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1 MOTIVATION

CERN,the world’s largestparticlephysicsresearchfacility, hassincelong beenthe sceneof
considerableactivity in cryogenics.

Superconductingmagnetsfor detectorsfirst appearedin the bubblechamberera. They
areappliedin many contemporaryandfuturedetectorsandtargets.Anotherapplicationin the
detectorfield arethenobleliquid calorimeters.

Particleacceleratorsarenow becomingcryogenicsitesof unprecedentedsizeandcom-
plexity. 288superconductingacceleratingcavities arenecessaryfor theenergy upgradeof the
27kilometreLargeElectron-PositronCollider. TheLargeHadronColliderpresentlyundercon-
struction,to belodgedin thesametunnelandthusof equallength,will befully equippedwith
superconductingbendingandfocusingmagnets.Therehasbeena continuouseffort to realize
andimproveviableandeconomicaldismountableconnections.

Severaltypesof cryogenicsealingsystemsareon themarket. A few of themhavegained
large-scaleapplication.

Indium-basedsolutionssuffer from a lack of elasticbounce-backcapacity, necessitat-
ing specialprecautionsto preserve compressionforce. Realizingsuchsealsrequiresa certain
‘artist’s touch’. They havenevergaineda trueindustrialstatus,andareusedlessandless.

CF
� �

-typeassembliesareknown from theultra-highvacuumworld. A knife-typeprofile
on theflangesis driveninto aflat, square-section,metallicseal,usuallymadeof copper. In that
case,high demandsareput on theflangematerialandthe flangesareexpensive. Thebolting
overheadis considerable.Standardequipmentexists for nominaldiametersup to some200
mm. Thesolutionis definitelynot suitedfor very largeassemblies.

The Helicoflex
� �

sealconsistsof a soft metallic mantle(mostly unalloyed aluminium)
wrappedaroundatorus-shaped,hardspring.Thesealis circularin cross-section,at leastbefore
tightening.It getssqueezedto a near-elliptical shape.Thereis someelasticbounce-back.The
principle is elegant; requirementson the flangesare modest. The bolting overheadis non-
negligible, yet feasible.However thesolutionis proprietary, andlargesealsareveryexpensive.
Therearedifferentopinionson theability to re-useaseal.Thealuminiumtightnessmantlecan
easilybedamaged.

Thework reporteduponherehasbeenanattemptto find cheapseals,thatcanbeproduced
‘on site’ if necessary, andwhichareindustriallyrobust,limiting therequirementsonflangesand
bolting.

Onecouldfurthermorethink of specialapplicationslikeelectricallyinsulatingbridges.

A topicof specificinterestis theability to pair togetherflangesoutof differentmaterials.
This pairingproblemis oneof the major issueswhentrying to developcryogenicequipment
(partially)out of aluminium.

2 ON POLYCARBONATE

In a broadsense,polycarbonatesconstitutethe family of thermoplasticpolymerscontaininga
-O-CO-O-(carbonate)group,Fig. 1a.Theonly significantmember, hereinaftersimplyreferred
to aspolycarbonateor PC (Fig. 1c), is the resultof a phosgenationprocesson bis-phenol-A,
Fig. 1b. The material is also known under tradenamessuchas Lexan

� �
, Makrolon

� �
and

Merlon
� �
.

Notethehigh densityof intractiblearomaticrings in themolecule’s backbone,resulting
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in a remarkablyhighglasstransitiontemperature��� of about150� C. Temperaturesupto 120� C
caneasilybe sustained,andcreepresistanceat room temperature(RT) is outstandingfor an
amorphous(seebelow) thermoplastic.Melting setsin graduallyat about225� C, albeitwith a
very high melt viscosity, which evidently decreaseswith increasingtemperature.Burningand
thermaldegradationproblemsbecomeapparentfrom about280� C onwards.

The side groups,methyl and oxygen,are not very bulky, yet the materialshows little
tendency to crystallize. Commercialproducts(mostly injection moulded)andsemi-products
(mostlyextruded)arecompletelyamorphousandshow excellenttransparency (safetyglass).
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Fig. 1: a)Polycarbonatesin thebroadsense;b) Bis-phenol-A;c) Commercialpolycarbonate(repetitiveunit).

A slow cool-down from �
� or a prolonged‘annealing’treatment(.. 135� C ..) will never-
thelesscausecrystallization.This shouldbeavoided.Not only do theproductsgetopaqueand
stiffer andharder, they losemuchof theirductility aswell.

Becauseof this amorphousnature,therubberystate( ���
��� ) is characterizedby a very
smallmodulus(Fig. 2) andmarginal yield andcreepstrengths.PCproductsgetsosoft above��� thateventheirown weightbecomesproblematic.

Roomtemperatureis alreadyvery low comparedto ��� : thematerialis well into its glassy
state.Onehopesto find little extra troublewhencoolingdown furtherto nearly0 K, but this is
notentirelythecase:

– Therelative increasein elasticmodulusis far greaterthane.g. for metals(Fig. 2). It is
howevermoderatecomparedto otherthermoplastics.

– Oneor moreso-calledsecondary-statetransitionsoccur, undoubtedlylinkedto a lossof
side-groupmobility. The first suchtransitionis sometimesquotedat around–50� C. A
correspondingdropin impactstrengthis reportedaswell.

Thermalexpansionis depictedin Fig. 3. Locking PC to metalat RT, andthencooling
down to near0 K, inducesroughlya1%mechanicalstrainin thepolymer. Thermalconductivity
is low: about0.2W/(m � K) atRT, decreasingfor decreasingtemperaturein theusualfashionfor
amorphousthermoplastics.

Waterabsorptionin theglassystateis verylow. Humidity canneverthelessbeanotorious
enemy:

– Theabsorbedwaterresultsin spectacular— andfast— bubbleformationwhenheatedto
above 160–170� C. Drying seemsto be tedious,requireshigh temperatures(120� C) and
maytakemany hoursfor piecesmorethanjusta few millimetresthick.
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– Melting humidfeedstockis known to givebrittle products.At temperaturesbelow 120� C
thereareno known adverseeffectson PCproductswhich have undergoneusual,‘ambi-
ent’ moistureabsorption.And thisapparentlyalsoholdsfor cryogenicseals.

TheC=O region is somewhatpolar (hasa small electricdipolemoment);this opensup
the possibility of heating(welding!) by dielectric losses. PC is dissolved in agentssuchas
methylenechloride(CH� Cl � ).

Thematerialis fairly resistantto anumberof agents,but is readilyattackedby someoth-
ers.Especiallynoteworthy is theenvironmentalstresscrackingin thepresenceof oils, greases,
solvingagents.Thecleaningof productswith ethanolshouldNOT giveproblems.
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Fig.2: Small-signaltensileelasticmodulusasafunctionof temperature(literaturecompilation).Databelow about

200K arediffuse.Poisson’s ratio is quotedto be0.37and0.39at4 K andRT respectively.
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3 DEFORMATION, DUCTILITY, TOUGHNESS, CRAZES, CRACKS AND FRAC-
TURE

Therearebasicallytwo modesof plasticdeformationin a glassy, amorphousthermoplastic:

– (bulk) shearyielding;

– crazing.

Shearyieldingis aconstantvolumeprocessandrespondsmainlyto theshearcontribution
in thestressstate.

Figure 4 depictsa stress-straincurve and specimen‘life’ resultingfrom a tensiletest
whereshearyielding waspossible.Theelongationat breakreachesattractive values,andone
classifiesthebehaviour as‘ductile’.
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Fig. 4: Uniaxial tensileteston PCat moderatestrainrates(order10������������� persecond),at roomtemperature:

a)engineeringstressversusengineeringstrain,typical curve;b) tensilespecimenatdifferentinstances.

Theveryearlyformationof a localneckis adirectconsequenceof amechanicallyunsta-
bleplasticdeformationonset:theengineeringstress(andthusthetotal forceaswell) decreases
afterhaving passeda maximumvalue(which is calledthe ‘yield stress’by convention). This
‘strain softening’ is typical for many (ductile) thermoplastics.Furtherstrainingresultsin a
slight orientationstrengthening,visible asa local riseat theendof thecurve. This strengthen-
ing eventuallystabilizesthenecking,andmakestheneckexpandthroughthespecimenbefore
final rupture. The failuremodein this caseis mostlysheartearingor a sortof microvoid co-
alescence.The strainsofteninginstability tendsto localize(the startof) plasticdeformation.
So-calledshearbandsaresometimesvisible on the surfaceof a strainedobject. They try to
orient themselvesto thedirectionsof maximumshear, Fig. 5. Pronounced,sharpshearbands
mayinitiatecracksat their crossings,andareto beavoided.

The(much)moreembarrassingdeformationmodeis crazing,a phenomenontypical for
polymers(thoughthereexists uncertaintyaboutits occurrencein materialsotherthanglassy
amorphousthermoplastics).A crazediffersfrom acrackin at leasttwo ways(Fig. 6):

– It is muchsmaller, especiallythinner, andits edges(tips)areverysharp.

– Thecrazeis notempty. So-called‘fibrils’ of extendedchains,drawn from thebulk mate-
rial, spanthegapandgive it a certainload-carryingcapacity.
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Fig. 5: Shearbandsfor differenttypesof loading.

Fig. 6: Artist’s view of a craze.

If crazingoccurs,thenreal crackingcannever be far away. Crazingmay not at all be
a brittle event from a materialscientist’s point of view. However, catastrophicfailure dueto
crazing–crackingIS regardedasbrittle from a moremechanicalviewpoint whenonly a very
smallportionof thetotal volumewascapableof absorbingplasticdeformationenergy.

For crazesto form or to grow (increasein volume), the hydrostaticcomponentof the
stressstatemustbepositive, so tensile. Thereis a cleartendency for a craze(anda crack)to
orientitself perpendicularto thedirectionof thelargestprincipal(tensile)strain.

Whetheror not (unfortunatelymoreoftenthannot)anobjectfavoursrespondingin craz-
ing termsratherthanbulk yielding,dependsonseveralfactors.

– Material. Tensiletestscarriedout on samplesout of polystyrene(PS)or polymethylme-
thacrylate(PMMA — alsoknown undertradenamessuchasPerspex

� �
or Plexiglas

� �
)

resultin low rupturestrains:crazing!Theoutcomefor PCis quitedifferent,asdiscussed
above.Thisapparentlybigdifferencehasbeenthesubjectof researchandcontroversy, yet
a foolproof explanationdoesnot exist. We musthowever emphasizethat thedifference
is not asbig asit seems.Crazingandbulk yielding arecompetingmechanisms.Bulk
yieldinghappenedto setin first,underthespecificconditions,for PC,but somealteration
maygiveacompletelydifferentresult.EvenPCis quiteproneto crazing!

– Materialagain.Thehigherits molarmass,thehigherthedensityof molecularentangle-
ments.Therisk of crazeformationreducesandtoughnessbenefits(but reachesanupper
bound).

– PC is known to be sensitive to ‘strain crazing’. A designrule saysto limit long-term
tensilestrainingto below 1% at RT. The temperaturedependenceof this limit valueis
unknown to theauthor.
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– Aggressive agentscanhave a very significanteffect. Remark: nitrogenandargon are
reportedto havesomeadverseinfluenceonPCatabout80K [1].

– Stressstate: very important! Multi-axial tensilestresses— which caneasilyoccurat
sharpedges— arevery dangerous.PC’s plane-strainfracturetoughness "!$# is reported
to be only 2.2 MPa% & (RT value) [2]. The crazingtendency is firmly reducedasthe
hydrostaticstresscomponentvanishes,or evenbetter, becomesnegative (compressive).
Underthelattercondition,evenPSandPMMA exhibit shearyieldingcapability!

Theinfluenceof strainrateandtemperatureon thefracturebehaviour is a difficult issue
[2–4]. Plane-strainfracturetoughnessincreasesfor temperaturedecreasingfrom ambientto
some77 K, with somecrackpropagationratedependenceat the latter temperature.At 4 K,
againa moremodestvalue,apparentlynot ratedependent,is found. A (sudden)dropin blunt
notchimpact‘strength’ for decreasingtemperaturehasbeenreported,but becarefulwith the
interpretation!

Muchof thetestwork (seefurther)hasbeendevotedto inventorizingcrazingtendency in
ourspecificsealingapplication,andunderconditionswhicharetypical for cryo-sealing.

Polymersare not able to deformplasticallyat extremely low ( ' 77 K) temperatures,
wherethey areessentiallybrittle (failuremode:cleavage).

Rupturestrainof PC is reportedto be3.3%at 4.2 K [3]. This maynot seemmuch,yet
thevalueis amongthehighestof all polymersmentioned.

4 THE FLANGE PROFILE - INDENTATION BEHAVIOUR - COMPRESSION -
BOLTING

It wasjudgedusefulto applya sealwith a simple,rectangularcross-section.Eachhardflange
would thenhave to drive a local impression(anindentation)into thesofterseal,muchlike CF
assemblies.

Thetwo flangesarenot in directcontactwith eachother. A PCsealedassemblybecomes
an electrically insulatingbridge,whenprecautionson the level of bolting aretaken. Sucha
bridgehasbeeninstalledin theNA48 experiment(liquid kryptoncryostat).

Onewould betemptedto make a ‘coarser’(deeperandlarger) impressionthanCF. This
hastheclearadvantagethatwe becomemuchlesssensitive to materialandsurfaceimperfec-
tions,for bothflangeandseal.Theeconomicpotentialis evident;theassemblyis more‘robust’.
The lower stiffnessandyield strengthof thepolymerseal(comparedto themetallicCF seal)
make it possible.

A roundedflangeindentationprofile (a ‘nose’) hasbeenchosen,ratherthana sharpCF-
like ‘knife’. Fromanemotionalviewpoint (!) sharpnever fits well to polycarbonate(not even
when the stressstateright underthe knife could turn out to be triaxially compressive). In
practicea noseflangecould prove morerobust thana knife one;we would like to be ableto
work with flanges,whicharecheaperthantheconventional,forged,vacuum-remelted316LN!

Figure7 confrontsthetraditionalCFgeometryto theusedPC-sealedsolution.

Somefurther detailson the ‘nose’ aregiven in Fig. 8. It mustfirmly lock the PC seal
whencold, in spiteof its tendency to shrinkabout1% more(in absoluteterms)thantheflange
metal,seeChapter2.
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This alsomeansthat mechanical,circumferential,tangential,tensilestrainingof about
1% will be imposedon thepolycarbonate,whencold (at least,on thebulk partof theseal—
thesituationis muchmorecomplex in thevicinity of theimpression).Theconsequencesof this
arethat

– we have to carefullywatchwhetherstraincrazingdevelops. Indeed,this 1% is just the
designlimit, atRT, andthereis uncertaintyof how muchconstantstrainPCcanwithstand
at lower temperatures— seeChapter3;

– theweld(s)in thesealhas(have) to bestrongenough!

Fig. 7: CFassembly(left) andPC-sealedassembly(right), andsomelanguageconventions.

A roundingradiusof 0.2mm on thenosetip seemsreasonablefor non-extremenominal
diameters(between35 mm and,say, 2 m). A consequenceof this bluntnessis a steepinitial
increaseof thecompressionforce(asa functionof deflection).This handicapis relative,asthe
total indentationdepthis considerablygreaterthantheroundingradius.

Limiting theconicaledgeangleto 40� meanslimiting theincreaseof compressionforce.
Thesituationis differentfor CF, especiallyfor thelargernominaldiameters!

It is practicalto definethe nominal compressionstroke suchthat the bulk of the seal
surfacetouchestheflangesurface,the latteractingasan ‘arrest’. Werethe dipsat thenose’s
rootsabsent,thentheinevitableroundingdueto thecuttingtool’sshapewould resultin asteep
increasein compressionforcebeforeactuallyattainingthearrestsurface.

Thelayout is suchthat thefinal machining— of thenose— canbeexecutedon a CNC
lathe‘in onego’, with onetool.
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Fig. 8: Typical executiondrawing for a flange,nominaldiameter35 mm (theflangeof the ‘small device’ — see

below). Thisgeometrymaynotbetheoptimalone.

If thesealis ableto withstandthe1%inducedstrainingwhencold,thenit shouldcertainly
not have any troublepairing togetherflangesmadeout of differentmetals.The imbalancein
their thermalcontractionis typically a per mille effect in absoluteterms,seeagainFig. 3.
However, for very largediametersonehasto careaboutadditionalsealshearing,Fig. 9.

Fig. 9: An aluminium(upper)to austeniticsteel(lower) union of 6 m nominaldiameter;cold. The difference

in shrinkingbetweenthe two metalsis of the orderof oneper mille, resultingin a shearingeffect A = 3 mm

approximately!ThegapB hasto bedesignedsufficiently wide,andconsequentlythesealbecomesverythick. The

precautionsfor theboltingareevident.

Numericalsimulationsof thesealcompressionareverycumbersome,dueto its extremely
non-linearcharacter. However, in orderto learnat leastsomething,weneverthelessdid perform
somefinite elementmodelling,albeitwith importantsimplifications:

– A simplified geometrywas modelled(and executedas hardware for measurements),
Fig. 10.

– A somewhatsimplifiedmaterial(PC)stress-straincurvewasused.

– Materialagain:VonMisesyield criterion;associatedflow rule (Prandtl-Reuss);isotropic
strainhardeningrule. It wasnot possibleto modela pressure-modifiedVon Misescrite-
rion — morerealisticfor polymers— in thefinite elementcodeweused(Ansys).

– Thenoseindentationwasmodelledusingadiscretenumberof gapelements.
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Fig. 10: Axisymmetricfinite elementmodel,furtherexploiting top-down symmetry(right), andthecorresponding

set-upfor experimentalverification(left) of theindentationbehaviour.

Figure11 depictswhathappenswith the sealafter a moderateindentation,andFig. 12
comparestheresultingforce-deflectiondependencewith measuredcurves.

Figure13representsthecompression/decompressionmeasurementof the‘real’ geometry
usedfor the ‘small device’. The forcesareimportant,in someway comparableto thoseof a
Helicoflex

� �
seal.However thenoseis ratherbig for a 35mmassembly.

Figure14showstheboltingdetailsof the‘small device’. Themoderatetighteningforces
do not necessitateat all suchheavy bolts. They have merelybeenchosenin orderto mount
elasticwasherswith adequateforceanddeflectionranges.Thedevicehasbeenusedfor difficult
heliumtests,andwewantedto bereallysureof having sufficientcompressionatall times.

On theotherhand,the ‘largedevice’, depictedin Fig. 15, wasonly equippedin a poor
man’s fashion,without any externalelasticelement(in spiteof having austeniticsteelboltsfor
aluminiumflanges),andthereforehandicappedin somesense.Thisbig assemblyservedastest
jig for deformed-rod/butt-weldedseals,seeChapter7. It only underwentsimpleliquid nitrogen
testing.No accidents— like vacuumcollapsein thecold — occurredin spiteof thehandicap.
Therearesigns,however, of a potentialperformanceincrease(heliumpermeation!)in thecase
of lesslossof sealcompressionforcein thecold,seeChapter5.

Theflangescan,in theauthor’s opinion,bemadeout of any typeof 300seriesaustenitic
steelof correctstandardelaborationquality. Themechanicalpropertiesof 304L aremorethan
sufficient. Carehasto betaken,however, in thecaseof aluminiumproducts:agoodmechanical
performanceis mandatory. Not only is thenosetip subjectedto highstresses(Fig. 11a),onehas
to think of scratchsensitivity aswell. Thehighly alloyedmembersof the5000(AlMg) family
seemacceptable;6000(AlMgSi) alloys canbeusedaswell, whenhard(aged),but becareful
aboutweldability. High-endUHV boltsaremostlikely notnecessary, andhavenotbeenused.
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Fig. 11: Finite elementmodelresults;thenoseentered0.5 mm. Themodel’s outputis in truestressvalues,not

engineering.a) Thecross-sectionof the(half) seal.Therotationaxisis far to theleft. Only theskin of thenoseis

visible. Justbelow thenose(zoneA) theequivalentplasticstrainattainssome45%,andall threeprincipalstresses

arestronglycompressive (rangingbetween–143and–100MPa - not conflictingwith 65 MPa yield strength!!).

Tensilestressesdonotoccur, exceptin theseal’s coreregion(zoneB), andat thefreesurfacejustoutsidethenose

(zoneC): radialstressesin bothzones.b) Thecompressionin theseal,from nosetip to sealcore.A considerable

amountof elasticenergy hasclearlybeenstored.
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Fig. 12: Compressionforceversusindentationdepth,thelatteraccordingto thesimulation’sconvention(one-half,

or, per flange). 0.5 mm in theseunits meansthat the two flangeshave come1 mm closer. — Measurements

(solid): ‘up’ and ‘down’. The machinewashand-driven,deflectionratherthanforce being imposed. The test

took about15 minutesandthe ‘breaks’ in between(vertical line segments)lastedsome30–50seconds.Relax-

ation andanelastic/visco-elasticeffectsareeye-catching:you could virtually measureanything! The measured

elasticbounce-backis enormous,but probablybecausethecompressionlastedonly minutes(dotted:speculation

of what might happenafter muchlongerhold to maximumindentation).— Computations(dashed):only ‘up’.

The disagreementwith the measurementsis understandable,given the extremenon-linearitiesandthe imposed

simplificationsonmaterialconstitutivebehaviour.
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Fig. 13: Specificcompressionforceversusindentationdepth,measuredwith theblind flangeof Fig. 8, andon a

sealwith half-thickness(Fig. 10)2 mm. Again ‘up’ and‘down’.
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Fig. 14: The‘small device’ boltedtogether.

Fig. 15: The ‘large device’. The nosesare somewhat coarser: they have to copewith sealswith lessprecise

geometry(thicknessvariations,etc.).

5 LIQUID NITROGEN AND LIQUID HELIUM TESTS

The large device wasput in a liquid nitrogenbathandhasbeentestedwith threeseals,Fig.
16. The tubewaslong enoughto be ableto stick out of the opendewar; the valve on top of
the tube— in orderto isolatethe device in caseof trouble— remainedat RT. Thanksto the
very long flexible line, the device could be loweredinto the bathwhile remainingconnected
to thepump/detector. Very brutalquenchesfrom ambientto 77 K could thusbeexecutedand
carefullymonitored.
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Fig. 16: Thetestset-upfor thelargedevice.

Note that the main flangesaremadeout of aluminium(6000- aged),andthe bolts out
of austeniticsteel; therehasbeenno additionalflexibility in the bolting. Note also that the
connectionto theausteniticsteeltubeis doneby PCsealingaswell; herethereareno spring-
loadedbolts either. Much of the compressionforce undera certainbolt getslost when the
following bolt is tightenedafterwardsto compressthesealfurther. Thebolt is toostiff, andcan
hardlystoreany elasticenergy. All boltsshouldbe tightenedsynchronouslyin orderto avoid
this handicap,which is alsopresentwhencompressinganO-ring, a Helicoflex, or evena CF.
This hasnot beendone. Simple,sequentialtighteningwith only onepair of handstypically
took four to five rounds.

Whethergentlycooleddown or quenched,the vacuumnever collapsed.In general,the
gaugereadingdescendedfrom typical 10576 down to 10578 mbaror evenbetter, andthehelium
backgroundfrom some1.5 to 0.5 times10579 mbarl/s. Sometimesthevacuumworsenedtem-
porarily on theway down to 77 K. This couldhave beendueto someminusculesealmotion/
deformation.Anothertheorywould beadditionalsurfaceoutgassingdueto oxide layerdam-
age.Thebig aluminiumsurfaceshadbeenmachined,yethadnotundergonethepropersurface
treatmentfor highvacuumafterwards.

Heliumwassprayedaroundthedeviceat regularintervals,beforeandduringcool-down,
whilst cold,andaftereventualwarm-up.Whencold, this wasdoneeitherby lifting thedevice
somewhatout of the bath(but not entirelyout of the dewar - humidity!), or by sprayinginto
thebath.Sometimesaslow but significantreaction(many 1057: mbarl/s) wasregisteredaftera
generousheliumspray. Theboltswerethenfirmly re-tightenedin thecoldstate.After this, the
performanceimprovedsignificantly. Thisre-compressionhasbeendonefor thefirst andsecond
seals,not for thethird.

Thefirst sealhasbeenusedtwice, i.e. hasbeendismountedandre-mounted,compressed
andcooleddown again.It wasstill moreor lesstight (thevacuumdidn’t collapse),but perfor-
mancehadclearlydegraded,sometimesin anawkwardway. Wehaveto mentionthattheability
of re-usinghasneverbeenamongourprimarygoalsandwedonot recommendsuchpractice.
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Thesecondandthirdsealsunderwentlong-timetesting.They eachremainedin thedevice
for abouttwo months.Thesecondsealwascooleddown from RT threetimes,andwascold
(andin contactwith LN � ) for aboutonemonthaltogether. Thethird sealwaskeptcold all the
time.

A circumferentialcrackingat theoutsideof theindentationwasvisibleonthedismounted
seals:verylight andshallow in thefirst seal,deeperandsometimesdeviatingoutwardto nearly-
radial direction in the secondone, Fig. 17. This may not be so surprising: seeFig. 11a.
However, nothingof the sort wasvisible on the third seal. Apparently, the extra deformation
by thefirm re-compression,underunfavourableconditionsof a low temperatureandnitrogen
environment(Chapter3), hadbeenjust too much.

Thesmalldevice waspreparedfor servicein a warm-cover heliumcryostat,Fig. 18. A
first sealwas‘in’ for many months,andhadbeencold (to 77 K) a few times. Onelittle edge-
surfacecrackwas found. The edgehadbeenchamferedbefore,but this chamferwasrather
sharp,not rounded.

The secondsmall sealwas roundedby hand. It underwentpermeationtestsdown to
100K andthe4.2K LHe testafterwards.It hadbeen‘in’ for aboutthreemonths.A third small
sealhasbeen‘in’ for abouttwo months,andit waspermanentlyexposedto LN � . Both second
andthird sealsarefreeof any visibledamage.

The performanceof the small device during LN � testing(not in the He cryostat)was
without comment,probablythanksto thespring-loadedbolts. Regardingthe4.2 K testin the
cryostat,the leak detectordid not respondat all — on top of the inherentset-upbackground
signalof ;=<>;�?7579 mbarl/s — to theLHe environment.

Conclusions:

– onehasto roundtheseal’sedges;

– cheapestbolting is fine,spring-loadedboltsarebetter;

– quenchis noproblem:no tightnesscollapse,noteventemporarily;

– thenoseshapeis notyetoptimal.

Fig. 17: Traceson thesecondlargesealafterthetest;lesspronouncedon thefirst seal,absenton thethird.
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Fig. 18: Thetestset-upfor thesmalldevice in theheliumcryostat.Level andtemperaturegaugesarenotshown.

6 HELIUM (GAS) PERMEATION

Polymermaterialsareneverperfectlytight; acertainamountof gaswill permeatethroughthem.
Especiallysmallmolecules,likeheliumandhydrogen,mighthave little trouble.

A niceoverview is givenin Ref. [5], wherevalues,andtheir temperaturedependence,for
a few commonmaterialsaregivenaswell. Wequotetheessential:

– Thetotal flow of acertaingasleakingthroughaplateof acertainmaterialis givenby:@BADC�E FHGJILK
where E is the exposedsurface(m� ), F is theplate’s thickness(m), and

GJI
thedriving

force, being the differencein (partial) pressures(Pa).
@

is the steady-stateflow, and
would convenientlybe expressedin vacuumengineers’units: Pa mM /s (= 10 mbarl/s).
Theproportionalityfactor

C
is thematerial’spermeabilityfor thatspecificgas,in m� /s.

– Permeabilityis theproductof solubility anddiffusion,bothbeingtemperaturedependent
following anArrheniuslaw. Consequently, for thepermeation,CNAOCQPSRUTWVYX[Z]\_^` �Da
in which \b^ is theactivationenergy and

`
is theuniversalgasconstant.An Arrhenius-

typetemperaturedependenceis characterizedby asaturationfor veryhigh temperatures,
and a very swift decreasefor decreasingtemperatures(rushesto zero fasterthan any
powerof � ). Polymersarevery tight at sufficiently low temperatures(providedthatthey
havenot degradedby cracking,etc.).

– Permeationfor heliumandhydrogenis of thesameorderof magnitude.Thevaluesfor
methanearesignificantlylower.
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– Semicrystallinethermoplasticsgloballyhavelowerpermeationratesthanamorphous,be-
causeof betteraveragechainpackingin thecrystallites.

On our request,ForschungszentrumKarlsruhecarriedout heliumandhydrogenperme-
ationmeasurementson3-mm-thickPCplate,for temperaturesrangingbetween+22and–80� C.
As for theirprevioustests,theArrheniusfit wasalwaysexcellent.It yielded[6]:CcAedgfih <j;�? 5lk � & �nmporqps[t ? �nuwvyx�z[{ R}| ;~?�<j;~? 5lk � vyx�zQ{ �U�\b^ A ; dgf���d��Y�W� m & x�� R vyx�zQ{ R}| t�� vyx�z�{ �U� f

The3-mm-thickplateneededabouttwo hoursto reachsteady-stateconditionsatRT, after
theheliumwasadmitted.Reactionratesat lower temperatureswouldbemuchlower.

Baseduponthis knowledge,onecouldmake a very roughestimationon theheliumleak
ratethrougha sealedassembly. It is exposedto pureheliumgasat atmosphericpressureon its
outside,andit is evacuatedinside(seeFig. 18). Weassumed(seeFig. 7):

– aseffectivesurfaceE : ��< meansealdiameter< sealthickness.

– aseffective thickness
F
: thesealwidth. Soweassumedthattheentiresealarrestsurface,

notonly thenose,wassealedoff!!! The‘estimation’looksverymuchlikeaspeculation!

Themeasurementsto comparewith werecarriedout on the ‘small device’ with spring-
loadedbolting (seeFig. 14).

Figure19showsthemeasuredheliumsignal(dots/crosses)andthe‘estimated’leak(solid
line).
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Fig. 19: Helium leak rate, estimatedfrom PC permeationdata, througha seal (solid line), confrontedto the

measuredleak detectorsignal (dots/crosses).The measuredsignal is in fact the sum of sealpermeationand

(parasitic)naturalbackgroundof theset-up.Sealdimensions:36 mm innerdiam.,46 mm outerdiam.,8(!) mm

thick. Bewaretheextremeloading:pureheliumatatmosphericpressure!

Thefirst test(dots)wascharacterizedby a ;[<�;�? 57: mbarl/s naturalbackground.For thesecond
test(for which a new sealwasmounted- crosses)we installeda leakdetectorwith a pumping
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unit of higherperformance.This resultedin a ;�<H;�? 579 mbarl/s set-upbackground,enabling
us to grazesomewhat deeper. The sealswerechosenvery thick in orderto boostthe signal.
Neverthelessit proveduselessto descenddeeperthansome120K.

The ;�? 578 mbarl/s orderof magnitudeat RT seemshuge,but onemustkeepin mind that
this is theresponseto very artificial, extremeconditions.Furthermore,this responsewasvery
slow, veryprogressive: it tookaboutaworkingdayto reachthe10578 steady-statevalue.

We have to mention,without going into details,that therearemany potentialsourcesof
troublewhencarryingoutsuchanextremetest.

7 PRODUCING LARGE-DIAMETER SEALS OUT OF A ROD

For diametersabove onemetre,it becomesimpracticalto machinea completesealout of one
plate,if theplateexistsat all! Soonewould have to weld piecestogether. A practicalsolution
would now consistin startingfrom a pieceof long rod, with the final sealcross-section,and
bendingit to acircularsegment.

7.1 Rod deformation

Thematerial’sductility (seeFig. 4) enablesaplasticdeformation(roll bending)atRT. It turned
outconvenientto work onabendingpresswith four rollers.Two operatorsarenecessarywhen
no additionalrod guiding tool is available,in orderto avoid snap-and-twist.Rate-depending
yield strength,visco-elasticandrate-dependinganelasticproblems,etc. make it impossibleto
getaproductof well-definedgeometryout. Figure20givesanimpressionof theproblems:the
productis ‘alive’.

a)�
b)
�

Fig. 20: a) Plasticdeformationof a rod on a bendingpresswith four rollers. b) Therod’s behaviour afterwards:

afterminutes/hours/days.

This behaviour doesnot really jeopardizegoodsealmaking,onejust hasto adaptto a
job which is quite differentfrom metalworking. We hadthe unfortunatereflex of rolling on
very small radii of curvature,to pre-compensatefor therelaxation.We thusimposeda signif-
icant (plastic)strainon the innermostandoutermostmaterial‘layers’. The strain is actually
somewhatbiggerat the pulled outsidethanat the compressedinside,becausepolymershave
a lower yield stressin tensionthanin compression,oftenencompassedin a pressure-modified
VonMisesyield criterion.Shearbands— under� h�� � (seeFig. 5) — werethelogical resultof
thisexcessivestraining,Fig. 21. Theedgesshouldhavebeenroundedbeforetherodwasbent.
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Fig. 21: Potentiallydangerousshearbandsafterbending,pronouncedat theoutside.Extremerolling curvatures

andsharpproductedgesarethecauses.

A moregentleway of limiting freerelaxationwould beto put theproductinto a ‘jacket’
right after rolling, andto limit the excessof deformationduring rolling. Furthermore,a very
low bending-pressspeedwouldbeconvenient.

The rod’s terminalsareto becut away after forming, the lengthto becut off beingtwo
roller diametersat least.In practice,thepositionat which to cut away will of coursebedeter-
minedby thedesiredcircumferentiallength.Furthermoreit is importantto haveflat endfaces,
perpendicularto the rod’s axis tangent- seesectionson welding. Executionby milling, with
thehelpof thejacket,seemsthemostadequatesolution.

Summarizing,wecanstatethatsegmentscanindeedberealized,virtually withoutcapital
costs. We have alsolearnedhow thingsshouldNOT be done. Remark:bendingat elevated
temperaturesis believedto givemoretroublethangain.

It remainsnow to join theendstogether. Eachof thetwo following paragraphsdescribes
onespecificweldingmethod.

7.2 Methylene chloride welding

This processlooksmuchlike gluing,andindeedit is oftenmentionedundera ‘gluing’ header.
This is not correct from a physico-chemicalpoint of view. Elsewhere,the joining method
is sometimesreferredto as‘solvent cementing’,anotherratherunfortunateterm. Methylene
chloride(CH� Cl � ) is a highly volatile liquid, which dissolvesa numberof amorphousthermo-
plastics,amongwhich is polycarbonate.Ethylenechloride(lessvolatile) andchloroformare
otherdissolvingagents,albeitnotquiteaspowerful,andsowehaven’t usedthem.If thesurface
of a PCproductis wettedby a dissolvingagent,thena thin layerof polymermoleculesgains
mobility, is liquid in somerespect.But the agentdisappearsvery soonfrom it, andthe layer
returnsto a solid. Thesurfacehaschangedin appearance,becauseit hadbeen‘melted’. More
specifically, mostoftenthereis bubbleformation.

Thestepto a methodof joining two piecestogetheris evident. Thecontactareais tem-
porarily ‘melted’ (actuallydissolved) after which the assemblysolidifies,polymermolecule
cohesionbeingre-established.Thestrangesubstance(thedissolvingagent)disappears(more
or less),which is why ‘welding’ is themostappropriateterm.

It is howevernotsoevidentto producehigh-performancewelds,andthisin areproducible
fashion.Methodsasusuallydescribedin materialapplicationbrochures,havenotbeenretained.
We have insteadfollowed the strategy developedfor the realizationof transparenttargetsfor
BEBC(theBig EuropeanBubbleChamber):

– Butt weldsonly: contactareaflat andperpendicular.

– Do notweteitherof thetwo piecesto bewelded.
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– Hold a third object,a ‘leaflet’ of PC(sheet1 mmthick), in abathof solventfor typically
half aminute.Theleafletis now morethanwet: it is virtually saturated,andweak!

– Remove the leaflet from the bathandplaceit rapidly in betweenthe two piecesto be
joined.

– Pushtheassemblytogetherhard:at least600N percm� of contactarea.Again,doit very
swiftly. Clearly, thishasto bedonein apress.

– Leave theassemblyin thepress,underload,for severalhours(6–12).

– Let it dry andrelaxfor a few weeks(at leastthree).

Speedis important:pressuremustbeappliedwithin 15sof removing theleafletfrom the
bath. Onecould dreamof cold solvent andcold products,but an enhancedmoisturepick-up
would normallybetheresult,unlessoneworksin a conditionedspace.This hadbeendonefor
theBEBCtargets,keepinghumidityat40%relative. An investigationontheinfluenceof water
wasbeyondthescopeof our project. Whatever maybe,working within thequotedtime limit
is feasiblefor sealproduction.Risksof bubbleformationareat theorigin of requirementson
speedandpressure.

Theleafletis stickingoutonall sides.In principle,theweldedsealwouldnow beentirely
machined,in orderto obtainflat surfaces.We have, however, tried to keepthe rod(s) intact,
soasnot to machine,andto treattheweld zoneby handinstead.Most of thesurplusmaterial
left by the leafletis cut away with a sharppair of scissors,andthefinishing is doneby filing.
With this filing, we alsosmooththeleft-to-right transitiondueto thickness/widthvariationsin
therod(s).Theresultingsealgeometryis notperfect,andthereforeonewouldapplysomewhat
bigger(deeper)flangenosesthanwould be the casefor machinedseals.The leafletbits have
indeedto becut away gently, andnot pinchedoff: theviolent blastof the lattercreatesshock
wavesandcracks.

Figure22depictsthedifferentstagesin theprocess.

a)� b) c)�
d)
� e)�

Fig.22: Methylenechloridewelding(theseal’s rotationaxisis vertical):a)alignandlock therodendsin thepress,

openthepress;b) insertthewettedleafletin thegap;c) closethepressandapplypressure;d) cut away thepieces

of leafletstickingout;e)smooththesurfaceswith a file.

Evidently, the sealingsurfacesat the weld zoneswould be longitudinallypolishedwith
fine sandpaper:a swift andnon-delicateoperation.However, we have rathermadethe weld
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zonestransparent(again),by puttinga dropletof methylenechlorideon thesurfaceandpush-
ing a ‘mirror’ againstit, againvery rapidly. Theresultis not very predictable,andit servesno
purposefor sealmaking. It did enableus,however, to examinethewelds‘optically’. We had
apparentlybeenvery successfulin avoiding bubbles.On theotherhand,tiny cracks,longitu-
dinally oriented,weresometimesvisible - at leastunderthemicroscope.They occurredin the
very thin cross-sectionlayerswhichhadbeeneffectively wettedby thesolventduringwelding,
Fig. 23.

Fig. 23: Tiny cracksat theinterfaces,ator nearthefreesurface.

If theweldis lessstrongin tension(it mostlyis) thanthebasematerial,theneventualfail-
urewill occurat thewelds.Thebulk of theproduct(basematerial)will at thatinstancenothave
undergoneany appreciableplasticdeformation.This is a consequenceof the strainsoftening
behaviour, seeagainChapter3. Thefailurewouldbebrittle from amechanicalviewpoint. (We
cannotdreamof rolling a weldedrod!) This handicapis not dramaticat all in sealingapplica-
tions.Oncethesealis ready, it wouldnotbeexposedto extremetensilestraining.However, we
dohave to copewith acertaintensilestrainingwhencold,namelyabout1%,dueto cool-down
shrinkingimbalance,seeChapters2 and4.

Tensilespecimenshave beenpreparedwith the welding presswhich wasalsousedfor
sealproductionlater on. They hadthe samecross-sectionandthe samesurfacefinish asthe
seals. Somewerebroken at RT, othersin a LN � bath. On averagethey showed acceptable
performance,yettherewasanoticeableandsomewhatworryingspreadin theresults.Thethree
sealspreparedwith the necessarycareall survived(seeChapter5). Anotherone,which was
mountedhardlytwo daysafterwelding,did indeedbreakon theveryfirst cool-down attempt.

Compressionhasprovenunproblematic:theweldingsshowednosignsof suffering from
theflangenoseindentation.

Clearly, thewholeprocessis notsuitedfor large-scaleproduction.However, thetechnol-
ogyexists,is operational,andcanbedeployedwith very low investmentcosts.

Neverthelessthereis still roomfor researchon performanceimprovement.Indeed,there
is evidencethattoo muchsolventremainscapturedin thecoreof theweldedinterface— even
after monthsat RT for

d <�;�?�&"& � cross-section.This contaminationwould give problems
(bubbles)in a bake-out. Thereis evidenceaswell of theexistenceof a seriousbiaxial tensile
stressstate,confinedvery locally to thecross-sectionswhichhadbeenwetted(theleaflet).The
reasonfor this is probablya swellingof the leafletduringsolventabsorption.Upondrying, it
wantsto shrink, which it cannotdo freely becausenow it is ‘frozen’ onto the basematerial.
Thereis little hopeof relaxingthesestressesin time, dueto the very high creepresistanceof
PCatRT.
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7.3 Dielectric welding

A moreclassicweldingapproach,throughrealmeltingasaresultof heating,canbeattractiveif
theheatedzoneis not too localandsharplydefined.A veryconcentratedmeltzone,with sharp
temperaturegradientsin theheataffectedzone,mayandwill causeinternalstresses.

Conventionalthermalwelding methodssuchasheatedmirror andhot gascanbe ruled
out: theproductqualitywouldundoubtedlybeinsufficient. Thegeometryof oursealsforcesus
to excludeultrasonicor friction weldings.

Realizingdiffuseandcontrollableheating(melting) in an interfaceto be weldedis al-
mostimpossiblewith any of theclassicthermalweldingmethods.Dielectricheatingis, in the
author’sopinion,theonly valid candidate.

A firm, triaxial compressionof theinterfacezoneduringanddirectlyafterheating,seems
andhasprovento beessential.Thepieceshaveto benarrowly enclosedby a tunnel-like jacket,
andthey have to bepushedaxially:

– to havegoodinterfacecontactduringwarm-upbeforemelting;

– to avoid (humidity)bubbles,seeChapter2;

– to limit risksof void formationin theveryhotcoreof thematerial— thisisaconsequence
of cool-down shrinkage:materialhasto be‘filled’;

– to limit the reductionof areain the weldedzonedueto shrinkage(quitecomparableto
theapplicationof post-pressurein injectionmoulding).

Dielectricheatingis power dissipationwithin thematerialasa resultof dampingeffects
in anoscillatingappliedelectricfield. A treatise,evenintroductory, onthisexcitingdisciplineis
beyondthescopeof thistext. Sufficeit tomentiontheformulafor thespecificpowerdissipation:� C�S� A ;t��\ �Q��� P �¡ ¢�s£q�¤¦¥
in whichd

C m �S�
= heatgenerationpertimeunit, perunit volumeof material;�\ = amplitudeof applied,oscillatingelectricfield;�
= angularfrequency of theharmonicoscillation;� P
= vacuumpermittivity;�  ¢ = material’s relativepermittivity (moreprecisely,

therealpartof thecomplex permittivity);
tan

¥
= material’s ‘loss factor’,ameasureof theenergy dissipation

percycle,andthis in relationto the‘stored’energy.
The most straightforward dielectric heating/weldingmethodis the capacitive: the ob-

jectsto be heatedareput in betweentwo plates,constitutinga ‘capacitorwith dielectricum’.
Themethodis popularfor weldingPVC foils together. Thelow-frequency handicap(typically
27 MHz) is compensatedfor by high-voltageamplitudesandnarrow plategaps.Our sealsare
fairly thick objects;furthermorewe would needa jacket aroundthem. Capacitive heatinghas
notbeenretainedastheappropriatemethod.

ThePartsProcessingTeamof Philips’ Centrefor ManufacturingTechnologysuggested
performinga numberof weldingtestswith their microwave equipment.Theelectricalcompo-
nentof anelectromagneticwave,generatedin a ‘cavity’, is usedfor dielectricheating[7]. The

21



domesticmicrowave ovenworkson this principle, the waterin the food oftenbeingthemain
dielectricallydissipatingsubstance.

Figure24 depictspart of the set-up,which fabricatedsimplified specimens,not entire
seals!Thecavity is of theTM

P k P type,yielding anaxial electricfield, theamplitudeof which
is constantalongtheaxis,andvariesradially accordingto a Besselfunctionof first type/ zero
order, with its first zeroat the cavity wall. Theserelationsareevidently valid only insidethe
(empty)cavity. The cavity is madeout of aluminium,andcanbe readily machinedout of a
block. Theresonancefrequency of thefirst fundamentalstandingwave — this is themodein
which thecavity is employed— dependson thecavity’s dimensions,but also(somewhat)on
its loading. It hasto be tuned— with reducedpower — beforethe actualweldingoperation
commences.It is of theorderof 2.45GHz. Thecoversaredismountablein thePhilips’ cavity,
for obviouspracticalreasons.Theelectricalcontacttheremustbegood,becausethemicrowave
currentpassesthroughthescrewedinterface.Onecould,for sealwelding,designacavity which
opensinto ‘dees’,giving anon-criticalinterface.

Polycarbonatedoesn’t seemto bea materialwith very high losses,andliteratureon its
dielectricalpropertiesis scarce.Onemustkeepin mind that thosepropertiesareessentially
dependentuponbothfrequency andtemperature.In any case,morethanenoughpower turned
out to beavailable:oneminuteat full power is sufficient to thermallydestroy thePC.

Axially, thingsarejustthewaywewantthemto be.Thefield is aboutconstantoveralong
distance- aboutthecavity height.Nevertheless,therewill beanaxial temperaturegradientwith
a maximumin thecavity centre,dueto heatconductanceand— moreimportantly— thermal
inertiaeffects.Melting setsin at thecentre,anda broader, diffusemelt zoneis obtainedwhen
heatingis continued,ata lowerpower level.

a) b)

Fig. 24: Themicrowave cavity, loadedwith a specimen-in-jacket. A few little holesin thecavity’s mantlepermit

theprocessto bemonitoredwith theaid of a video-camera,if the jacket is transparent.Externalcompressionof

thespecimenis essential.

Themainproblemto solve with this technologyis thatof the radialgradients.Thema-
terial deepinside,neartheaxis,suffersfrom over-heating,at a momentwhenthesurfacemay
not have evenstartedto melt. Filling the cavity with a dielectricload (PC+ jacket) modifies
thefield distribution in that themaximumat theaxisbecomesmorepronounced.Moreover, if
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the jacket is madeout of low-lossmaterial(it usuallyis), thenthe PCsurfaceis handicapped
additionally, becauseit transmitsheatto thecold jacket.

The combinationof jacket and external compressionhasproven effective in avoiding
humidity bubbles. However, the assemblyclearly tendsto develop a ‘bell’ at or nearthe hot
spot.Thereasoncouldbeourfailureto supplymaterialto themeltedzone,supplypromptedby
solidificationandcool-down shrinkage.Therequiredcompressioncould turn out to beof the
sameorderasthatfor methylenechloridewelding.

The transmittedpower hasto be variedduring the welding process;it mustbe sharply
diminishedaftercoremeltinghassetin.

At presentwe aretrying to pre-heatthejacketwith apolyimide‘glow plug’. In any case,
anidealjacketmaterialwhichwould

– behardandrigid at temperaturesup to 320� C at least;

– havea very low thermalexpansioncoefficient;

– havevery low thermalconductivity;

– have significantdielectriclosses,or, if not, bedielectrically‘inert’ (
� ¢ A ; ) AND have

low thermalcapacity;

– preferentiallybeoptically transparent,

hasnotbeenfoundyet.

Our researchhasbeenvery limited, but, in spite of the difficulties encountered,this
methodwould undoubtedlybe a seriouscandidatein the caseof seriesproductionof large
PCseals.

8 WHY POLYCARBONATE?

Thereis absolutelynoproof thatotherpolymermaterialswouldNOT work.

Below we list thereasonswhy weconsideredPCto beagoodcompromise:

– Thermosetsarehardandintractible;they areto beruledout.

– Elastomers(rubbers)are in their rubberystateat RT, but upon cooling down they in-
evitably getglassy, hard,andproneto cracking.Moreover they shrinka lot.

– Most of the familiar semi-crystallinethermoplasticshave their (main) glasstransition
temperaturebelow RT. Thismeansthattheamorphousregionsin betweenthecrystallites
arein their rubberystateat RT. Theconsequencesaregooddeformationcapabilitiesand
toughness,againatRT! Below theglasstransitiontemperaturethey usuallybecomevery
brittle; polymercrystalshave (far) fewerslip systemsthancubicmetallattices.They are
alsoquitestiff. Below 100K, POM, thepolyamides,HDPE,andevenLDPE andPTFE
havehighermoduli thanmostof theamorphousthermoplastics(suchasPC)[3].

– Thereis not much choiceamongthe amorphousthermoplastics.PS and PMMA are
brittle; PVC is lesstoughthanPC.Moreover, PVC is no longervery fashionablewith
respectto fire safety.

23



– PC hasbeenintensively studiedin termsof deformationandfracture,evenat low tem-
peratures.This is notnecessarilytruefor otherpolymermaterials!

– Thehigh temperatureresistanceof PCwould enablea modestbake-outof sealedassem-
blies(bake-outtestswerebeyondthescopeof thisproject).

– Its transparency enablesan optical quality control (and an optical monitoring of mi-
crowaveweldings).

Themaintopicof carewith PCis its tendency to developstraincrazing.

Poly(butyleneterephtalate)(PBTP)couldperhapsbestudiedasanalternativematerial.

9 OUTLOOK AND SUGGESTIONS

– Evenmoreseverelong-termtestingis neededin orderto increaseconfidencewith respect
to straincrazing.

– Only highmolarmassmaterialshouldbeused.Attemptsto injection-mouldsmallerseals
shouldbediscouraged;it would bebetterto machinethem. Oncemore,theedgesmust
be rounded! For larger seals,standardrod materialwould have to be madeavailable,
extrudedon thefinal dimensions,andwith roundededges.Ideally, very long rodswould
beavailable,necessitatingonly oneweld.

– Thetotalradialforce,with whichtheflangenosekeepsthesealin placein spiteof thermal
expansioncoefficientdifferences,is proportionalto theseal’scross-sectionarea.It could
payoff to limit/minimize thisareasomewhat.

– Elegant‘springs’ for thebolting of high-endapplicationshave still to befound. Theex-
istingumbrellawashers,whichfit to boltsof reasonablediameter, arelargely insufficient:
theirstroke is toosmall,andsois theforceneededfor total squeezing.

– Thenosegeometry(shape)will have to beoptimized. Insteadof theused–40� /0� , one
could try –20� /+20� , in the hopeof reducingthe cracktendency of Fig. 17 whilst still
keepingthesealin placeduringcool-down. Furthermore,it is questionablewhetherthe
dips at the nose’s rootsweresucha goodideaafter all, especiallyin combinationwith
spring-loadedbolts.

– Performanceof methylenechlorideweldingsmayincreaseafteracarefulannealingtreat-
ment.Theweldedobjectwouldbeput in atunnel-likejacketandcompressedaxially. The
jacket’scentre— wheretheweldis — wouldbeheated,but its endswouldremainbelow
120� C in all cases.Thejacket’s centretemperaturewould beincreasedslowly, from RT
upto some120� C, with firm compression.ThispermitsCH� Cl � outgassing.Afterwards,
thecompressionforcewouldbeloweredandthejacket’scentrewouldbeheatedto above
PC’sglasstransition.A veryefficientstressrelief is thelogicalconsequence.As anextra
bonus,onewould now make moreprofoundmolecularentanglementsaroundthe inter-
faces[8]. The tiny cracksreportedupon(Fig. 23) might have a fair chanceof healing,
seeagainRef. [8].

– Clearly, it would beniceto producerealsealswith microwavewelding. If thejacket has
to beoutof onepiece,it couldbebrokenafterwards.
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– Theinfluenceof pump-oilcontaminationonstraincrazingneedsto beexamined.

– Is it conceivableto transfertheexperiencegainedin thisprojectto cryogenicvalves?

10 CONCLUSION

Ourobjective is believedto bewithin reach.

Ductility andtransparency of PC areexploited. The increasein stiffnessandhardness
on cooling down is relatively modest,andthis further advocatesthe useof this material. Its
main mechanicallimitations (poorductility at very low temperatures,notchsensitivity, strain
crazing)have not adverselyaffectedour application,andthushopefullyremainof no concern.
Its highglasstransitiontemperaturewouldprobablypermitamodestbake-out.

Thetightnessprofile (‘nose’)on theflangeis rathercoarse,andthis relaxesrequirements
onbothsealandflange(surfaceandmaterialimperfections).Thenoseseemstoadequatelykeep
thesealin placein spiteof thelatter’s importantthermalexpansioncoefficient. Consequently,
the sealcaneasilypair flangesout of differentmaterials. Tightnessis not perturbedduring
or aftera cool-down quench.Thehydrostaticcomponentof themechanicalstressstatein the
squeezedsealis predictedto be compressive. The remaining‘bounceback’ elasticity in the
compressedsealis veryattractivecomparedto classicalsolutions.It morethancompensatesthe
through-thicknessthermalcontractionof thePCseal. We have proventhata sealedassembly
canindeedbe operatedwithout additionalflexibility in the bolting equipment.Compression
forcesareimportant,yet comparefavourablyto conventionalcryo-proofboltedassemblies.

Thetightnessqualityis limited,atleastatroomtemperature.Therevealedgaspermeation
ratesaretypical for amorphousthermoplastics.However they decreaserapidly with decreas-
ing temperature.High-vacuumquality sealingcaneasilybe achieved as from 120 K (LKr)
downwards.

A cost-effective way of producinglarge-diametersealshasbeendemonstrated.With
thenecessarycarecheaprod materialcanberolled to obtaincircularsegments,or ultimately,
a completering with only one dislocation. The endscan be butt-weldedwith a methylene
chloridebasedprocesspioneeredatCERN.Sealshavebeenrealizedin thiswayandhaveshown
acceptableperformance.Anothertechnology, dielectricweldingin a microwave cavity, seems
to offer veryattractiveperspectives.
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