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Thin report deseribes the development of low-permeability plass-
ceramics which can be sealed directly to molybdepum for the purpose of
producing lopg-life vacuum tubes. Low permesbility tc helium and thermad
expansion match to molybdenum mre the bases upon which particular glass-
ceramic composiblong were selected and developed. The fabrieaticn of
tube envelores using glaSs-ceramics is siapliried wher compared to con-
ventional ceramic/ometal tubes and these melting and sealing technigues
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are presented.
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LIRS DUCTIV

cne cf the reguirerents on eénvelope Eaterinls for lepp-life vacuun
taber iz that they have low percoability to pgoses, particularly He ang HE'
An oidditionnl requirce—ent iz thot the mpterials be refraclory encugh 4o
permit high-temperaturce oraczing and bakeout of the tubes. To =eet thece
reculrexonts in the pozt, tube decigners hoavse eoployed coated Youpr or
~elvbdenys with aluw=ina cernzics for inaslator yarts., Howvever, expanci-or
cherasterictics cf theze =etnls dc net match theose of the ceramics, Az
o rezalt, serious conztraints have been izmpczed cn tube designc. In
adiitirn, because of requirementt tc sachine the fived ceramic and begguse
of the mugdtiple firings involved in cazdng coarpmic-to-metal secalz, the
fobricaticn of such tubes is 4iflicult nni cxpensive.

in recent years a nev class of zmaterinls has Yeen davplrred wplen
ccmbines the ense of fabricnticn of glass witk the strensth ani nish-
temperature stabllity of traditicnal <xlde ceru:ic:.l ineca zmateriols,
glozs-cera~icz, are =elted and Jorrmed gz a glass. Jubseguentliy, thed
can be aonled to e =etal or cernmde part and crystolliced in a z2ingte
cperaticn. 7The glass-ceramic 12 =mechanicali: ctable at temjeratires
approaching the sealing temperature. 32Becoune the properties oare degons
dent on the type of eryctpls preoduced nsn well as on the nature <f the
residunl)l glass, physical properties, such os thermal exponsion, can be
"tailovr-made” by appropriate chclices :f co=pesiticn an? hent treatzent,

the first use af a glasse-ceraxic —aterinls as the insulater in =

+
neutren tube was in the AWRE Type £51 tube., This glass-ceraric, Mexirm

F oo R
Developed by lielson Research laboratoriez, English Eiectric Cc.

L JL
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W2 2228, seals directly to molybdenum and is sufficiently refractor, t
perrlt brazing of aoclybdenum-Mexim acsecbliez at #0C°C, It dees net huave
a varticularly low permenbility to Hes therefere, it iz not suitabkle for

components which must have long-term vacuunm integrity.

This report Jdeseribes the development at Sla of plass-ceranics with
substantially lcwer pgos perzeabilities than Mexds and with thermal exjpan-
sicns whieh patch the therrmal expansicn of zmelybdenws. 3Srilef degeripticus

of melting and senling techniques are presented.

BACHGRI D ALD SELECTIVIH CRITERLA

crior Work en Glass-Ceraxvic o Mllivbdenus: Jeuls

Juring the Adevelopment of the Mexis [BE 2220 sluss-cerwsdic ant -

aitoclated sealing technolos, 1t wus found that - mp sliti ne which
cryctallized to oive 24n0.51.. (#i33imite) were toe - 2t o ceeasfid,
the characterdstics of this plazs-ceramic whicn are ¢ rartioular ismp r-
tance for succensful soad {orration are that It cxants silchtly upen
crystallizotion ani that at the seallny tenperatures 1 . <1.5 'C, Zn

.

in the glass can be reduced by mclyblenws. The M 8 rmed Le this

reaction, which iz atherent t. the meldvbiene, rr n_tes the fomaticn

5

sf a stronge nenl, The oxpanti o {urine sroctadilicati oo Lemis te weop
the glass-ceramic in intirmate contact with the oo lviiepun throughout oo
scaling «vele,

The AURE fecund that, by using rrathite irs and aprropristoly heatine

the Maulnm/mclyoiones asserbly in mn oargen pimesrthere, hermetic senls o -2t

e Tormed,



Thermnl ExEEEEinn of Glags=Ceramics

Clasc-ceramic materinlc generally ccncict of one or rmere erystalline
phoses embedded 1n a matrix of glass. The therz=al expansicn of thiz cor-
peslte structure depends an the expanaicns and velumo fracticnz of the
constituents. The types and volume fracticns o eyystals {ormed ond the
ccposition ot the residunl glaas are dependent not only on the compositicrn
cf the original glass but alzo on the heai treatment used in crystallizing
Lhe glass,. Therefcre, the expancicn cannot ve accurately rredicted fro-
the cczpesition of the original glos:s. howerer, When the tyoe and aomcunt
cf cryctalline phase is knowm, the therrrl expansion can be varied in o
predictable way by ad)usting the compositicn of the residunl glass,

A qualitative basis for predicting the effect of compcsiticnal
changes on the thermal vxpansion of a gla-z can be gained frez a xnocu-
ledge of hovw particular oxldes arc incerrcrated into the glass. For
expnrple, the alddition of HhEG brenks S1-C bends nnd thus increases the
thermal expansion. GQuantltative predictions cf the efficts cf cxides
on the expansion of glasses are based on empirical data; these predicticns

are useful over limited ranges of glass compeositicns. The mest coopre-

h Y

henslive study of expansion factors was that of Mayer and Havas.c Thelr

Tactors are shown in Table I.

The expansion coefficlent (“C'l) of a glass 1s calculated by suming
the products of the wt% of each oxide in the glass and the expansion

factor for thet oxide.



Table l. Thermal Expansicon Fuacl.oro for

Gless (Moyer and Havqyo .
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re—eabllity of Glags-Ceranics

As with the thermal expansion, the perrentl.

caramic i comtrolled by the permeabilities T U

-

he residunl ¢Jesr present, an! thelr relutive v
- ¥

in reneral, the fermeability £ she rlacs phaze wL 1D L =mipate besw.:. it

15 vhe continvoas phose. Alan, the permeability £ otie loo: 1

noiuba
ctantiatly higher than that " the crystalline oo oo, Fop othis sl O
a5 peen determined that o atepinoto caotimate U e permesbll ity 7

slusi=coaromics con he outaines by assoelne tihmt o0 Lhe -luaas phase
z..ntributes to pe

yoezbilib, .

Tne cermeabilities 1

a nemher Of plasses Pave b€ reliated te B

coneeatration of plass-Toerming nxlies {017, Lo oo by Altoouce

3 ~
He found tihat as m.re

f

(R

as shown ip Fipuwre 1. me iifier oxides. 1.C.,

nonrlass-forming oxides, were wlizsi to a ilass Lhe permeabilily Jdecreased,
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Figure 1,
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The permeability at JOO°C can Le calendated fres the relativn in Eq, {.

3
F i m T :
K 1.6 x 1075 exp i {— {228 (1)
o2 oSec Teorr

whera:

K - perccability

¥ mole & ploass-former oxd ic .

The perveabliitics of onl. o fow flacg-ceraml - =ateriall Yoo e,

ceasured, Colculations based on the relaticnshiz zt v are ompares!

~able II with exrerlmental wa jes. For each cilalc-zorasmi- 1% wuns ass oo

that the maxinum omount of (.. crystalline phuse was 0 ommed,  The Ll e

incerperated in the crpstalline phase vers zubiractie: ¢ 0 the wrlinn

ccmpasitlon te abtein the compecition £ the pecitoos laas.

Takle 1I1. Cplculated rermeability of Jlazz-Cera-lc Materinl:

Mole ;-p! clasa K — i
Glass- Former in T300°C ICLC
Leramic Hesidualﬂ_glaas . C&leul_g.te:i Mepsured
q
e (5TFP)-em
1::12:1&:: Torr +
Cﬂw8603n A - SO " 15'*; .5 % 16'12_
b . -'\'13 . ‘13
REa:{ ?hne 245 A -1L-' 3IB . J'D
Mexin® 7T b ox 10713 Lk x 10713

—— =¥ = i .

*Ert.rapolateﬂ from 20070,

9G. L. McVay, Sendia laboretories, flow through membrane.

bG. Iucek, General Flectrice Ceo., infusionfcocutgassing.

cJ. Gibson, AWRE, Aldermaston, England, flow through membrane.
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seals, Wweopeneral requirements which roust Lo met pre that the oxpunlioon

£ oohn lass afpresziemately eqals that of tre retal and thaot the loe-z
reromotorate: with the cidde off the =etnl 2% =hee sead interface,” oo
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The jreblen of maintoining Lthe vpproprinte xise at the interspoo
St asgcravated vhen cezling ploass-ceremdcs o milioidenum bec2ise the

modivb lena oxlddies formel b preczidation ore not stavle, adheront rxies.
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Zcwever, an aouernative to cxdllzirns the matal pricr tc ceasiing 4
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Froiuce the evide iurlirg seallinp. o hcrr: ncted that ZIm”., pro:
vexin te ferm the cryatalline phase {ELni-Ei*E}, was reduced by th
rolytienun during sealling at teoperatures cver $WC°C. An oxlie leyver
which cculd %hen partially 2isaclve in tho glasg-ceramle was for—eid,
In this eircimstance the Interfoce tends $c teccme satureted vith HcZE,
vhich reswldts in the rormation of a streng beond,

The developrment of a strong bond by reductlon of ZnC to fore :':G:E
cay nct Work in every instance. Calculaticns (based on the free energy
cf formatlon of the cxides) indicate thot the appropriate reduction-

oxidabion reacticn cermmences at ~ 90C°C. 7hus, although sufficient

oxidation oceurs 50 Lhat a Lond can be formed at the terperature used

=t
ot
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in the AWRE sealing process (1050°C}, the reaction oy be too slow at lower
temperntures.

The sealing terperasture is an important consideration for the develop-
ment ¢f the molybdenum-sealing glasc-cerfmic, Becowse recrystipllization,
which reduces the ductility and strength of mulybdenum,B iz a thermally
activeted process, it can be minimized by reduction of the sealing tem-
perature. The viscositles of the glass-ceramics described in tnis report
are low enough during seallng so that the appropriate deformation can be
obtained at 950°C. But, from the argument above, this reducktion of tem-
perature nny orevent the necessery HnDE from forming. To ensure that
sufficlent oxide 1= formed, an oxide with a lower free energy of formaticn
than thut of Zn? cun be added. For these plass-ceramics, CoO hact been

selected.

Determinution cof Heat Treatment Schedule

The Tormetion of a glass-ceramic involves nelting the raw materials
to form a glass, amneelirny the glass, then heat treating it to induce
nucleation ard crystallizﬂticnu? The melting temperature, which must be
high enough for the raw materlals to fuse and make a filuid glazs, is
determined by observation of the glass durdng melting. Specifieation of
the cther heat treatmeni temperatures is more critical.,

To obtain a stress=L{ree glass preform the pless st be annealed,
This process consists of holding the glass at a specified tecperature,
then cocling it slowly to avoid imposing thermal gradients wvhich cculd
rescult in substantial recidual stress in the pless at rocm teoperature.
It is particulerly critical that the annealing temperature be accurately

specified and maintained when annenling glass-ceramics because the



nucleation temperature may be ¢lose to the annealing temperature, In scme
cases, extensive nucleatlon as & result of poorly contralled annealing will
be a detriment during Subsequent proceacing.

The annesling temperature, approximate nucleating temperature, and
crystallization temperature cen be determined by differential thersmel
analysla (DTA). A typlcal DTA trace for a glass-ceremic composition
which forms EZnD-Siﬂé upon crystallizetion is shown in Figure 2.

The first endotherm (~ 41Q0°C}, which 1s assaciated with the glass
tru.ns:l.tiﬂn,lD 1s Indicative of the annealling temperature of the glass

1
which cerreayonds to g viscoslity nf‘lDlB'” peise, hucleatlcn oceurs

ot o significant rate when the visensity of the glass 1s 1011-1012 Foise,
which corresponds to a temperature -~ 50°C higher than the enrseling
tenperature,

The exctherm which sierts at 906°C indicetes the formatlon cf the
crystelline phase, 22nQ.510,. Meltlng of the crystellin i.ase, which
occurs at 1250°C, 1s denoted by an endotherm,

Tne glass-ceramic processing information one would derive from this
DTA plot lncludes (1)} the glass must be melted at a temperature above
1250°C, (2) the glass can be annealed at ~ 610°C, ard (3) crystallizatior
will cccur at temperetures greater than G20°C. 7The rrecise heating
schedule used for the melfing, annealing, and cryrtellization wvill depend
on the fluidity of the glass and the size and application of the particular
plece being formed end must, to scme extent, be empiricelly derived. Feor
exasple, the annealing of these glass-cerexics, which are deforced during

sealing to molyodenum, must te corefully controlled teo aveid extensive

nucleetion because thiz will cause rapid erystallizatlon during sealing.

13
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Fipure 2. DTA curve of molybdenum-sealing glr.is-ceraric showing
(a)} annealing tepperuture, (b) nucleation temperature, (c;
crystal growth range, and {d) the melting temperature of the
crystalline phase.



This premature crystallization will rapidly incrzase the viscosity of the

glass-ceramic which will prevent it from flowing and conforming to the

shape of the molds.

EXFERIVENTAL PROCEDURE

Develomment of Glass-Ceramdc Compositions

The considerations outlined In the precerding sectlon vwere used a3
a basis for developing low-permeabllity glass-ceramies to seal %o mc Vb~
dequmn, Composltions were formulated to yield residual glasses with large
consentrations of modifier fons to reduce the permeability of the glass~
cerami~. The expansicn factors of YFayer and Hufn;G {Table 1) were used

to esticate the thermal expansicn of the residusl glasgs.

Preggzgtinn of Glags-Ceramics

Bech glass-ceraric used in this progrw:t was prepared Ty fusing
reagent-grade chemicals ipn platinum crucihles., The glssses were
melted for ~ 24 hours &t 1500-1630°C 1n electric furnaces. To ensure
homogenelby, the glasses were either stirred continuously for ~ 13 hours
when prepared in a 500 § batch or stirred several tices by hand with a
plativam rod when a smeller batch Was made.

The molten glass wai, cast onto g heated steel plate coated wikth
graphite powder, The glass was quickly transferred to an annealing
ovan preheated to 610°C. The oven wWas held at that temperature for
5 min and then cooled &t a rate of ~ 4°C/min.

Test specimens for the thermal expansion were cut from each plate

and crystallized by heating the glass~ceramic at 30°C/min to the semling



temperature, 975°C, Preforms for seal febrication were formed by diamcend

core drilling 1.6 in. digmeter plates with a 0.5 in. diameter c=mter hole.

Determination of Thermal Mian

A differential dilatnmeter'r with a fused sillca reference sample was
used to measure the thermal exparzicn ol each crystallized glass-ceranmic,
The expansion coefficlent frem 25°C to the set point was determined by
cecnsldering the set point to be holf why between the glass tranaition
temperature and the annesling temperature, both of which were estimpted

p

from the thermal expansion curve.

Fuhricag;an of Test Senls

Those compositlons which had expansion coefficients of Ly.55 x IL'T'C'l

{molytdenu - 53 x 10‘?“0'1} vwere fabricuted intc test semls,

The glass preforws, rolybdenum, and gruphitc= Cigs vere gscembler] as
shown in Figure 3. Proper cleaning procedu s and handling of tke i
and plece parts were regquired to covtain a hermetic, pore-free zcenl. Al
molybdenum piece ports were vapor honed and var-r -iefreased prior to
chemical etching. After etching was completed, the paris were passed
through a cascade cleaner and then hydrogen fire! ver specified tirme ami
temperature. The glass-ceranic preforms were var r degreased, lightly
etched ir an ncid bath, rinsed in running tap water, and then passed
tnrough e cascade cleener.

Periodicelly, the carbon fixtures were vapor honed tc produce a ratt

finish. (5 .Iiy surfaces indicate contamination., In addition, chipped or

-

F J—
Dilatronic IX, Theta Industries, Port Washington, Y

3
Poco DFP 1 or TRAl graphite, Poco Graphite, Inc., Decatur, TX



(d)

Flgure 3. Assecbly of paris used to form glass-ceramic/molybdenun seals
shoving (a) individual parts and (b-2) the ssse<hly sequence. (1)
colybdenus velgnt, (2) polybdenr= cuter aleeve, (3) graphite base
rold, {4) graphite top mold, (5) graghite centerirg pdn, (6) colyb-
demm luncr sleave, (7) glasa-cerunic preform.

17



scragtehed surfaces wWere cause for rejoaction of the fixturea. After the
fixtureas were vapor honed, they werg cleaned ultrasonienlly in ncetone,
placed in o vacwunm oven, and baked out at 05°C for 1 hour.
The assembly wasg welghted with a <000 2 molybdenum welght and fired
in a cald wall furnace which had been evacunted and backfilled with arcon,
The heatirg s hedule shown in Figure 4 is similnr to the one used
with Mexim }iK2/2228; hcvever, the raximum sealing teaperature used lo this
study was 975°C rather than 1050°C. The xeld assembly was heated at
~ 30°C/min to 975°C and held Tor LS min to allow oxidation of the molyb-

denum and cryatulilzation of the glosa~ceromic to <ccur.

RESULTS AND DISCUBSICH

The ccnpoGltions of three glass-ceramics which epproximately patch
the thermel expansion oi nmolybdenum and have low calculasted He permeabili-

ties are shown in Table III with Mexdm NK2/222¢. The MSUO glass-ceramic

posgesses the best properties f[er fabricating neutron tube envelopes. This

- 3 -
glass-cersmic has an estimated permeability of 1.2 x 10 1k EEEL§EElHEE_

¢cm- rec Torr
at 3CC°C. At 300°C, Wesgo AL500 Al.C., has o perreability cf 2,5 x 1671°

23
3 = -— 3 m -‘u -
E....@.E.).'__m,le and Mexin has a permeabllity of 4.4 x 1C 13 or WE(SJ‘F’ e 13
:me see Torr e sec Torr

The thermal expansion cf MSk9 freom 25°C to the set point (52.7 x FonlAdontl
i5 close to molybdenum (53 x lD*?’C"l), vhich ensures that residual stresses
in the glass-cergnlc are small. Concurrent work directed toward fabricating
Mexim NK2/2228 into the configurations required for the Sandia-designed
long-life tube has chowm that the expansion coefficient of the glass-ceramic

must be between 49 x 10 7°c™L and 55 x 107 °c™Y.
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25°7 15 975°C 1 31°Crmin
100D Hoed 3757 ror 45 mpn

9750 1o 7800 3 1D*L/mpe
Houo 799°C ror 29 mpn
757*C rq 657°C 2 1.5*CAman
500 - E59°C vo 25°C 3 19°C/min =
6G0 =
A00— -
200 -}
] I
0 60 120 180 24D 300

TIME {min)

Flgure L, Typlcal heat treatcent schedule used tc for-
malybdenum/glass-ceraric seals.
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wapnle T, Compositions and Expansion Coeffliclents
of Low-Perweabllity Glass-Ceramics and

Mexdm
T Glass-Ceramic
Mexim  MSh M523 bSL
h7.4 40.0 Lo.5 Lg.0
2.1 2ol 3,0 340
9'5 9-5 9_0 g.ﬂ
h,O 1.0 2.5 2.6
—— 5.2 3,C 3.0
- S .2 L. O 3.0
k.5 L.8 L. 52
32.c 32 42 33,0 33a i
_— - 1.2 De2
1-.:-
Expansion N}
Coefficient L7.7 L8.8 Lo B 52 .7
25 x 10" Tec™t
to set point (750°C) (75¢°C)  (75¢°C)  (715°C)

oyl sy S sl e—-

CONCLUSIOLS

A glasa=ceramlc of luw helium permenblility has been developed for
fabrisating long-life vacwum tubes, The residuanl stresses in the glass-
ceranic are srall because the thernnl cxpansion of the glago-ceramic
closely matehes that of colybienum, Tuba envelopes which utilize this
glasg-ceramic have been gsuccegsfully produced using techniques scimilar

to those developed for sealing Mexdinm LK2/2228 to rolybdenum,
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