We would like to remeasuresample12 also.

The setondobviousfeatureof the datais thatmostof the samplesrelaxat about the samerate
regardlessof the shim thicknessusedin their molding. It hasbeensuggestedthat the Kapton
part of the insulation systemwould undergostressrelaxationat a rapid rate during the high
temperaturemolding cycle, and would recoverfrom that history at a lower temperatureand
therefore,a slowerrate. This stresshistory might thenaffect the relaxationrate after collaring.
No such effect is apparent.Therearetoo many experimentalvariablesto concludemuch beyond
the obvious that it is not easyto changecollared coil visoelasticbehaviorby modifying coil
moldingparameters.

We were concernedthat the 11 different relaxationcurveswere obtainedfrom two different
fixtures with different compliancesand one was somewhatdifferent from the predicted
complianceof the SSC collars. We have, therefore,computeda correctionto the data that will
approximatelyremovethe effect of compliance.The stressrelaxationmodulusG = at/eo which
we can rewrite as C = 1t/A L/aL where1 t is the load, A the area,L the length, and AL
the changein length. Now as the loadon the sampledecreaseswith time, the loadon the fixture
decreasesaccordinglyand the fixture openingdecreasesimposing an additionaldeformationon
the sample. This additional deformationcan be written as aL = AL0 + c10-1, wherec is the
complianceof the fixture andaL0 is the deformationat time zero,andl is the loadat time zero.
Substitutingthis value of AL into the equationfor C gives usC = 1/A L/aL0 + c00-1. If we
notethatat timezeroC is theunrelaxedmodulusC0 = 10/A/ L/aL0, we can solve for AL0 and
substituteinto the equationfor C. RearrangingtermsC = l/1&*Co*1/1+c*A*Co/L I -I/laD.
Note thatwhen the fixture is perfectly rigid, the complianceis 0 andthe expressionfor C reduces
to the sameexpressionwe usedto normalizeour data. Also notethat for c>0, the fractional term
is less than 1, which implies that for anygiven valueof C the load I must belarger than it would
be for the c = 0 case. This is to say that stressrelaxationin any real fixture occurs more slowly
than for a hypotheticalcaseof constantstrain. Figure5 showsthe datamodified in this way to
correct for the fixture compliance. The effect is seento be an increasein the spreadof the data
which is unfortunateeventhoughit doesmakea sample12 look lessfar off the median.

Figure6 showssomevery long term data. Texts on visoelastictheory1’2statethat crosslinked
plastics like epoxiesshould relax to some constantvalue of stresswhile thermoplasticslike
Kaptonmaycontinueto relaxindefinitely due to an actualirreversibleflow of the material. The
long term data showsa continuing relaxation. It can easilybe seenthat if the datahadstopped
at someunfortunateearlier period, it might havebeeninterpretedas having reacheda limit.
This illustratesjust oneof the difficulties in thesemeasurements.

We canlook backat an earlierpaper3wherewe measuredrelaxationrateson straightstacksof
Tevatroncable and find a remarkableagreementconsideringthe differencebetweenthe two
experiments.Sincethe primarystressrelaxing elementin both experimentsis assumedto be the
Kapton,we are encouragedto usethe time-temperatureshift factormeasuredin the earlier case
as the bestavailabledata until it can be remeasuredwith actualSSC coils.

INSULATION BREAKDOWN

The maximumpressurethat insulatedSSCcable can withstandbeforeelectricalbreakdown
occursturns out to be a surprisinglycomplicatedsubject. It is most importantbecauseof the
pressurethatmust beappliedboth in moldinga coil and in collaring the final coils. Wehavenot
consideredthe insulatingvalueof the helium, but insteadhaveapplieda turn-to-turnvoltageof
2 kilovolts whichis sufficient to causebreakdownwheneverthe plasticinsulationhasruptured.

We havefound three differentmodesof failure of the Kaptoninsulation. The first modeis
found wheneverthereis a flaw in the cableconstruction. Underthe microscopewe havefound
cableswith strandsof varying diameterswhich causeirregulardecreasesin the flat areaon the
surfaceof eachstrandwhich area actuallysupportsthe applied load. We havefound strands
with distinct bumpson the flat surfaceespeciallynearthe cableedges.Thesebumps canpierce
the insulation muchlike a foreign inclusion would. We havealso foundcableswheresomeof the
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straridshavebadly pitted surfaces. Thesepits look as if the copperhadbeentorn out of the
flattened cable surfaceby a galling contactwith the cable flatteningdye. The Kaptonappearsto
extrudeinto theseholesand in doing so, thins at the hole edgeswhereruptures thenoccur. We
haveseenmany instancesof cablestrandswith sharpprotrusionson the edgesof the flattened
regions.- Others have reportedseeing theseprotrusionsso bad that they breakoff the strand
edgesas long copperhairs. All of theseflaws can causefailure of the insulationat low valuesof
pressure. It will be vital to havea good inspectionsystemfor incoming cableto detectflaws and
reject cable. We have tried to correct flawed cable by sandingand/or polishing the cable
surfaces,but havenot beensuccessful.The complexbehaviorof thesekinds of flaws is illustrated
by the testsin which we tookgood cableandcreatedflawsby sandingandscratchingthe surface.
Wheninsulatedand tested,only surprisingly smalldecreasesin the pressureto breakdownwere
found. Figure7 showsthe breakdownpressuresof 4 differentcables. Of the two SSCcables,the
one with the lower averagebreakdownpressurewas found to have strands with the pitted
surfacesmentionedpreviously.

Thesecondmodeof failureis aseriesof cutsthroughthe Kaptonwherethe cutsarefoundalong
and aligned with the edgesof the strandflat surfaces. They were found on both cablesat a
mating surface. Severalsuch cuts are usually found even thoughthe charredindicationsof an
electrical arc are only found at a single spot. Obviously, a failure must be locatedat the
intersectionof an upperand lower strandflat surfaceedge. We considerthesefailures to be the
predominatetype on high quality cable.

The third failure type is found wheneverextra layers of Kapton are usedor the insulation
systemotherwisemodified to give rise to failures at a much higher valueof pressure. In these
cases,the higher pressurecausesthe cable to spreadin the width direction which tears the
Kaptonapart. If thecable is restrainedfrom this spreading,muchlargerpressurescan be reached
before insulation failure. In the presentdesign, the outer coil might be so restrainedby the
presenceof the innercoil, but the inner coil is not restrained.It is conceivableto designa magnet
wherethe inner coil is also restrainedby filling the spacebetweenthe beamtubeand the inner
coil with a material capableof transferringstressfrom the coil to the beamtube. We have
measuredthe residualincreasein width of several typesof cableas a function of the pressureto
which we haveexposedthem. Thereis a small residualwidth increaseat very low pressures
which doesnot changemuchas the pressureis increased.At a pressureof around50 Kpsi, the
residualwidth beginsto increasein a nearly linear mannerwith pressure.This pressureis the
transitionpoint to insulationfailures of the third type.

In Figure 7, the Staybrightcable is not only much betterthan the othercable types,but it is
visually different in having a much larger flat areaon the top of eachstrand. The cable must
have beenflattenedmuch more thanusual in the final rolling. This promptedus to make a
measurementunder the microscopeof the total flat area found in the Staybrightcable and the
two SSCcables. The flat areaof a singlestrandwas measuredvery carefully with a microscope
andvideo camerameasuringsystem. For easeof calculation,this areawas used to find the
width of a strandhavingthe samearea,but a uniform width. We thencalculatedthe areaof the
intersectionsof theupperandlower cable strandsof this width. This givesa goddapproximation
of the true area of the cable actually supportingthe applied load. Using the calculatedareas,
the pressureat breakdownwas found to be 113 Kpsi for Staybright,156 Kpsi for SSC22-0006,and
125 Kpsi for SSC23-384b. Thus the apparentsuperiority of the Staybrightcable can be
completelyexplainedby it’s increasedarea,but the superior cable SSC22-0006comparedto
SSC23-384bmust still be explainedby the damagedsurfaceof the latter cable. The data of
Figure8 weretakenusinga single 1/2-lappedlayerof Kaptonand two cablesstackednarrowedge
next to wide edgeand loaded betweenparallel steel plates the Fermi fixture. No epoxy
fiberglasswas used.

In Figure 8, we comparethe breakdownpressureof the Kapton only insulation with data
obtainedwhenepoxyfiberglassis addedin both the uncuredandcuredcondition. Also shownare
datafrom both the Fermi style fixture anda fixture originatedby Brookhaven. The Brookhaven
fixture useda shorterlengthof cablein a rounddie shapedto take two cablesstackednarrowedge
to narrowedgeandconstrainingthosecableson their edges.We havebuilt fixtures of this type to
takeboth inner cable pairs andouter cablepairs. Unlessotherwisenoted,our data was taken
with outer cable.



70

J
U360____

.______

._______

27905

.

.

:jk tçk-

31731

/

STAY MITE S5c-22-0006Ø S$C23-3$4-flhIoZESM

Fig. 7. Pressure to cause electrical breakdown of 1
layer of 1/2 lapped Kapton insulation on
various superconducting cables.

S5C23 - 384b Cable

CURED KAPTON ONLY

Fig. 8. Pressure to cause electrical breakdown of
insulation consisting of Kapton only, or Kapton
plus epoxy fiberglass, in both the cured and

w

‘-I
-1
Ct

4J

H
I

Co
‘0

Ct
Co

0

H

H

C

0
Co
0
Ia

p..

60

60

40

30

20

I0

0

I-I
U
p..
UI
‘0

Ct
Co

0

H

H

0
Ia

H
H
It

cx..

‘I
It

C
Ia

Co
U
C
Ia

p..

70

60

50

40

30

20

10

0
UNCURED CURED KAPTON OM.? UNCURED CURED

uncured state.



The BrookhavenandFermi fixtures areseento give comparableresultsat pressurebelow the
point whereappreciablewidth expansionoccurs. The cured epoxy-fiberglasswas just slightly
better thah the Kapton only, which is to be expectedsincethe epoxydoesnot form an integral
film. The uncuredepoxy-fiberglasssampleswithstood much higher pressures. We think that
this is due to the lubricatingeffect of the uncuredepoxy. The lubrication allows the layers of
Kapton to slidepasteachother locally reducingthe stressesin theseplaces.

In order to be quitesurethat ourtestsweregiving the samepressureto breakdownthat wouldbe
found in an actualcoil, we moldeda 3 inch long sectionof SSCoutercoil. We loadedit in acurved
fixture to simulatethe collar andnoted the pressuresat which turn-to-turnshortsoccurred. The
resultswere that, with the exceptionof the oneunusualshort thatwas foundright awaywe did
not testuntil 4 kpsi, the shortsbeganat 31 kpsi andwhen the teststoppedat 37 kpsi, 10 of the 19
turn-to-turngapswere still unshorted. This is in very good agreementwith the cable pair test
data.

Figure 9 showsdatafrom 8 different testsof Kaptononly breakdowndonewith a sectionof
SSC23-384bcabletakenfrom the cable usedto wind 4 differentshort coils. Eachbar labeledF is
the averageof 10 samplestestedin the Fermi fixture, and the barslabeledB arethe averagesof 5
or 6 samplestestedin the Brookhaventypefixture. The boxesat the top showthe +/- standard
deviations.Thenumbersarecoil numbers.Also shownare3 testsof 5 sampleseachof new Kapton
from DuPontin the sameconfigurationof 1 layerof 1/2 lappedKaptononly. The insulationwas
cut into 1/4" wide stripsfrom sheetssuppliedby DuPont,andwrappedon the SSC23-384bcableby
hand. The IOOHA is .001" film of amorphousKapton the regularKaptonis crystalline,andthe
IOOMT is the samefilm but filled with a powderedaluminumoxide, and the I3OMT is the same
filled film, but in a thicknessof .130". The resultsof new andold film arevery much the same.

Figure 10 showsthe data from 6 different combinationsof 2 layers of new Kaptoneach1/2
lapped. Also shownare data from two testsof old Kapton in the sametwo layer 1/2 lapped
configuration. One of theseis labeledKapt.epo.cured..andwasmadefrom film which had been
coatedwith a .0001" layer of a 3M’s adhesive. This samplewas curedbeforetesting. This epoxy
coatedKapton is the samethatis beingusedto makeour low betaquads. As in precedingfigures,
this one also shows the averageof 5 testsas a singlebar. All of thesetestsgive averagesin the
rangeof 45 kpsi to 55 kpsi which is considerablyhigher than the 30 kpsi to 38 kpsi found for the
singlethicknessof Kapton,but they do not show muchdifferencefrom onefilm type to theother.
All of the dataof Figures 10 and11 wereobtainedin the Brookhaventype fixture which restrains
the cable from widthwise expansion.

DuPonthas madethe new Kapton films coatedwith a thermoplasticpolymideadhesiveand
Brookhavenhaswound some3 foot coils from thesefilms. We havecut and polisheda section
from oneof thesecoils suppliedto us by Brookhaven. The adhesivewasa .0002" layeron either
sideof the film and the cableswere wound with 2 layers 1/2 lapped. Thus thereare8 layers of
adhesivebetweeneachcablefor a total thicknessof .0016". With that much adhesive,the 5000
kpsi pressureand 2250 C temperaturecausedthe adhesiveto flow into the void spacebetween
cable strandspushing the Kapton layerswith it. Photomicrographsof cross-sectionsof the
Brookhavencoil andan SSCcoil andone of ourlow beta quadshavebeenmade. They showthe
varying degreesto which the insulation systemsfill the void betweencable strands. The
Brookhaven-new-Kapton-thermoplasticadhesivecoil shows the coil completely filled, the SSC
coil showsa void only partly filled, and thelow betaquadshowsa completelyemptyvoid space.
It is presentlyuncertainwhat effect this hason coil performance. It shouldbe noted that future
Brookhavencoils may useless adhesive.

It hasbeennoted that filling in the void betweencable strandson the cable surfacemight
increasethe breakdownpressureby better distributing the loads. This effect might be seenin
Skaritka’sstudy of thesenew DuPontadhesivecoatedfilms. We havelooked at this effect in
two ways. For the first way, we havefilled in the surfacespacesbetweenstrandswith a cured
epoxy, and thenwrappedthe cable with Kapton with the usual I layer 1/2 lappedand testedit
in the Brookhaventype fixture which restrainswidthwise expansion. On our secondattempt to
completelyfill the surfacewith epoxy, threereplicationsgavebreakdownvaluesrangingfrom 65
kpsi to 91 kpsi, or 2 to 3 times the breakdownwith the samecable SSC23-384b For the second
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way; we took solid barsof copperof aboutthe samecross-sectionas SSCcableexceptthey were
not tapered. We thenhad to test them in the Fermi type fixture with its parallel plates. Of
course,weusedthesameinsulationsystemas the epoxyfilled cable. These5 samplesbroke down
at at an averagevalueof 66 ±7 kpsi using the original unloadedarea to calculatepsi and the
failures were type 3; i.e., they failed whenone of the copperbarsexpandedwidthwise and tore
the Kapion. We havenot attemptedto measuresuch pairs of copperbars in the Brookhaven
fixture for fear of destroyingour moderatelyhardenedsteelfixtures.
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- IISSC PAPER SUPPLEMENT

The drawings and data containedherein are supplementalto the paper
"Mechanical Propertiesof SuperconductingCoils", by F.W. Markley and J.S.
Kerby, given at the March, 1990 meetingof the IISSC in Miami, Florida. Most of
the figures were usedin the verbalpresentation,but hadto be removedfrom the
versionto be publishedbecauseof spacelimitations.

Figure- A is a drawingof the 3 inch long mold usedto make coil sectionsfor
testing. The SSC cable was cut into 6 inch long sectionsand the ends taped to
prevent the insulation from unraveling. The filled mold was placed in a
hydraulic pressand force on the loading bar increaseduntil the pressram just
touchedthemolding spacer. The hydraulic pressurewas frequently adjustedto
keep the ram just lightly touchingthis spacerso that themolding pressurecould
be measured. Figure B is a graphof the pressuremeasuredin this way and also
the temperatureduring a completemolding cycle.

When the mold had cooled,it was movedto an Instron testingmachineand
the coil modulus measured. The measurementwas repeatedafter the anti-
spreadingretainerwas removed. It wasrepeatedagain after thehalf of the mold
forming the inner radius had been removedalso. The coil samplewas then
clamped in a similar mold and the excesscable cut off with a water cooled
abrasivesaw. All threemodulusmeasurementswere then repeated. There was
no consistentdifferencein the measurementswhich indicates that mold friction
with the coil was not significant.

FigureC is an exampleof the kind of stress-straincurveobtainedfrom these
measurements.The reportedmoduluswas taken as the tangentto the curve at
thehigh end wherethe stresswas just sufficient to compressthe coil to the same
size it hadin themold.

Figure D showsthemodulusversusthemolding shim thickness. The average
is 1.4 x 10-6 psi and is independentof shim thicknesswithin the experimental
scatter. If themajor effect of shim thicknessis to reducethe thicknessof the cured
epoxy-fiberglass,and the major determinateof modulusis the copper, then this
independenceis not surprising.

Figure E showsthe initial stressin thestressrelaxationexperimentsversusan
approximation to the initial strain, i.e., the thickness of the shim used in
molding. Of course, this approximationneglectsthe strain representedby the
elastic recoveryof thesampleafter molding and the fact that this recoverymight
be a function of the molding shim thickness. There is no apparentrelationship
betweenthis initial stressand the approximatestrain, which is surprising. It



explainswhy we had difficulty predicting the initial stress. We will continueto
study this problem.

FigureF is a graphof themeasuredload when asteelblockwassubstitutedfor
the coil and varioussteelshimsadded. The slopeof this graphwas taken asthe
complianceof the fixture. There was non-linearity at low loads which was
neglected. The compliancevalueswere only usedto correctthe datain Figures5
and6 of thepaper.

FigureG is an updatedgraphof the uncorrectedload versustime for sample
number 15 taken out to 12 x 10+6 seconds. It shows that the stress is still
decreasingas expectedfor a thermoplastic.

Figure H is a comparisonof sample15 to thedatatakenin 1985 on a straight
stackof Tevatroncablesandreportedin reference3.

FigureI is a photoof thepressusedto measurethepressureto causeelectrical
breakdownbetweenpairsof SSC insulatedcables.

FigureJ is a photo of the Fermilab fixture usedin thesemeasurements.The
upperplateis a flat steeldisc bondedto an insulating110 disc and the lower plate
is a small rectangularsteelblock 2 incheslong andvery carefully madeparalledto
the upperplate. Two insulatedcablesarestackednarrowedgeto wide edgeand
placedbetweentheplates. The pressureis slowly increaseduntil the 2lcV between
platescauseselectricalbreakdown.

- Figure K is a photoof the Brookhavenfixture. It is essentiallythesameasthe
Fermilabfixture except that both the upperand lower plates arecylindrical .872"
dia. and havegroved facesto acceptthe cable. The groovesaremadeto fit two
cablesstackednarrow edgeto narrowedge. After manytests in both fixtures,the
only differencewas found to be that the Fermilab fixture does not restrainthe
cablesfrom expandingwidthwise and thereforewill allow type 3 insulation
failures as might occur in an inner cable, which is not supportedon the inner
surface.

Figure L is a photomicrographof three strandsof an SSC cablewhere the
middlestrandshowspits in the flat surface. This is the S5C23-384bcablethatgave
consistentlylower breakdownpressuresthan the cable SSC22-0006,that did not
showanysurfaceflaws.

Figure M is the permanentfractional increase in width of various
superconductingcablesas a function of the pressureto which they have been
exposed. The width doesnot changemuch with pressurebelow 30 kpsi, and
abovethat it increaseslinearly with pressure. This mustbe the pressurewhere
yielding beginsin the copperof the cable. Above this pressure,theexpansionof
the cable can stretch the insulation and tear it a type 3 failure. The paper



incorrectly called this pressure50 kpsi, which is really the pressurewheretearing
failures are obviouslydominatefor most cables.

Figure N is a photomicrographof an SSC cable showing the flats on the
individual strands. The width of theseflats varies from side-to-sideof the cable
and generally increasesat either end of the strand. The actual load on the
compressedcable is carriedby the areawheretheseflats on one cable cross the
flats on the adjacentcable. The paperreportssometrue pressurescalculatedwith
theseareas.

Figure 0 is two drawingsof a cable surface. The first shows an exaggerated
view of the flats whoseareawas measuredwith a microscopevideo system. The
second shows how the crossing areaof two adjacentflats was computedby
assumingtwo flats of uniform width whosetotal areawas equalto thatmeasured
for two actual flats. Theresultsaregivenin thepaper.

Figure P shows the resultsof an attempt to deliberatelylower the pressureto
causeelectricalfailure by damagingthe cablesurfacewith coarsesandpaperand
knife cuts. There is only a small changecomparedto the controls, which is not
too surprisingfor cable 55C23-384bwhich already had a pitted strand,but is
surprising for the SSC inner cable which looked uniform. This indicates that
quality control of SSC cable shouldbe doneby electrical pressuretests not by
simple visual or microscopicexamination,eventhough suchtestsare useful for
identifying particulartypesof flaws. The effect of the pitted strandin cable SSC23-
384b is shownin Figure7 of the paper.

Figure Q showstheresultsof switchingthe epoxy-fiberglasstapebetweentwo
different cables;one of which hadold, outdated,partially curedepoxy-fiberglass.
The testsweredone on uncuredcablepairs in the Fermi fixture, and the results
supportthe theory that uncuredcablepairs test higher becauseof the lubricating
effect of the epoxy, i.e., the partially cured "old F.G." epoxy -fiberglassdid not
lubricateaswell as themorefluid new material. Figure 8 in thepapershowsthe
curedandthe uncuredtest results.

Figures R, 5, andT show the degreeto which variousinsulation systemsfill
thevoid betweenstrandson the cablesurface. FigureR is aphotomicrographof a
Fermilab low betaquad madewith all Kapton insulation and a .0001", one side
coating of epoxy. The voids are completelyempty andpresumableavailable for
filling with liquid helium. FigureSis the sameview of an SSC type coil and
shows that flow of the epoxy duringcure hasstretchedtheKapton into the voids
until they are about1/2 filled. FigureT is a photo of a coil madeby Brookhaven
with thenew Dupont Kapton coatedwith their XMPI adhesive. In this case,the
voids are almostcompletelyfilled becausetherewas so muchflow of the XMPI.

FigureU shows,in tabularform, how the breakdownpressureof SSC cable can
be increasedby increasingthe surfaceareaactuallysupportingtheload. Two tests



were made with cable that had the surfacevoids filled with epoxy and cured
beforeapplying theKapton insulation. Breakdownpressuresincreasedby a factor
of 2 or 3 in a Brookhaventype fixture which preventededgewiseexpansionand
subseqdenttype 3 failure. One test was madeusing solid copperbars insteadof
cable to find the ultimate pressureattainable. Since bars of uniform thickness
were used,the test was done in theFermilabtype fixture, and the failure was of
type three. If this type of testis tried in the Brookhaventype fixture, the pressure
to causeelectricalbreakdownmight be so high as to breakthe hardenedsteel
fixture.
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MODULUS VRS. SHIM SIZE
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FOR FIXTURE COMPLIANCE TEST
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TEN STACK BARE WIRE EXPANSION
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HIGH VOLTAGE BREAKDOWN TEST
DAMAGED SSC-WIRE
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