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Abstract

The possibilities and difficulties of realizing cheap and robust cryogenic sealing, based
upon a polycarbonate rectangular-section ring squeezed in between flanges with a ‘nose’
profile, have been examined. We summarize the properties and limitations of bis-phenol-A-
polycarbonate, and compare these to our sealing requirements. Computations of the flange's
nose indentation are discussed. We derive from it estimations on cool-down shrinking
problems, tightening forces, and remaining elasticity. Flanged assemblies have been
extensively tested in a liquid nitrogen environment: shock quenches from room temperature as
well as long-term exposures to the liquid. Helium permeation through the seal has been
measured as a function of temperature. A test in a liquid helium environment (4.2 K) has been
done. We further discuss experiences with the production of large-diameter seals, from
plastically deformed rods, butt-welded with a solving agent at one or more places on the
resulting ring's circumference. Finally, we present first impressions on a promising alternative
welding method.

Résumé

Nous avons exploré les possibilités et les difficultés de la réalisation d'une étanchéité
cryogénique, économique et robuste, basée sur un joint en polycarbonate. Ce joint, un anneau
de section rectangulaire, serait écrasé entre des brides équipées d'un profile de ‘nez’. Nous
récapitulons les propriétés et les limitations du polycarbonate de bisphénol-A, et nous les
confrontons avec nos exigences d'étanchéité. Des simulations numériques de 'impression du
nez dans le joint sont présentées. Nous abordons les problémes du rétrécissement au froid, des
efforts de serrage, et de I'élasticité résiduelle. Des ensembles bridés ont été soumis a des essais
poussés dans l'azote liquide : des trempes aussi bien que des expositions au liquide de longue
durée. La perméation de 'hélium & travers le joint a été mesurée, et cela en fonction de la
température. Un essai & I'hélium liquide (4.2 K) a été effectué. Nous présentons ensuite nos
expériences avec la réalisation des joints de grand diamétre, & partir de tiges cintrées, soudées
avec un solvent & un ou plusieurs endroits sur la circonférence. Enfin, nos premitres
impressions d'un procédé de soudage alternatif de grand potentiel sont discutées.
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1 MOTIVATION

CERN, the world’s largestparticle physicsresearctacility, hassincelong beenthe sceneof
considerablactuity in cryogenics.

Superconductingnagnetdor detectordirst appearedn the bubblechamberera. They
areappliedin mary contemporarandfuture detectorsandtargets. Anotherapplicationin the
detectoffield arethenobleliquid calorimeters.

Particle acceleratorare now becomingcryogenicsitesof unprecedentedizeandcom-
plexity. 288 superconductingcceleratingavities arenecessaryor the enegy upgradeof the
27 kilometreLarge Electron-Positro©ollider. TheLargeHadronCollider presentlyundercon-
struction,to belodgedin the sametunnelandthusof equallength,will befully equippedwith
superconductingpendingandfocusingmagnets.Therehasbeena continuouseffort to realize
andimprove viableandeconomicatismountableonnections.

Severaltypesof cryogenicsealingsystemsareon themarket. A few of themhave gained
large-scaleapplication.

Indium-basedsolutionssuffer from a lack of elasticbounce-baclcapacity necessitat-
ing specialprecautiongo presere compressiororce. Realizingsuchsealsrequiresa certain
‘artist’'stouch’. They have never gainedatrueindustrialstatusandareusedlessandless.

CF®-type assemblieareknown from the ultra-highvacuumworld. A knife-typeprofile
ontheflangesds driveninto aflat, square-sectiommetallicseal,usuallymadeof copper In that
case high demandsre put on the flangematerialandthe flangesare expensve. The bolting
overheadis considerable.Standardequipmentexists for nominal diametersup to some200
mm. The solutionis definitely not suitedfor very largeassemblies.

The Helicoflex® sealconsistsof a soft metallic mantle (mostly unalloyed aluminium)
wrappedaroundatorus-shapedardspring. Thesealis circularin cross-sectiorgtleastbefore
tightening.It getssqueezedo a nearelliptical shape.Thereis someelasticbounce-backThe
principle is elegant; requirementon the flangesare modest. The bolting overheadis non-
negligible, yetfeasible.Howeverthesolutionis proprietaryandlarge sealsarevery expensve.
Therearedifferentopinionson the ability to re-usea seal. Thealuminiumtightnessnantlecan
easilybedamaged.

Thework reporteduponherehasbeemanattempto find cheapsealsthatcanbeproduced
‘on site’ if necessanandwhichareindustriallyrobust,limiting therequirementsnflangesand
bolting.

Onecouldfurthermorethink of specialapplicationdik e electricallyinsulatingbridges.

A topic of specificinterestis the ability to pairtogetherflangesout of differentmaterials.
This pairing problemis one of the majorissueswhentrying to develop cryogenicequipment
(partially) out of aluminium.

2 ON POLYCARBONATE

In a broadsensepolycarbonatesonstitutethe family of thermoplastigpolymerscontaininga
-O-CO-0O-(carbonateyroup,Fig. 1a. Theonly significantmemberhereinaftesimplyreferred
to aspolycarbonater PC (Fig. 1c), is the resultof a phosgenatiomprocesson bis-phenol-A,
Fig. 1b. The materialis also known undertrade namessuch as Lexar®, Makrolor® and
Merlon®.

Notethe high densityof intractiblearomaticringsin the molecules backboneresulting
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in aremarkablyhigh glasstransitiontemperaturd, of aboutl50°C. Temperatureapto 120°C
caneasily be sustainedand creepresistancet room temperaturdRT) is outstandingor an
amorphougseebelan) thermoplastic.Melting setsin graduallyat about225°C, albeitwith a
very high melt viscosity which evidently decreasewith increasingemperatureBurningand
thermaldegradatiorproblemsbecomeapparenfrom about280°C onwards.

The side groups,methyl and oxygen, are not very bulky, yet the materialshaws little
tendeng to crystallize. Commercialproducts(mostly injection moulded)and semi-products
(mostlyextruded)arecompletelyamorphousndshow excellenttransparenc(safetyglass).

CHj

froo'e§  0ax)c<0)on
a) b) CHg

CH, o
I

Folo-i]

CHj
Fig. 1: a) Polycarbonatem the broadsenseb) Bis-phenol-A;c) Commerciapolycarbonatérepetitive unit).

A slow cool-davn from T, or aprolongedannealing’treatmen(.. 135°C ..) will never
thelesscausecrystallization.This shouldbe avoided. Not only do the productsgetopaqueand
stiffer andhardey they losemuchof their ductility aswell.

Becausef thisamorphoushature therubberystate(T" > T;) is characterizedby a very
smallmodulus(Fig. 2) andmaiginal yield andcreepstrengths PC productsgetso soft above
T, thateventheir own weightbecomegproblematic.

Roomtemperaturés alreadyvery low comparedo 7,: thematerialis well into its glassy
state.Onehopedo find little extratroublewhencoolingdown furtherto nearlyO K, but thisis
notentirelythecase:

— Therelative increasen elasticmodulusis far greaterthane.g. for metals(Fig. 2). It is
however moderatecomparedo otherthermoplastics.

— Oneor moreso-calledsecondary-statgansitionsoccur undoubtedlylinkedto a lossof
side-groupmobility. The first suchtransitionis sometimesjuotedat around-50°C. A
correspondinglropin impactstrengthis reportedaswell.

Thermalexpansionis depictedin Fig. 3. Locking PCto metalat RT, andthencooling
downto near0 K, inducesoughlya 1% mechanicastrainin thepolymer Thermalconductvity
is low: about0.2W/(m-K) atRT, decreasindor decreasingemperaturén theusualfashionfor
amorphoughermoplastics.

Waterabsorptionn theglassystateis very low. Humidity cannevertheles®eanotorious
enemy:

— Theabsorbedvaterresultsin spectacular— andfast— bubbleformationwhenheatedo
above 160-170C. Drying seemdo betedious,requireshigh temperature§120°C) and
maytake mary hoursfor piecesmorethanjust afew millimetresthick.
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— Melting humidfeedstocks known to give brittle products At temperaturebelov 120°C
thereareno known adwerseeffectson PC productswhich have undegoneusual,’ambi-
ent’ moistureabsorption And this apparentlyalsoholdsfor cryogenicseals.

The C=0 region is somavhatpolar (hasa small electricdipole moment);this opensup
the possibility of heating(welding!) by dielectriclosses. PC is dissoledin agentssuchas
methylenechloride(CH,Cl,).

Thematerialis fairly resistanto a numberof agentshut is readilyattackedby someoth-

ers.Especiallynotevorthyis the ervironmentalstresscrackingin the presencef oils, greases,
solvingagents.Thecleaningof productswith ethanolshouldNOT give problems.

10,

10t ‘

0 50 100 150 200 250 300 350 400 450
T [K]

Fig. 2: Small-signatensileelasticmodulusasafunctionof temperaturégliteraturecompilation).Databelov about
200K arediffuse.Poissorsratiois quotedto be0.37and0.39at4 K andRT respectiely.
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Fig. 3: Thermalexpansiorof PCcomparedo somerelevantcryogeniaconstructiommetalg(literaturecompilation).



3 DEFORMATION, DUCTILITY, TOUGHNESS, CRAZES, CRACKS AND FRAC-
TURE

Therearebasicallytwo modesof plasticdeformationn a glassyamorphoushermoplastic:
— (bulk) shearyielding;
— crazing.

Sheawieldingis aconstantolumeprocessandrespondsnainly to thesheaicontritution
in the stressstate.

Figure 4 depictsa stress-straircurve and specimenlife’ resultingfrom a tensiletest
whereshearyielding waspossible. The elongationat breakreachesttractve values,andone
classifiegshebehaiour as‘ductile’.

70

b)
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30

| | —=————] m
20l - - |
; ] ©
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0 01 02 03 04 05 06 07 08 09 1
strain [-]

Fig. 4: Uniaxial tensileteston PC at moderatestrainrates(order10-2 — 10~ persecond)atroomtemperature:
a) engineeringtress/ersusengineeringstrain,typical curve; b) tensilespecimerat differentinstances.

Thevery earlyformationof alocal neckis adirectconsequencef amechanicallyunsta-
ble plasticdeformationonset:the engineeringtresgandthusthetotal forceaswell) decreases
after having passeda maximumvalue (which is calledthe ‘yield stress’by corvention). This
‘strain softening’is typical for mary (ductile) thermoplastics.Furtherstrainingresultsin a
slight orientationstrengtheningyisible asalocal rise at the endof the curve. This strengthen-
ing eventuallystabilizeshe necking,andmakesthe neckexpandthroughthe specimerbefore
final rupture. The failure modein this caseis mostly sheartearingor a sortof microvoid co-
alescence.The strainsofteninginstability tendsto localize (the startof) plasticdeformation.
So-calledshearbandsare sometimesrisible on the surfaceof a strainedobject. They try to
orientthemselesto the directionsof maximumsheay Fig. 5. Pronouncedsharpshearbands
may initiate cracksat their crossingsandareto be avoided.

The (much)moreembarrassingeformationmodeis crazing,a phenomenotypical for
polymers(thoughthereexists uncertaintyaboutits occurrencen materialsotherthanglassy
amorphoushermoplastics)A crazediffersfrom a crackin atleasttwo ways(Fig. 6):

— It is muchsmaller especiallythinner andits edgeqtips) arevery sharp.

— Thecrazeis notempty So-calledfibrils’ of extendedchainsdravn from the bulk mate-
rial, spanthegapandgiveit a certainload-carryingcapacity
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Fig. 5: Sheatanddor differenttypesof loading.
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Fig. 6: Artist’'sview of acraze.

If crazingoccurs,thenreal crackingcannever be far away. Crazingmay not at all be
a brittle eventfrom a materialscientists point of view. However, catastrophidailure dueto
crazing—crackindS regardedas brittle from a more mechanicalviewpoint whenonly a very
smallportionof thetotal volumewascapableof absorbingplasticdeformatiorenepy.

For crazesto form or to grow (increasein volume), the hydrostaticcomponenif the
stressstatemustbe positive, sotensile. Thereis a cleartendenyg for a craze(anda crack)to
orientitself perpendiculato thedirectionof thelargestprincipal (tensile)strain.

Whetheror not (unfortunatelymoreoftenthannot) anobjectfavoursrespondingn craz-
ing termsratherthanbulk yielding, depend®n severalfactors.

— Material. Tensiletestscarriedout on samplesout of polystyrengPS)or polymethylme-
thacrylate(PMMA — alsoknown undertradenamessuchas Perspg® or Plexiglas®)
resultin low rupturestrains:crazing! The outcomefor PCis quitedifferent,asdiscussed
above. Thisapparenthpig differencehasbeenthesubjecof researctandcontrorersy yet
a foolproof explanationdoesnot exist. We musthowever emphasizehatthe difference
is not asbig asit seems.Crazingandbulk yielding are competingmechanisms Bulk
yielding happenedo setin first, underthespecificconditionsfor PC,but somealteration
may give a completelydifferentresult. EvenPCis quite proneto crazing!

— Materialagain. The higherits molarmassthe higherthe densityof molecularentangle-
ments.Therisk of crazeformationreducesandtoughnesdenefitsbut reacheganupper
bound).

— PCis known to be sensitve to ‘strain crazing’. A designrule saysto limit long-term
tensilestrainingto belowv 1% at RT. The temperaturelependencef this limit valueis
unknown to theauthor



— Aggressve agentscan have a very significanteffect. Remark: nitrogenand argon are
reportedo have someadwerseinfluenceon PCatabout80K [1].

— Stressstate: very important! Multi-axial tensilestresses— which caneasily occur at
sharpedges— arevery dangerousPC’s plane-strairfracturetoughnesds;, is reported
to be only 2.2 MPa,/m (RT value)[2]. The crazingtendeng is firmly reducedasthe
hydrostaticstresscomponentanishespr even better becomesegative (compressie).
Underthelattercondition,evenPSandPMMA exhibit sheatyielding capability!

Theinfluenceof strainrateandtemperaturen the fracturebehaiour is a difficult issue
[2-4]. Plane-strairfracturetoughnessncreasedor temperaturalecreasingrom ambientto
some77 K, with somecrack propagatiorrate dependencat the latter temperature At 4 K,
againa moremodestvalue,apparentlynot ratedependentis found. A (sudden)dropin blunt
notchimpact‘strength’ for decreasingemperaturdnasbeenreported but be carefulwith the
interpretation!

Much of thetestwork (seefurther) hasbeendevotedto inventorizingcrazingtendeng in
our specificsealingapplicationandunderconditionswhich aretypical for cryo-sealing.

Polymersare not able to deform plastically at extremely low (< 77 K) temperatures,
wherethey areessentiallybrittle (failure mode:cleavage).

Rupturestrainof PCis reportedto be 3.3%at 4.2 K [3]. This may not seemmuch,yet
thevalueis amongthe highestof all polymersmentioned.

4 THE FLANGE PROFILE - INDENTATION BEHAVIOUR - COMPRESSION -
BOLTING

It wasjudgedusefulto apply a sealwith a simple,rectangularcross-sectionEachhardflange
would thenhave to drive alocal impressionanindentation)into the softerseal,muchlike CF
assemblies.

Thetwo flangesarenotin directcontactwith eachother A PCsealecassemblypecomes
an electricallyinsulatingbridge, when precautionon the level of bolting aretaken. Sucha
bridgehasbeeninstalledin the NA48 experiment(liquid kryptoncryostat).

Onewould betemptedto make a ‘coarser’ (deeperndlarger)impressiorthanCF This
hasthe clearadwantagethat we becomemuchlesssensitve to materialand surfaceimperfec-
tions,for bothflangeandseal. Theeconomigotentialis evident;theassemblys more‘robust’.
The lower stiffnessandyield strengthof the polymerseal(comparedo the metallic CF seal)
make it possible.

A roundedflangeindentationprofile (a ‘nose’) hasbeenchosenyatherthana sharpCF-
like ‘knife’. Fromanemotionalviewpoint(!) sharpnever fits well to polycarbonaténot even
when the stressstateright underthe knife could turn out to be triaxially compressie). In
practicea noseflangecould prove morerobustthana knife one; we would like to be ableto
work with flangeswhich arecheapethanthe corventional forged,vacuum-remelte816LN!

Figure7 confrontsthetraditional CF geometryto theusedPC-sealedolution.

Somefurther detailson the ‘nose’ aregivenin Fig. 8. It mustfirmly lock the PC seal
whencold, in spiteof its tendeng to shrinkabout1% more(in absolutegerms)thantheflange
metal,seeChapter2.



This also meansthat mechanicalcircumferential tangential tensile strainingof about
1% will beimposedon the polycarbonatewhencold (at least,on the bulk partof the seal—
thesituationis muchmorecomple in thevicinity of theimpression) Theconsequences this
arethat

— we have to carefully watchwhetherstraincrazingdevelops. Indeed,this 1% is just the
designlimit, atRT, andthereis uncertaintyof how muchconstanstrainPCcanwithstand
atlowertemperatures— seeChapter3;

— theweld(s)in thesealhas(hae) to be strongenough!

seal wdth
Sy ML |

i
nominal diameter |

I
|
|
|
G /, i
]
-
|
i

seal thickness

-L(nlre- nose

mean seal diameter

Fig. 7: CFassemblyleft) andPC-sealedissemblyright), andsomelanguageornventions.

A roundingradiusof 0.2 mm onthe nosetip seemgeasonabléor non-ectremenominal
diametergbetween35 mm and,say 2 m). A consequencef this bluntnesds a steepinitial
increaseof the compressioriorce (asa functionof deflection).This handicags relative, asthe
total indentationdepthis considerabhgreatethantheroundingradius.

Limiting the conicaledgeangleto 40° meandimiting theincreaseof compressiorforce.
Thesituationis differentfor CF, especiallyfor thelargernominaldiameters!

It is practicalto definethe nominal compressiorstroke suchthat the bulk of the seal
surfacetoucheghe flangesurface,the latter actingasan ‘arrest’. Werethe dips at the noses
rootsabsentthentheinevitableroundingdueto the cuttingtool’s shapewould resultin a steep
increasan compressioffiorce beforeactuallyattainingthe arrestsurface.

Thelayoutis suchthatthe final machining— of the nose— canbe executedon 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). This geometrymaynot bethe optimalone.

If thesealis ableto withstandthe 1% inducedstrainingwhencold, thenit shouldcertainly
not have ary trouble pairing togetherflangesmadeout of differentmetals. Theimbalancen
their thermalcontractionis typically a per mille effect in absoluteterms, seeagainFig. 3.
However, for very large diameteronehasto careaboutadditionalsealshearingFig. 9.

1/
/i
A

Fig. 9: An aluminium (upper)to austeniticsteel(lower) union of 6 m nominaldiameter;cold. The difference
in shrinking betweenthe two metalsis of the order of one per mille, resultingin a shearingeffect A = 3 mm
approximatelymhegapB hasto bedesigneduficiently wide,andconsequentlyhesealbecomewerythick. The
precautiongor the bolting areevident.

Numericalsimulationsof thesealcompressiomrevery cumbersomejueto its extremely
non-linearcharacterHowever, in orderto learnatleastsomethingwe neverthelesslid perform
somefinite elementmodelling,albeitwith importantsimplifications:

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

— A somevhatsimplified material(PC) stress-straicurve wasused.

— Materialagain:Von Misesyield criterion;associateflow rule (Prandtl-Reuss)sotropic
strainhardeningule. It wasnot possibleto modela pressure-modifiedfon Misescrite-
rion — morerealisticfor polymers— in thefinite elementtodewe used(Ansys).

— Thenoseindentatiorwasmodelledusinga discretenumberof gapelements.
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Fig. 10: Axisymmetricfinite elementmodel,furtherexploiting top-davn symmetry(right), andthe corresponding
set-upfor experimentalerification(left) of theindentatiorbehaiour.

Figure 11 depictswhat happenswith the sealafter a moderatandentationandFig. 12
comparesheresultingforce-deflectiordependenceith measureaurves.

Figurel3representthecompression/decompressimeasuremerdf the‘real’ geometry
usedfor the ‘small device’. Theforcesareimportant,in someway comparabldo thoseof a
Helicoflex® seal.Howeverthe noseis ratherbig for a 35 mmassembly

Figurel14 shovsthebolting detailsof the ‘'small device’. Themoderatdighteningforces
do not necessitatat all suchheary bolts. They have merelybeenchosenin orderto mount
elasticwashersvith adequatéorceanddeflectionranges.Thedevice hasbeenusedfor difficult
heliumtests,andwe wantedto bereally sureof having sufficientcompressiomtall times.

On the otherhand,the ‘large device’, depictedin Fig. 15, wasonly equippedn a poor
man’s fashionwithout ary externalelasticelement(in spiteof having austeniticsteelboltsfor
aluminiumflanges)andthereforehandicappeth somesenseThis big assemblysenedastest
jig for deformed-rod/btt-weldedsealsseeChapter7. It only underwensimpleliquid nitrogen
testing.No accidents— like vacuumcollapsein the cold — occurredn spiteof the handicap.
Therearesigns,however, of a potentialperformancencreasgheliumpermeation!)in thecase
of lesslossof sealcompressioffiorcein the cold, seeChapters.

Theflangescan,in the authors opinion,be madeout of ary type of 300 seriesaustenitic
steelof correctstandarcelaboratiomuality. The mechanicapropertiesof 304L aremorethan
sufficient. Carehasto betaken,however, in thecaseof aluminiumproducts:agoodmechanical
performances mandatoryNotonly is thenosetip subjectedo highstresse¢Fig. 11a),onehas
to think of scratchsensitvity aswell. The highly alloyed memberof the 5000(AIMg) family
seemacceptable6000(AIMgSi) alloys canbe usedaswell, whenhard(aged),but be careful
aboutweldability. High-endUHV boltsaremostlik ely notnecessaryandhave notbeenused.
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Fig. 11: Finite elementmodelresults;the noseenteredd.5 mm. The models outputis in true stressvalues,not
engineeringa) The cross-sectionf the (half) seal. Therotationaxisis far to theleft. Only the skin of thenoseis
visible. Justbelow thenose(zoneA) theequivalentplasticstrainattainssome45%,andall threeprincipalstresses
aresstrongly compressie (rangingbetween-143and—100MPa - not conflicting with 65 MPa yield strength!!).
Tensilestresseslo notoccur, exceptin the seals coreregion (zoneB), andat the free surfacejust outsidethenose
(zoneC): radialstressedn bothzones.b) The compressiofin the seal,from nosetip to sealcore. A considerable
amountof elasticenegy hasclearlybeenstored.
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Fig. 12: Compressioffiorceversusndentationdepth thelatteraccordingo the simulations convention(one-half,
or, perflange). 0.5 mm in theseunits meansthat the two flangeshave come 1l mm closer — Measurements
(solid): ‘up’ and‘down’. The machinewas hand-driven, deflectionratherthanforce beingimposed. The test
took about15 minutesandthe ‘breaks’in between(vertical line segments)lastedsome30-50seconds.Relax-
ation and anelastic/visco-elastieffects are eye-catching:you could virtually measureanything! The measured
elastichounce-backs enormoushut probablybecausé¢he compressionastedonly minutes(dotted: speculation
of what might happenafter muchlongerhold to maximumindentation).— Computationgdashed):only ‘up’.
The disagreementvith the measurementis understandablegiven the extremenon-linearitiesandthe imposed
simplificationson materialconstitutve behaiour.
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Fig. 13: Specificcompressioriorce versusindentationdepth,measuredvith the blind flangeof Fig. 8, andona
sealwith half-thicknesgFig. 10) 2 mm. Again ‘up’ and‘down’.
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Fig. 15: The‘large device’. The nosesare somevhat coarser:they have to copewith sealswith lessprecise
geometry(thicknessvariations etc.).

5 LIQUID NITROGEN AND LIQUID HELIUM TESTS

The large device was put in a liquid nitrogenbath and hasbeentestedwith 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 the pump/detectorVery brutal quenchegrom ambientto 77 K could thusbe executedand
carefullymonitored.
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Fig. 16: Thetestset-upfor thelargedevice.

Note that the main flangesare madeout of aluminium(6000- aged),andthe bolts out
of austeniticsteel; therehasbeenno additionalflexibility in the bolting. Note alsothat the
connectiorto the austeniticsteeltubeis doneby PC sealingaswell; herethereareno spring-
loadedbolts either Much of the compressiorforce undera certainbolt getslost whenthe
following bolt is tightenedafterwardsto compresshe sealfurther Thebolt is too stiff, andcan
hardly storeary elasticenegy. All boltsshouldbe tightenedsynchronouslyn orderto avoid
this handicapwhich is alsopresentwhencompressingn O-ring, a Helicoflex, or evena CF.
This hasnot beendone. Simple, sequentiatighteningwith only one pair of handstypically
took four to five rounds.

Whethergently cooleddown or quenchedthe vacuumnever collapsed.In generalthe
gaugereadingdescendeffom typical 10~° down to 10~ mbaror evenbetter andthe helium
backgroundrom somel.5to 0.5times10~ mbarl/s. Sometimeshe vacuumworsenedem-
porarily on the way down to 77 K. This could have beendueto someminusculesealmotion/
deformation. Anothertheorywould be additionalsurfaceoutgassinglueto oxide layer dam-
age.Thebig aluminiumsurfaceshadbeenmachinedyethadnotundegonethe propersurface
treatmenfor high vacuumafterwards.

Heliumwassprayedaroundthe device at regularintenals, beforeandduringcool-down,
whilst cold, andafter eventualwarm-up.Whencold, this wasdoneeitherby lifting the device
someavhatout of the bath (but not entirely out of the dewar - humidity!), or by sprayinginto
thebath. Sometimes slow but significantreaction(mary 108 mbarl/s) wasregisteredaftera
generouseliumspray Theboltswerethenfirmly re-tightenedn the cold state.After this, the
performanceémprovedsignificantly Thisre-compressiohasbeendonefor thefirstandsecond
sealsnotfor thethird.

Thefirst sealhasbeenusedtwice, i.e. hasbeendismountedcandre-mountedcompressed
andcooleddown again.It wasstill moreor lesstight (the vacuumdidn’t collapse) put perfor
mancehadclearlydegradedsometimesn anawkwardway. We have to mentionthattheability
of re-usinghasnever beenamongour primarygoalsandwe do notrecommenduchpractice.
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Thesecondandthird sealsunderwentong-timetesting.They eachremainedn thedevice
for abouttwo months. The secondsealwas cooleddown from RT threetimes,andwascold
(andin contactwith LN5) for aboutonemonthaltogether The third sealwaskeptcold all the
time.

A circumferentiatrackingattheoutsideof theindentationwasvisible onthedismounted
sealswverylight andshallav in thefirst seal deepeandsometimesleviating outwardto nearly-
radial directionin the secondone, Fig. 17. This may not be so surprising: seeFig. 1la.
However, nothingof the sortwasvisible on the third seal. Apparently the extra deformation
by the firm re-compressionynderunfavourableconditionsof a low temperaturendnitrogen
ervironment(Chapter3), hadbeenjusttoo much.

The smalldevice waspreparedor servicein a warm-coser heliumcryostat,Fig. 18. A
first sealwas'in’ for mary months,andhadbeencold (to 77 K) afew times. Onelittle edge-
surfacecrackwasfound. The edgehadbeenchamferedoefore,but this chamferwas rather
sharp,notrounded.

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 waspermanentlyexposedio LN,. Both second
andthird sealsarefreeof ary visible damage.

The performanceof the small device during LN, testing(not in the He cryostat)was
without comment probablythanksto the spring-loadedolts. Regardingthe 4.2 K testin the
cryostat,the leak detectordid not respondat all — on top of the inherentset-upbackground
signalof 1 x 10~° mbarl/s — to the LHe environment.

Conclusions:

— onehasto roundtheseals edges;
— cheapesboltingis fine, spring-loadedoltsarebetter;
— quenchis no problem:no tightnesscollapse not eventemporarily;

— thenoseshapds notyetoptimal.

Fig. 17: Tracesonthe secondarge sealafterthetest;lesspronouncean thefirst seal,absenpn thethird.
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Fig. 18: Thetestset-upfor the smalldevice in the heliumcryostat.Level andtemperaturgaugesarenot shovn.

6 HELIUM (GAS) PERMEATION

Polymematerialsarenever perfectlytight; acertainamountof gaswill permeatéhroughthem.
Especiallysmallmolecules|ik e heliumandhydrogenmight have little trouble.

A niceoverview is givenin Ref. [5], wherevaluesandtheirtemperaturelependencdor

afew commonmaterialsaregivenaswell. We quotethe essential:

— Thetotal flow of a certaingasleakingthrougha plateof a certainmaterialis givenby:

A
=P=A
Q 7 Ap,
whereA is the exposedsurface(m?), d is the plate’s thickness(m), and Ap the driving
force, being the differencein (partial) pressuregPa). @ is the steady-statélow, and
would convenientlybe expressedn vacuumengineersunits: Pa m3/s (= 10 mbarl/s).
Theproportionalityfactor P is the materials permeabilityfor thatspecificgas,in m?/s.

Permeabilityis the productof solubility anddiffusion,bothbeingtemperaturelependent
following an Arrheniuslaw. Consequentlyfor the permeation,

-F
P:Poexp< RTp>

in which E, is the actvationenegy and R is the universalgasconstant.An Arrhenius-
typetemperaturelependences characterizetyy a saturatiorfor very hightemperatures,
and a very swift decreasdor decreasingemperaturegrushesto zero fasterthan ary
power of T'). Polymersarevery tight at sufficiently low temperature§rovidedthatthey
have not degradedby cracking,etc.).

Permeatiorfor heliumandhydrogenis of the sameorderof magnitude.The valuesfor
methaneresignificantlylower.
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— Semicrystallinghermoplasticglobally have lower permeatiomatesthanamorphoushe-
causeof betteraveragechainpackingin the crystallites.

On our requestForschungszentrurdarlsruhecarriedout helium andhydrogenperme-
ationmeasurementsn 3-mm-thickPCplate,for temperaturesangingbetweent+22and-80°C.
As for their previoustests the Arrheniusfit wasalwaysexcellent.It yielded[6]:

P = 6.4 x 1072 m?/s at 20°C for He (10 x 10~'2 for Hy)
E, = 16.565 kJ/mole for He (23 for Hy) .

The3-mm-thickplateneededbouttwo hoursto reachsteady-stateonditionsat RT, after
the heliumwasadmitted.Reactiorratesatlowertemperatures/ould be muchlower.

Baseduponthis knowledge,onecould make a very roughestimationon the heliumleak
ratethrougha sealedassemblylt is exposedo pureheliumgasat atmospheri@ressuren its
outsideandit is evacuatednside(seeFig. 18). We assumedseeFig. 7):

— aseffective surfaceA: 7 x meansealdiameterx sealthickness.

— aseffectivethicknessi: thesealwidth. Sowe assumedhatthe entiresealarrestsurface,
notonly thenose wassealedff!!! The‘estimation’looksvery muchlike aspeculation!

The measurement® comparewith were carriedout on the ‘small device’ with spring-
loadedbolting (seeFig. 14).

Figurel9shavsthemeasuredheliumsignal(dots/crossegndthe‘estimated’leak(solid
line).

10° \

107

108 L

[mbarl/s]

10° kbt

10‘10 L L L L L L L I
100 120 140 160 180 200 220 240 260 280

T [K]

Fig. 19: Helium leak rate, estimatedfrom PC permeationdata, througha seal (solid line), confrontedto the
measuredeak detectorsignal (dots/crosses).The measuredsignal is in fact the sum of seal permeationand
(parasitic)naturalbackgroundf the set-up. Sealdimensions:36 mm innerdiam.,46 mm outerdiam.,8(!) mm
thick. Bewarethe extremeloading: pureheliumatatmospheripressure!

Thefirst test(dots)wascharacterizetdy a1 x 10~8 mbarl/s naturalbackgroundFor thesecond
test(for which a new sealwasmounted- crossesyve installeda leak detectomwith a pumping
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unit of higherperformance This resultedin a1 x 10~? mbarl/s set-upbackgroundenabling
usto grazesomavhat deeper The sealswere chosernvery thick in orderto boostthe signal.
Neverthelesst proveduselesdo descendieepethansomel20K.

The 10~ mbarl/s orderof magnitudeat RT seemshuge,but onemustkeepin mind that
thisis theresponseo very artificial, extremeconditions. Furthermorethis responsevasvery
slow, very progressie: it took abouta working dayto reachthe 10~¢ steady-statgalue.

We have to mention,without goinginto details,thattherearemary potentialsourcesof
troublewhencarryingout suchanextremetest.

7 PRODUCING LARGE-DIAMETER SEALSOUT OF A ROD

For diametersabore onemetre, it becomesmpracticalto machinea completesealout of one
plate,if theplateexistsatall! Soonewould have to weld piecestogether A practicalsolution
would now consistin startingfrom a pieceof long rod, with the final sealcross-sectionand
bendingit to acircularsegment.

7.1 Rod deformation

Thematerials ductility (seeFig. 4) enablesa plasticdeformation(roll bending)at RT. It turned
out corvenientto work on a bendingpresswith four rollers. Two operatorsarenecessarywhen
no additionalrod guiding tool is available,in orderto avoid snap-and-twist.Rate-depending
yield strengthyvisco-elastiandrate-dependingnelastiqoroblems etc. make it impossibleto
geta productof well-definedgeometryout. Figure20 givesanimpressiorof the problems:ithe
productis ‘alive’.

—Foce

Fig. 20: a) Plasticdeformationof a rod on a bendingpresswith four rollers. b) Therod’s behaiour afterwards:
afterminutes/hours/days.

This behaiour doesnot really jeopardizegood sealmaking, onejust hasto adaptto a
job which is quite differentfrom metalworking. We hadthe unfortunatereflex of rolling on
very smallradii of cunature,to pre-compensat®r the relaxation.We thusimposeda signif-
icant (plastic) strainon the innermostand outermostmaterial‘layers’. The strainis actually
somevhat biggerat the pulled outsidethanat the compressedhside, becausgolymershave
aloweryield stressn tensionthanin compressiongftenencompasseith a pressure-modified
Von Misesyield criterion. Sheabands— under+45° (seeFig. 5) — werethelogical resultof
this excessve straining,Fig. 21. Theedgesshouldhave beenroundedbeforethe rod wasbent.
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Fig. 21: Potentiallydangeroushearbandsafter bending,pronouncedt the outside. Extremerolling curvatures
andsharpproductedgesarethecauses.

A moregentleway of limiting free relaxationwould beto putthe productinto a ‘jacket’
right afterrolling, andto limit the excessof deformationduringrolling. Furthermorea very
low bending-presspeedvould be corvenient.

Therod’s terminalsareto be cut away after forming, the lengthto be cut off beingtwo
roller diametersat least. In practice the positionat which to cut away will of coursebe deter
minedby the desiredcircumferentialength. Furthermoret is importantto have flat endfaces,
perpendiculato the rod’s axis tangent- seesectionson welding. Executionby milling, with
the helpof thejacket, seemghemostadequateolution.

Summarizingwe canstatethatsegmentscanindeedberealized virtually without capital
costs. We have alsolearnedhow thingsshouldNOT be done. Remark: bendingat elevated
temperatures believedto give moretroublethangain.

It remainsnow to join the endstogether Eachof the two following paragraphslescribes
onespecificweldingmethod.

7.2 Methylene chloridewelding

This procesdooks muchlik e gluing, andindeedit is oftenmentionedundera ‘gluing’ header
This is not correctfrom a physico-chemicapoint of view. Elsevhere,the joining method
is sometimegeferredto as‘solvent cementing’,anotherratherunfortunateterm. Methylene
chloride(CH,Cls) is a highly volatile liquid, which dissohesa numberof amorphoughermo-
plastics,amongwhich is polycarbonate Ethylenechloride (lessvolatile) and chloroformare
otherdissolvingagentsalbeitnotquiteaspowerful, andsowe haven’t usedthem.If thesurface
of a PC productis wettedby a dissolvingagent,thena thin layer of polymermoleculesgains
mobility, is liquid in somerespect.But the agentdisappearsery soonfrom it, andthe layer
returnsto a solid. The surfacehaschangedn appearancehecausét hadbeen'melted’. More
specifically mostoftenthereis bubbleformation.

The stepto a methodof joining two piecestogetheris evident. The contactareais tem-
porarily ‘melted’ (actually dissoled) after which the assemblysolidifies, polymer molecule
cohesiorbeingre-establishedThe strangesubstancéthe dissolvingagent)disappeargmore
or less),whichis why ‘welding’ is themostappropriatéerm.

It is howevernotsoevidentto producehigh-performanceelds,andthisin areproducible
fashion.Methodsasusuallydescribedn materialapplicationbrochureshave notbeerretained.
We have insteadfollowed the stratg)y developedfor the realizationof transparentargetsfor
BEBC (theBig EuropearBubbleChamber):

— Butt weldsonly: contactareaflat andperpendicular

— Do notweteitherof thetwo pieceso bewelded.
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— Hold athird object,a‘leaflet’ of PC(sheetl mmthick), in abathof solventfor typically
half aminute. Theleafletis now morethanwet: it is virtually saturatedandweak!

— Remue the leafletfrom the bathand placeit rapidly in betweenthe two piecesto be
joined.

— Pushtheassemblyogethethard:atleast6O0N percn? of contactarea.Again,doit very
swiftly. Clearly, this hasto bedonein apress.

— Leavetheassemblyn the pressunderload,for severalhours(6—12).

— Letit dry andrelaxfor afew weeks(atleastthree).

Speeds important:pressurenustbeappliedwithin 15 s of removing theleafletfrom the
bath. Onecould dreamof cold solventandcold products,but an enhancednoisturepick-up
would normallybetheresult,unlessoneworksin a conditionedspace This hadbeendonefor
the BEBC tagets,keepinghumidity at40%relative. An investigatioron theinfluenceof water
wasbeyondthe scopeof our project. Whaterer may be, working within the quotedtime limit
is feasiblefor sealproduction. Risksof bubbleformationareat the origin of requirement®n
speedandpressure.

Theleafletis stickingoutonall sides.In principle,theweldedsealwould now beentirely
machined,n orderto obtainflat surfaces. We have, however, tried to keepthe rod(s)intact,
soasnotto machine andto treatthe weld zoneby handinstead.Most of the surplusmaterial
left by the leafletis cut away with a sharppair of scissorsandthe finishingis doneby filing.
With this filing, we alsosmooththe left-to-right transitiondueto thickness/widthvariationsin
therod(s). Theresultingsealgeometryis not perfect,andthereforeonewould apply somevhat
bigger(deeper¥langenoseghanwould be the casefor machinedseals. The leafletbits have
indeedto be cut away gently, andnot pinchedoff: the violent blastof the latter createsshock
wavesandcracks.

Figure22 depictsthe differentstagesn theprocess.
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Fig. 22: Methylenechloridewelding(theseals rotationaxisis vertical): a) alignandlock therod endsin thepress,
openthe pressp) insertthe wettedleafletin the gap;c) closethe pressandapply pressured) cut away the pieces
of leafletstickingout; e) smooththe surfaceswith afile.

Evidently, the sealingsurfacesat the weld zoneswould be longitudinally polishedwith
fine sandpapera swift andnon-delicateoperation. However, we have rathermadethe weld
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zonestransparenfagain),by puttinga dropletof methylenechlorideon the surfaceandpush-
ing a‘mirror’ againstit, againveryrapidly. Theresultis not very predictableandit sernesno
purposefor sealmaking. It did enableus, however, to examinethe welds‘optically’. We had
apparentlybeenvery successfuin avoiding bubbles. On the otherhand,tiny cracks,longitu-
dinally oriented weresometimewisible - atleastunderthe microscope.They occurredn the
verythin cross-sectiotayerswhich hadbeeneffectively wettedby the solventduringwelding,
Fig. 23.

1mm

Fig. 23: Tiny cracksattheinterfacesat or nearthefreesurface.

If theweldis lessstrongin tension(it mostlyis) thanthebasematerial theneventualfail-
urewill occuratthewelds. Thebulk of theproduct(basematerial)will atthatinstancenothave
undegoneary appreciablelasticdeformation. This is a consequencef the strainsoftening
behaiour, seeagainChapter3. Thefailurewould be brittle from a mechanicaliewpoint. (We
cannotdreamof rolling aweldedrod!) This handicapgs notdramaticatall in sealingapplica-
tions. Oncethesealis ready it would notbe exposedo extremetensilestraining.However, we
do have to copewith a certaintensilestrainingwhencold, namelyabout1%, dueto cool-dovn
shrinkingimbalanceseeChapter and4.

Tensilespecimenshave beenpreparedwith the welding presswhich was also usedfor
sealproductionlateron. They hadthe samecross-sectiormndthe samesurfacefinish asthe
seals. Somewere broken at RT, othersin a LN, bath. On averagethey shaved acceptable
performanceyettherewasanoticeableandsomeavhatworrying spreadn theresults. Thethree
sealspreparedwith the necessarygareall survived (seeChapter5). Anotherone,which was
mountedhardlytwo daysafterwelding,did indeedbreakon theveryfirst cool-dovn attempt.

Compressiomasprovenunproblematicthe weldingsshavedno signsof suffering from
theflangenoseindentation.

Clearly, thewholeprocesss not suitedfor large-scalgroduction.However, thetechnol-
ogy exists, is operationalandcanbe deployedwith very low investmentosts.

Neverthelesshereis still roomfor researcton performancemprovement.indeed there
is evidencethattoo muchsolventremainscapturedn the coreof theweldedinterface— even
after monthsat RT for 6 x 10 mm? cross-section.This contaminatiornwould give problems
(bubbles)in a bake-out. Thereis evidenceaswell of the existenceof a seriousbiaxial tensile
stressstate ,confinedverylocally to the cross-sectionwhich hadbeenwetted(theleaflet). The
reasorfor thisis probablya swelling of the leafletduring solventabsorption.Upondrying, it
wantsto shrink, which it cannotdo freely becausenow it is ‘frozen’ onto the basematerial.
Thereis little hopeof relaxingthesestressesn time, dueto the very high creepresistancef
PCatRT.
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7.3 Didectricwelding

A moreclassioveldingapproachthroughrealmeltingasaresultof heating,canbeattractve if
theheatedzoneis nottoo local andsharplydefined.A very concentratednelt zone,with sharp
temperaturgradientsn the heataffectedzone,mayandwill causdnternalstresses.

Corventionalthermalwelding methodssuchas heatedmirror and hot gascanbe ruled
out: theproductquality would undoubtedhbeinsufficient. Thegeometryof our sealdorcesus
to excludeultrasonicor friction weldings.

Realizingdiffuse and controllableheating(melting) in an interfaceto be weldedis al-
mostimpossiblewith ary of the classicthermalwelding methods.Dielectric heatingis, in the
authors opinion,theonly valid candidate.

A firm, triaxial compressiomwf theinterfacezoneduringanddirectly afterheating seems
andhasprovento beessentialThe pieceshave to benarravly enclosedy atunnel-like jacket,
andthey have to be pushedaxially:

— to have goodinterfacecontactduringwarm-upbeforemelting;
— to avoid (humidity) bubbles seeChapter2;

— tolimit risksof void formationin theveryhotcoreof thematerial— thisis aconsequence
of cool-davn shrinkage materialhasto be ‘filled’;

— to limit thereductionof areain the weldedzonedueto shrinkage(quite comparabldo
theapplicationof post-pressur@ injectionmoulding).

Dielectricheatingis power dissipationwithin the materialasa resultof dampingeffects
in anoscillatingappliedelectricfield. A treatise gvenintroductory onthis exciting disciplineis
beyondthescopeof thistext. Sufficeit to mentiontheformulafor thespecificpowerdissipation:

% = % E? w €. tand
in whichdP/dV = heatgeneratiorpertime unit, perunit volumeof material;
E = amplitudeof applied oscillatingelectricfield;
w = angularfrequeng of theharmonicoscillation;
€g = vacuumpermittivity;
e, = materialsrelative permittivity (moreprecisely

thereal partof the complex permittvity);
tand = materials‘lossfactor’,ameasuref theenegy dissipation
percycle,andthisin relationto the ‘stored’ eneny.

The most straightforvard dielectric heating/weldingmethodis the capacitve: the ob-
jectsto be heatedare put in betweentwo plates,constitutinga ‘capacitorwith dielectricum’.
Themethodis popularfor welding PVC foils together Thelow-frequeng handicap(typically
27 MHz) is compensatetbr by high-wltageamplitudesandnarrov plategaps.Our sealsare
fairly thick objects;furthermorewe would needa jacket aroundthem. Capacitve heatinghas
notbeenretainedastheappropriatenethod.

The PartsProcessingieamof Philips’ Centrefor ManufacturingTechnologysuggested
performinga numberof welding testswith their microvave equipment.The electricalcompo-
nentof anelectromagnetievave, generatedn a ‘cavity’, is usedfor dielectricheating[7]. The
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domesticmicrowave ovenworks on this principle, the waterin the food often beingthe main
dielectricallydissipatingsubstance.

Figure 24 depictspart of the set-up,which fabricatedsimplified specimenspot entire
seals! The cavity is of the TMg;, type, yielding anaxial electricfield, the amplitudeof which
is constantlongthe axis,andvariesradially accordingto a Besselfunctionof first type/ zero
order with its first zeroat the cavity wall. Theserelationsare evidently valid only insidethe
(empty)cavity. The cavity is madeout of aluminium,andcanbe readily machinedout of a
block. Theresonancérequeng of the first fundamentaktandingwave — this is the modein
which the cavity is employjed— dependsn the cavity’ s dimensionsput also (someavhat) on
its loading. It hasto be tuned— with reducedpower — beforethe actualwelding operation
commencesilt is of theorderof 2.45GHz. The coversaredismountablen the Philips’ cavity,
for obviouspracticalreasonsTheelectricalcontactheremustbegood,becaus¢he microvave
currentpasseghroughthescravedinterface.Onecould,for sealwelding,designacavity which
opendnto ‘dees’,giving a non-criticalinterface.

Polycarbonateloesnt seemto be a materialwith very high lossesandliteratureon its
dielectricalpropertiesis scarce.One mustkeepin mind that thosepropertiesare essentially
dependentiponbothfrequeng andtemperatureln ary case morethanenoughpower turned
outto beavailable:oneminuteat full poweris sufficientto thermallydestry the PC.

Axially, thingsarejustthewaywe wantthemto be. Thefield is aboutconstanbveralong
distance aboutthecavity height.Neverthelesstherewill beanaxialtemperaturgradientwith
amaximumin the cavity centre,dueto heatconductanceand— moreimportantly— thermal
inertiaeffects. Melting setsin atthe centre,anda broadey diffusemelt zoneis obtainedwhen
heatingis continuedat alower power level.
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Fig. 24: Themicrowave cavity, loadedwith a specimen-in-jackt. A few little holesin the cavity’s mantlepermit
the procesgo be monitoredwith the aid of a video-cameraif thejacketis transparentExternalcompressiorof
thespecimeris essential.

The main problemto solve with this technologyis that of the radial gradients.The ma-
terial deepinside,nearthe axis, suffers from over-heating,ata momentwhenthe surfacemay
not have even startedto melt. Filling the cavity with a dielectricload (PC + jacket) modifies
thefield distributionin thatthe maximumat the axis becomesnorepronouncedMoreover, if
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the jacket is madeout of low-lossmaterial(it usuallyis), thenthe PC surfaceis handicapped
additionally becausét transmitsheatto the cold jacket.

The combinationof jacket and external compressiorhas proven effective in avoiding
humidity bubbles. However, the assemblyclearly tendsto develop a ‘bell’ at or nearthe hot
spot. Thereasorcouldbeourfailureto supplymaterialto the meltedzone,supplypromptedoy
solidificationandcool-dovn shrinkage.The requiredcompressiorcould turn out to be of the
sameorderasthatfor methylenechloridewelding.

The transmittedpower hasto be varied during the welding process;t mustbe sharply
diminishedaftercoremeltinghassetin.

At presentve aretrying to pre-heathe jacket with a polyimide‘glow plug’. In ary case,
anidealjacket materialwhich would

— behardandrigid attemperaturespto 320°C atleast;
— have averylow thermalexpansiorcoeficient;
— have verylow thermalconductvity;

— have significantdielectriclossespor, if not, be dielectrically‘inert’ (¢, = 1) AND have
low thermalcapacity;

— preferentiallybe optically transparent,

hasnotbeenfoundyet.

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

8 WHY POLYCARBONATE?

Thereis absolutelyno proofthatotherpolymermaterialsnvould NOT work.
Below we list thereasonsvhy we consideredPCto beagoodcompromise:

— Thermosetarehardandintractible;they areto beruledout.

— Elastomerqrubbers)arein their rubberystateat RT, but upon cooling down they in-
evitably getglassyhard,andproneto cracking.Moreover they shrinkalot.

— Most of the familiar semi-crystallinethermoplastichave their (main) glasstransition
temperaturdelov RT. Thismeanghattheamorphousegionsin betweerthecrystallites
arein their rubberystateat RT. The consequencesregooddeformationcapabilitiesand
toughnessagainat RT! Below theglasstransitiontemperaturéhey usuallybecomevery
brittle; polymercrystalshave (far) fewer slip systemghancubic metallattices. They are
alsoquite stiff. Below 100K, POM, the polyamidesHDPE,andeven LDPE andPTFE
have highermodulithanmostof theamorphoushermoplasticgsuchasPC)[3].

— Thereis not much choiceamongthe amorphoughermoplastics.PS and PMMA are
brittle; PVC is lesstoughthan PC. Moreover, PVC is no longervery fashionablewith
respecto fire safety
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— PChasbeenintensvely studiedin termsof deformationandfracture,even at low tem-
peraturesThisis notnecessarilyruefor otherpolymermaterials!

— Thehightemperatureesistancef PCwould enablea modestake-outof sealedassem-
blies (bake-outtestswerebeyondthe scopeof this project).

— Its transpareng enablesan optical quality control (and an optical monitoring of mi-
crovave weldings).

Themaintopic of carewith PCis its tendeng to developstraincrazing.
Poly(kutyleneterephtalatefPBTP)could perhapse studiedasanalternatve material.

9 OUTLOOK AND SUGGESTIONS

— Evenmoreseverelong-termtestingis neededn orderto increaseonfidenceavith respect
to straincrazing.

— Only highmolarmasamaterialshouldbeused.Attemptsto injection-mouldsmallerseals
shouldbe discouragedit would be betterto machinethem. Oncemore,the edgesmust
be rounded! For larger seals,standardrod materialwould have to be madeavailable,
extrudedon thefinal dimensionsandwith roundededgesldeally, very long rodswould
be available,necessitatingnly oneweld.

— Thetotalradialforce,with whichtheflangenosekeepghesealin placein spiteof thermal
expansioncoeficientdifferencesis proportionalto the seals cross-sectiomarea.lt could
pay off to limit/minimize this areasomevhat.

— Elegant‘springs’ for the bolting of high-endapplicationshave still to befound. The ex-
istingumbrellawasherswhichfit to boltsof reasonabldiameterarelargely insufficient:
their stroke is too small,andsois theforce neededor total squeezing.

— Thenosegeometry(shapewill have to be optimized. Insteadof the used-40°/0°, one
couldtry —20°/+20, in the hopeof reducingthe cracktendeng of Fig. 17 whilst still
keepingthe sealin placeduringcool-davn. Furthermoreit is questionablevhetherthe
dips at the noses rootswere sucha goodideaafter all, especiallyin combinationwith
spring-loadedolts.

— Performancef methylenechlorideweldingsmayincreaseafteracarefulannealingreat-
ment. Theweldedobjectwould beputin atunnel-likejacketandcompressedxially. The
jacket's centre— wheretheweldis — would be heatedput its endswould remainbelov
120¢°C in all cases.Thejacket’'s centretemperaturaevould be increasedlowly, from RT
upto somel20C, with firm compressionThis permitsCH,Cl, outgassingAfterwards,
thecompressiotfiorcewould beloweredandthejacket’s centrewould be heatedo above
PC'sglasstransition.A very efficientstresgelief is thelogical consequenceis anextra
bonus,onewould now make more profoundmolecularentanglementaroundthe inter-
faces[8]. Thetiny cracksreportedupon(Fig. 23) might have a fair chanceof healing,
seeagainRef. [8].

— Clearly, it would beniceto producereal sealswith microvave welding. If the jackethas
to beoutof onepiece,it couldbebrokenafterwards.

24



— Theinfluenceof pump-oilcontaminatioron straincrazingneedgo be examined.

— Isit concevableto transferthe experiencegainedin this projectto cryogenicvalves?

10 CONCLUSION

Our objectveis believedto bewithin reach.

Ductility andtransparengc of PC are exploited. The increasen stiffnessand hardness
on cooling down is relatively modest,andthis further adwocatesthe useof this material. Its
main mechanicalimitations (poor ductility at very low temperaturesjotchsensitvity, strain
crazing)have not adwerselyaffectedour application,andthushopefully remainof no concern.
Its high glasstransitiontemperaturevould probablypermita modestake-out.

Thetightnesgrofile (‘nose’) ontheflangeis rathercoarseandthis relaxesrequirements
onbothsealandflange(suriaceandmaterialimperfections) Thenoseseemdo adequatelkeep
the sealin placein spiteof the latter’s importantthermalexpansioncoeficient. Consequently
the sealcan easily pair flangesout of different materials. Tightnessis not perturbedduring
or aftera cool-davn quench.The hydrostaticcomponenbf the mechanicaktressstatein the
squeezedealis predictedto be compressie. The remaining‘bounceback’ elasticityin the
compressedealis veryattractve comparedo classicabolutions.lt morethancompensatethe
through-thicknesghermalcontractionof the PC seal. We have proventhata sealedassembly
canindeedbe operatedwithout additionalflexibility in the bolting equipment. Compression
forcesareimportant,yet compargavourablyto cornventionalcryo-proofboltedassemblies.

Thetightnesgqualityis limited, atleastatroomtemperatureTherevealedgaspermeation
ratesaretypical for amorphoughermoplastics However they decreaseapidly with decreas-
ing temperature.High-vacuumquality sealingcan easily be achieved asfrom 120 K (LKr)
downwards.

A cost-efective way of producinglarge-diameteisealshas beendemonstrated.With
the necessargarecheaprod materialcanberolled to obtaincircular segments,or ultimately,
a completering with only one dislocation. The endscan be butt-weldedwith a methylene
chloridebasedgrocespioneerecit CERN.Sealhave beernrealizedn thisway andhave shovn
acceptabl@erformance Anothertechnologydielectricweldingin a microvave cavity, seems
to offer very attractve perspecties.
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