2266299 -1- COATED METAL ARTI CLE Introduction Thi,s invention relates to a ¢
coated article conposed of a netal alloy substrat:e having a coating
conprising a glass-ceram c selected fromthe bar{unlsll|cate or stron- tlunl
silicate system The coating over the surface of e 5 Fé{?gﬁ
" Iserves as an oxygen barrier to prevent oxygen af k of
el evat ed tenperat'ures and as a thermal barrier to prevent rapld heat up of -
the netal. There is a well recognized need, in turbine engines and he%é
exchangers, for exanple, for materials capable of 10 wi thstanding .
operating tenperatures in excess of [err]. Wile a variety of high
tenperature materials are known, it is conmon practice to use alloys known
as superalloys in the nore severe,pplications. Characteristically, these
alloys are rich in nickel, cobalt,” chromum or iron, with 15 ni ckel or
‘cobalt being the principal netal bases. The superalloys have been
di stingui shed fromother high tenper- ature materials on the basis of being
sufficiently resis- tant to oxidation to permt operation in an oxi di zi ng
at nosphere wi thout a barrier coating. Neverthel ess, -under 20 severe
condi tions, such as encountered by turbine blades in aircraft engines, even
t he superalloys tend to deteriorate unless protected by a barrier coating.
A common net hod of protecting nmaterials from oxidation at el evated
tenperatures is to apply a Cont'Eﬁgiiézﬂgiéélﬁﬁiik%ﬁlc gl ass coati ng.

This conpl etely encapsul ates and lal fromthe

~surroundi ng (oxygen-cont ai ni ng) Introduction

This invention relates to a coated article eomposed of
a metal alloy substrate havihg a eoatihg comprising a
glass-ceramic selected from the barium silicate'or stron-
tium silicate system. The coating over the surface of the
5 metal substrate serves as an oxygen barrier to prevent
oxygen attack of the metal at elevated temperatures and as
a thermal barrier to prevent rapid heatup of the metal.
There is a well recognized need, in turbine engines
and heat exchangers, for example, for materials capable of
10' withstanding operating temperatures in excess of 1000°C.
-While a variety of high temperature materials are known, it
is common practice to use alloys known as superalloys in
the more severe applications.' Characteristically, these
_ alloys are rich in nickel, cobalt, chromium, or iron, with
15  nickel or cobalt being the principal metal bases. The
superalloys have been distinguished from other high temper-
ature materials on the basis of being sufficiently resis-
tant to oxidation to permit operation ih'an,oxidizing
atmosphere without a barrier coating. Nevertheless, under
20 severe conditions, such as encountered by turbine blades in
aircraft engines, even the superalloys tend to deteriorate
unless protected by a barrier coating.
A commoir method of protecting materials from oxidation
at elevated temperatures is to apply a continuous monolith-
25 ic glass coating. This completely encapsulates and iso-
lates the miclerial from the surrounding (oxygen-containing)
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-2-, at nosphere. However, viscous flow of the glass coating may occur when
| arge surface stresses devel op during high tenperature use. |In that case,
a glass barrier coatlng tends to devel op thingspots and fail

catastrophically. 5 The high tenperature viscosity of the glass

coatings may,be increased by mxing crystalline materials with the gl ass

frits before apphtméépleeres tﬂlﬁvé‘ai@ﬂ”ﬁisé@tﬂ@v?lowt BESQh&| gaaseruahelihk;nﬁzay'

m xt:ures sinter- rather non-uniforn stal size y
et very 10°" ORUFIvER Tards nudtace afrsren AeFa180, AurRBashS, ai o
therefore, tend tembersture alsercinfenarcessegl a, glassedaretiber cpatingns
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15 = Rccor di ngl The thigh d:empesaltrerel vigcpaity, ofntheagilags| apatings

Ceanni que. | uni 12aY BEMNGNELS By 340y, Bfvita1S1feafRatbh Ty Dien the
descri be such a glmﬂktméﬁfg:m apphicatianpefidther conkingabi Hovewezo

zirconia. Uniteghsbdigra sﬂ\&llf‘n§7lﬁiﬁ%ré96§2hﬁér daeraétbes a -
procedure wherein an o |§ed al | oy of um

s.e
i nt er medi ate coaRPRMR (ihﬁhﬁ%%F?ﬂ#O?g sévg ggmggﬁﬁngﬁageQFS very
t edi ous and di ffdi:ﬂficurt wtdaitndn..corwreahh poptiohsoof the suEﬂtrheé,,

nrenrs Tnhe" Eo SR € SR, Vo SRR 88" FLRAPRIBLATH ! CHHEEgne

pernmits access otbtlgmsmrtiroqmﬂtamllmO[mny toxi vaoclavgpdrerwstads wbich

~can contribute tg :{a" %weffééhe&smg?@m BHED REOEPLYLRSoAEE
used extenS|ver to protec sel ect
- ~ "glass-crystal mixture is thus difficult to obtain.

15 Accordingly, to protect superalloy parts, insulating

layers of stabilized Zro2 are now commercially applied via
- a plasma-spraying technique. United States Patents No.
4,485,151 and No. 4,535,033 (Stecura) describe such a
_ procedure using an alloy as a bond for the stabilized
20 zirconia. United States Patent No. 4,676,994 (Demeray)
| describes a procedure wherein an oxidized alloy of aluminum
is employed as an intermediate coating.
These procedures involve several steps that are
tedious and difficult to control in commercial production.
_ 25 Further, thermal gradients tend to develop during plasma-
), spraying and introduce defects in the finished coating.
~ Also, the coatings tend to be porous. This permits access
of gases, in particular 02, soz. and water vapor, all of
which can contribute to coating fa;lure. Nevertheless,
30 such procedures are used extensively to protect selected
' jet engine parts from corrosion oxidation failure between
normal periodic overhauls..”
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_jet engine parts fromecorrosion oxidation failure between normal periodic
overhauls. 35  -3- Purposes of the Invention A basic purpose is to '
prOV|de a reliable and reproduc- ible oxygen barrier coating for superalloy-*
- bodi es that are required to operate at t enperatures above [err]. Another
pur pose is to provide such a coating that |s3nDre effective, and easier to
" apply, than . previously knomn coatings. 10 - 7 @ A f.urther purpose is ta
provi de an oxygen barrier. coatlng that i's ‘non- por ous, -continuous and haée
from defects, such as pi-nholes angl °€\§£'|& { h&q%' purpose is 10
provi de-an oxygen barrler coat.in resists spalling

during thermal cycling.’ 15 - o Anot her. purpose is to provide an oxygen
barrier coating rratexls&swa% uBpdsdi {8 wepeesofaéeat r@nwm'ea%?r Heg rodulets
s Tired.in on era- tur 'ran cones

ol 2 JLass conli e Snvden Hetiiar Goshing fossonpere Aca
' terrperatuPe r angsquifred\ éolroparawrwsoempemturesldbo&esuwoabl oy m?t al
Ez%erzmzsasp%zgﬁgq%%féwe R T R S A
degree.of ther more reiﬁenttwe; cancheea\sier mrappky,ZBhSnnweyiohsﬂ.beJmown
Invention  ooaeings. - j'. o
| A further purpose is to provide an ‘oxygen barrier
coating that is non-porous,_continuous and free from
defects, such as pinholes and cracks. . U
! A still further purpose is to provide an oxygen |
-]'barrier coating that adheres tightly and resists spalling
o ~ during thermal cycling._ ' - :
15 _ Another purpose is to provide an oxygen barrier
.-coatinq material ‘that exhibits the excellent flow charac- -
teristios of ‘a glass coating as it is fired in one. tempera-
-~ ture range, and becomes resistant to flow (due to crystal— _
-,lization) as it is heated in a higher temperature ‘range.
) A further purpose is to provide a. superalloy metal )
body having an oxygen barrier coating that adapts the body
to- operating temperatures up to 1200°c. ' :
A still further purpose is to provxde a useful degree —~
of thermal insulation to the metal surfaoe.,

S0

20

25 | | o
’féummarzfof1the”lnvention"wl

‘The invention resides in a coated article adapted to
_30]. operate at’ temperatures above 1000°c in an oxygen-contain-'
metal alloy being selected from the group consisting of
nickel-base, cobalt-base, ohromium-base_and iron-~base _
alloys, and a coating forming an oxygen barrier over the
metal surface, the cbating'comprising_a glass-ceramic
having a cqmpositiOn, on an oxide basis'in weight peroent,.[g
‘selected from a barium silicate andfafstrontium silicate
system, the barium silicate system containing 20-65% Bao

35
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3.The I nvention resides in a coated article ad'apt_ed to.operate at
tenperatures above 1000 C in an oxygen-contain- 30 ing environment and
conpri si ng a met.al all oy substrate, the netal alloy being selected fromthe
group consisting of. nickel -base, cobalt-l#se, chrom um base. and iron-base
al l oys, and fn&oéb'-%@%f CE:[@%Q MeONIBhtRIh | 811%8Eel @é’@éﬁ" céﬂféiﬁﬁngt he ;

coat i ng conprisin §gl ass-‘¢eram c having a conpqsttion, on an | de baSis
'S

i n=wei ght - pet Qe Qct 8R9f r 39 O8ar SN2y | i SUFLLR; r%‘ﬂ@%ﬁﬁ?@F”Zat e

. syst€ém the disis st Bhg i é&b@nt}zi.%thliﬂ C@mtatnlaasiooﬁa%o?ﬁ(ae seYected 2eoft5%
[err], éhe strontiumsilicat

9,20 50% 0- 70%
50 Bach thS WEMD JanE R RN, B nE b ALats o dn B 159 zxde, o
oxi de sel ecttzol 15&m¥§o 3, e gooap%cm,stuplgtofzﬂh NaOJ,S%;{ eta | 30%pMyo, 15%

50% Coo and 1B t3. 308 ol A F S RokhikBn BEINsy Al 'GuRid BB
total of al lowerhS&idB49pns r&zoex&hequ}:ﬂ)%fn alde avachuradﬁmmsa vottem
and 40%61 1 disddl ngs?beméw&?é 'M@i‘smsmfaa;&r a&eg;@?e” 46 [e”fﬂ o

oxide is [err t he conposition Is Tree”o
a prefléred SmthtﬂélbﬁaténFYFf—B@ate system the conpositions consi st

essentially of SiQ2 &Papiye the seledtas Gilaellholﬁ b P PXOLBAREY
40-65% [err], .and 30- 55{ o BaO ,Dboth |n°§ercent vvel ght) 1- 10% by wei ght
[err]. LikeWh® cOmReitian ifgErer,of B2 B2 | cat e system consi st -

essentially of [err]I®grd® pﬁeﬁétﬁe&ataﬁgeoﬁnlﬂmelﬁarﬂiﬂ fihicake ey etem,
45- 65% S Oth{] g ?é%mSp%%)i r:|.cc)>nb &6h is): eésentially of 8i0,:Ba0 in mole
s 15 ratios of 2: 1 to 5:1 (approxlmately 40-65% 8io, and 30-55%
' BaO, both in percent by weight) and 1-10% by weight Al,0,.
Likewise, _preferred ranges in the strontium silicate systenm
consist essentially of Si0;:Sr0 in mole ratios 'of_ 1.5:1 to
4:1 (approximately 45-65% SiO, and 30-55% Sro by weight)
20 and 5-10 mole percent 2rO, or Al,0,. |
Another way of defining the coated article
according to the invention is that it is a coated article
adapted to operate at tempe_ratures above 1000°C in an
~ oxygen-containing atmosphere and comprising a metal alloy
25  substrate, ~the metal alloy being selected from the group
consisting of nickel-base, cobalt-base, chromium-base and
iron-base alloys, and a coating forming an oxygen barrier
over the metal surface, the coating comprising a  glass-
- ceramic having a primary crystal phase selected from a
30 barium silicate type, a strontium sillcate - type, and a
cristobalite phase, and there being’ cr:.stoballte crystals
concenjtrate’d adj acent to the interface between the glass-
- ceramic and the metal. '
Prior Literature :
35 ~ Attention is directed to the following United
States Patents: ' ' '



20 - and 5-10 'eri_e percent' [err] or [err]. Another way of -defini hg t he

" coated article according to-the invention is that it is a coated article

adapted to operate at tenperatures above [err] i'n an oxygen-containing
at mosphere and conpri sing a netal alloy 25. substrate, the netal. alloy
bei ng sel ected fromthe gr oup consi sting.of nickel -base, cobalt-base,

" chroni um base ‘and i ron-base all oys, and a coating formng an oxygen bar'rl er

over the netal “surface, the coating con$ sing a gl ass- ceramic having aﬁ
primary crystal phase selected froma 3 bariumsilicate type,. a
strontiumsilicate type, "and, a cristobalite phase, and there being
cristobalite crystgos C@)m rwteed (a:cijt'arlfmt éto tdde. § ntdedaxcibest \/\é'eﬁedhe

I - .th t I L t. 5

g ooored Elva Rl st Ghpund| he EPPR. YpBed for nigy vefbhfstysa |
(Littbe enllolys) 1ﬂeswhid:bs tlfejsnajon:ysehelmmhal @rgar ogabadid cB#eré@at s
for ni'ah t SERSLALLE Pron B Wiredibd! Clinid GrBind bRE"ES rensahal

ni ckel , ron or:

t: . d-
cont ai ns 3Eresyand :qomr@ %ﬂﬁﬁaél%(a#f;fi) ggz%ﬂ*cé)% mt aﬁﬁa@Bg}?FaﬁiFQI "
amounts of Jg rtrf]&n [Ri¥dt AN D dfsuints \of RodH B IS iW&b\Maib)z di'scl oses.

gl ass-ceram ¢ articles. consi nt izal | B
30-80% [err] "and hMﬂg3a Barf’aﬁh s&h‘[cﬁq‘ﬁsgﬁ EI& stgigé%aggrgﬁqc_
pref gpred @fildied Scdﬁﬁiétb.ﬁd aesmﬂsiahhedoforznrdm% ngagetand . 30N80%

3,531, 303 S%ahatﬂd B gngsgs baq'.JJ.qﬁf' S e principal crystal phase.
A preferred example is descr:l.bed as. cons:l.dered for coat:.ng D

' metals.. . 3 . R
_ No. 3”531""3"03 (Bahat) dlscloses glass-ceramlc
15 '?_'a'rtibles' in the alkal:.ne earth alum.nos:.l:.cate field

; wh_erei_n a___
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15 articles in the alkaline earth alumnosilicate field whereina
hexagonal al kaline,earth feldspar or a triclinic formis the principal
crystal phase. The materials are highly refractory with service

‘tenperatiures up to [err] :and consist essent$@l |y of 12-53%[err], 17-55% RO

where ROis:5 - 17-50% SrO and 20-50% BaO, 10-58% [err] and a nucl eating
agent. No. 3, 5ﬂ&xé§6néﬁabakhldnéCéﬁ?eh 9éi&§pﬁer%E‘% rielliniel Form ke

| I h
odmacial |y su B8 PBiogiPal SRgsEal phase o Then nat ardaysuarbrhigh el

al l oys. No.. 3, SetxaaaotsuwdthckerYidesténpesahatesmuy o 1g90FCcand :
Shase. and hayCodSiSE SRsBieiaT1FI6F 120850 818, PHTSEN, A BhelR Ko l°)

phase, and havin Co€ herna ex aﬁ§| -170

x 15 [Rrr] @8n§0&|SD@sendeOUEOEUBaOnvbﬂtEGR g@ydandaaveugleatingi ve

oxygen barrleraé ¢, over the surface of a nmetal alloy substrate. The
t|n

barrier is a co comwlm g a bariumsilicate or strontiumsilicate
gl ass-ceram ¢ nater 37Ré8¢4 9|hgahétldﬂiﬁﬁG039§sSlﬁﬁéecﬁféﬂiﬂeméﬁﬁslsuch

as pinhol es, C&iﬁkin ehethao-nn sﬂgareém@bsiaaahlEaa1QUhuameaeaaea£Eer'

cycling. 25 I nv S sed nsi derahl e de on
our discovery" Fﬁapscépﬁépﬁ §52¢5|$ atare ﬁﬁpﬁﬁgégg 5a §ggi?ng
crystal |13Qat i owiphopangseenobr tihelybdépunr andatheir abneysbarlunlslllcate

and strontiumsilicghe gl 839575 (pRBALLEREE) a1BE18s8E0bhLYGR POrM L the

glass to soften and
“aluminosilicate glass-ceramics nucleated by tin oxide,

having a hexacelsian primary crystal phase, and having a
o : coefficient of thermal expansion in the range of 50-170 x
15 /oc, _

General Description

Our invention provides a very effective oxygen barrier
20 over the surface of a metal alloy substrate. The barrier
iS'a_coating.comptising a barium silicate or strontium
silicate glass-ce:amic_material._ The ccating is continu-
ous, free from defects such as pinholes, cracks, or thin
| spots and resists spalling during temperature cycling.
25 The invention is based, to a considerable degree, on
St ~ our discovery that certain additives have an unusual effect
on the_crystallizetion properties of thermally crystalliz-
able, barium silicate and strontium silicate glasses. In
particular, these additives permit the giaSs to soften and
30  flow into a continuous, glassy coating before sufficient
crystallization occurs to impede flow. Absent at least one
of these additives, the glass tends to stiffen by crystal-
lization before complete coverage occurs.. The result is a
- '-porous, cracked coating. This discovery is the key to
35 producing an effective oxygen barrier on a superalloy
surface. -
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30 flow into a continuous, glassy coating before sufficient

. crystallization occurs to inpede flow Absent at |east one of these

- additives, the glass tends to stiffen by crystal- lization before conplete
coverage occurs. The result is a porous, cracked coating. This discovery
is the key to 35 - +producing an effective’ oxygen barrier on a superall oy
surface. . Another significant. requi rement -in. produ0|ng an effectlve N
oxygen barrier ‘coating is a close thermal exﬁﬁn- si.on mat.ch between the.qf
coating and.the netal body. The thermal - expansion. coeffjcients of the -
superal l'oys are 5

| |'y. between
130 and [err] = Thi S BP%EPﬁEe?ﬁ&H1P€H%EFSN‘&“§§&§'§&HJ%¥9%%Z&W (rao\r?:ee'n
consi _der ation. eAfeabiNeooxygenr baeriert coatiagsds ad dkose;migpma)‘brekm- -
layer. The pri ”QiBﬁ m&%éfﬁt ﬁét&@@ﬁe%h'e”cto'&%iﬂ};a ﬂdc‘trlﬁﬂl%%ﬂ t}&d\&h ese”t .
i nvention are-usuall m or strontium Si .
observed that thbemebuexpynsion soefficients gfaséxqomalm t&ﬂ&s may -

be the prici pahsabﬁ beEHé&Be!lBoW%nﬁa\i%oQE@er\?@‘éth@l‘hité”' &ém@essté«éﬂi}g

t endency for cristobalite crystals to cagpcentrat ed zone, ad] a
the ineorf ace WFRRERREOLE GLARERY sbdk Aesamics Erom SAnEIdexabionhe "

‘coefficient of jbRefohedxgapiier, ratchagendndsled o usders aibord iy O
cristobalite crxstals rat.her . than sol el'y. upon the expan- sion coeff|C|ent

of the glass-ce It is our further 20,
The principal crystal phases in the glass-ceramics of

10'.__Uthe present invention are usually barium or. strontium g -:: |
_usilicates.: However, we have observed that there usually is
a. cristobalite ‘phase present,_and this may be the principal
phase. Further, we have observed that there is a strong
tendency for cristobalite crystals to be concentrated in a’
zone adjacent ‘the . 1nterface with the superalloy surface.-
It is our belief that the coefficient -of thermal
.expansion match depends on this concentration of :
_'cristohalite crystals, rather than solely upon the expan-l
20 sion coefficient of’ the glass-ceramic._ It is our further
_ - belief that metal ions, migrating from the alloy into the.
'3glass as it is being heated, are responsible for nucleating
-the cristobalite crystals near the interface. i =g —
- --Superalloys are well known in the metallurgical art.- F‘
.,In general, they are highly refractory, withstanding o
operating temperatures in excess of 1000°c. They find
application in such equipment as turbine engines, air
V;preheaters and- heat exchangers._jy.” .
Superalloys do not have fixed composition limits.-y
Rather, they are generally classed according to the base
_metal. The base metals include nickel, iron, chromium and
'cobalt, with ‘nickel being the most oommonly used base -
.. metal. Among the known series of nickel-base superalloys
-are the Nimonic, Inconel, Mastelloy, Hastelloy, Waspaloy
and Rene series. The cobalt superalloys include the uar-n“-
and AR- series. - - : : o
' The superalloys ‘are said to be sufficiently resistant
to oxidation to permit operation in au oxidizing atmosphere.-

15
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belief that netal ions, mgrating fromthe alloy into the glass as it is
béi ng heated, are gesponsible for nucleati ng the cristobalite crystals near
the interface. Superalloys are well known in the netallurgical art. In

general ,* they are highly" refractory,_.wlthstgdl ng operating terrperatures'ln'- :

excess of [err]. They find application in such equi pment as turbine

engi nes, air pr%fﬁfi{&{ts aa%‘il:*ﬁ%e Todenig gemefésirs’ﬁné@ ﬁ)tcégfé#‘nféd“i%x

conposition limts 0. Rather assed, accor

bake metal . = Thd -hase allovs, by ghueniumand/or Alm
wi th nickel bei u&ddﬁhawss:,ommﬂsaﬁéwmrm comxiéﬂesﬁ&y%s

 series of nlckel base s%p S.are %ﬁ@%ﬁé?) ncon St IIo
Hast el | oy; Wasp& Qg,@s% ég' a€ s%’p’é?%ﬁefo
: l\/ar -M S”f' BR- t se:heessupﬁr«a]s:qges e&énﬂ/stmrdemhbrat?ersp&hﬂ}mmesst rrxln‘zstte‘aﬁ%t
0 oxidation to 0 g at nosphere wi t hout a
surface coating e%ﬁg?starnes ance |'rs}j‘aé}hferre $’n ni.ckel - base al |l oys by
~ chroni um and/ or al uniThemseadich &iex. aNsaating eapablelof sithatanddng i ng
condi.tions, such hg.d{hm et Wl Plsfe (@1 agide mdturand xiqsgdtg

even 5 the supera ons te o deteri orate ra;;]EJ unl ess prote

an oxygen barri &hea& G natepials, ﬁd\dng
tenperatug@s hi &hﬁirt Wﬂa@;@l @éﬂ@mmm&m@d eth nitd Sraledsof

ol ass: Ceram oo draik K6 B0l Ftodtily's, peldbldy Y Sl

in producing a glass-ceramic coating material, a thermally crystallizable
glass is melted and quickly cooled to avoid crystalliza-
tion. Subsequently,.the quenched glass is powdered and

15  applied as a coating. The powdered glass coating is then
_heated to precipitate a fine dispersion of nuclei. These
nuclei act as centers for'further crystallization of a
primary crystal phase as the glass is heated to a higher
. temperature. :

20 ' In theory, a glass-ceramic coating should retain the
excellent oxygen barrier characteristics of the original
glassi'boating. Further, the formation of a crystalline
network should stiffen the glass and render it resistant to
flow once a coating is formed. Thus, the glass-ceramic

25 coating should provide a reliable barrier to oxygen up to
ot _ the temperature at which the crystal phase starts to

' -dissolve. However, previous studies have indicated that

crystallization tends to occur too early. This precludes

the degree of glass flow required.to.produce a contihuous,
30  glassy coating. |

Ceramics having a high expansion coefficient commonly

contain rather large quantities of alkali oxides (Lizo,

Nazo, or Kzo). These alkali ions are extremely mobile in

most ceramic structures at high temperatures, and readily
35 exchange for other ions. Therefore, they must be eliminat-

ed as major.constituents in coatings that must continually

b



gl ass-ceramc coating material, a thermally crystallizable glass is nelted
and quickly cooled to avoid crystalliza- tion. Subsequently, the quenched
gl ass i s powdered and 15 applied as a coating.  The powdered gl ass
~coating is then heated to precipitate a fine dispersion of nuclei. These
nuclei act as centers for further crystallization of a primary crystal
phase as the glass is heated to a higher te ature. 20 ..~ -~ In theory
a glass-ceram ¢ coating shoul d-retai.n the excellent oxygen: barrier . -

characteristics gbetla¢elkitd oating. ~. Further; the- for mati on ¢
perdteoil 3Q§b'%ﬁﬁ$%? "§F§SS gﬁ&sréﬁéseslbutefeWteahdie

~.a crystal line network shou
fl ow once a coatpﬂgeﬁs P§rﬁ8§ra¢m@§y chat@hgss ceram c 25 .- coating should

provide.a reliable bami t grature -at - which the
crystal phase start kgﬁgbarggﬁgﬁ@%@@gﬁgmp$§9rSﬁ Cilforagnesium; adlicate - -
that crystajli zaFPﬁﬁinﬁds iﬁxﬁécﬂﬁthoﬁ e rlgrerescpibeduﬂﬂsuﬁbeedegégg of
~glass. flowTequi Patent nosduaezssm‘s' nuoy 8,541 a § ﬁ Cf@i Cer.am cs
havi ng a hi gh ex & | ci ent y contaln a %f Tge o
‘quantities of alggﬁﬁigﬁgdggc 8Fr¥ FanFQQ hTtemperature reststancexofefﬁés
mobi | e i n nost c@@& nqst scthecusatofi B r 02
exchange for othgg &?f grg %? goﬁ%rg?xblgiéeili?rﬁ rﬁa{?eég‘ﬂgiirlﬁfﬁs
constituents in coatlngs ?h St E% $ gnds topekiaw thehigh -
t enper at ug@s. mgmeiav&tmfm movel andit £ow &t rﬁﬂp@ggﬁgqﬂ cﬂﬂ'{
uxe h-

M xed - bari"um rragtlﬁlslﬂﬁiws ¢ L ;STPQHEP} %ﬂaét%arl 3 CiQ.I.a.iclar};geS phases.

[err] are descrAbed éf L{nted Stat'es -
ccordingly, our present coatings are formulated with oy

~-little or no boric ox1de.f N .
' ‘We have found that ‘the addition of small amounts of
the refractory, glass-forming oxides Alzo3. -2r0 and Y.0
alters the crystallization behavior in crystallizable 3.
barium silicate and strontium silicate glasses. In partic- '
ular, these: additives delay crystallization to such an - :
extent that the glass can soften and flow to form a contins
uous coating before the glass becomes dense and stiff due
to crystallization._“' S
- While these oxides are very effective in delaying
crystallization, their use.must be limited. The amount :
| should not exceed about 15%, and preferably is not over | [;N
about 10% by weight. Otherwise, undesirable crystal N
phases, such as aluminosilicates which may- have low expan-
‘sion coefficients or other detrimental properties, tend to- .
form. } . S _ S “
' The most effective of the refractory oxide additives
is A1203. Thus, the best barium silicate coatings employ
the. Bao-sio binary system with an A1203 addition of one to -
| ;::’:ylueight and a sioz.Bao mole ratio between about 2 l
| we have also found that certain transition metal
- oxides, as well as Mgo, are effective in barium silicate
glasses to provide a continuous, well-flowed glass coating |
prior to crystallization. The transition metal oxides
- include: Mno, Nio, Co0 and FeO and/or Fe203.

~
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Pat ent Nos. 4, 256, 796, 4,358,.541 and 4, 385,127. The limting factor in
"tthe high tenperature resistance of these coatings is the use of [err]. A -
high [err] residual glass (or even a borate crystal) tends to allow the 10
m crostyfucture to nove and flow at tenperajgyes nmuch bel ow the solidus of
the primary refractory silicate phases. Accordingly our present coatings.
~arefornmulated with little or no boric oxide. W have found that the
addition of small anfamganese téxidefaddittdons yeresfbandi pareicddarlierr]
al'ters the crys o, I I b and
& ké&:ff&é {h tiﬁﬂs"dﬂ%frr%q tdd X%riﬁ k.:géﬁ b& gipb%‘ §§h}e§%8e |

strontiumsili ca aSSesS. ese a I'ves

| :crystalI|zatlonQPstﬁbﬂwéhﬁﬁgaenﬁrlsﬁﬁlhﬂﬂgtépasgndaﬁpséitG#Sisuaﬂceu/to

.forma contin- nauéveeatwm bﬁi&&ﬂéﬁﬂ'aﬁé‘ﬁn*&%%?‘?ﬁnéeﬁiﬁséﬂ Sghpf due 20

to crystaldization hese oxi des are v ective I'n
crystalllégtloncrYF rpkéﬁﬂﬁnﬁﬂnQﬁglq ia: iv%hébﬁﬁﬁuﬂp°§ﬁo&p§°n§b gk&§ed

about 15% and- m&aiet&b'théftétiadtﬁﬁindiﬁubfl&%hb!n@%lthtaiﬁ! grﬁhie
undesirabl e cryst es, such £3 al um SI|IC ave | ow )
expan- sion coeF??%?én?ih rCT¥ SR (ﬁﬂqﬁeﬁb pxmed gﬁngwgég tgaé ®t8 form The -
gnst effeffL;Seagag?si ranﬂcngdshohkithﬁdltlves is[err]. 'Sl'huse the bez; .
[Z;Iriqudz:idon of oneé f‘fgr?;by wel rﬁoéﬂgx gh%?ihigb érgéb V\?&gen _
about 2:1 and, were net has csngeth fmmlm'te asathet manganesa-oengrining
oxi des, as “e|'céitiﬁﬁh.f”ﬁbﬁ36é¥*'ﬁﬁéy'%é@@’h%”lébbtcﬁbﬂ‘é5more refracto-

1ry; In these coatings, alpha-Basi,Oc (sanbornite) was the
ot princxpal crystalline phase with small amounts of
 alpha-cristobalite. Small additions, generally less than 5
mole percent, of glass-forming oxides, such as z:oz, A1203,-
'Ceoz, Tioz, Nb205 and 8203, improved the flow and appear-
ance of the coatings. :

In addition to Ba0O or SroO, sio2 and one or more of the
refractory and transition metal oxide modifiers, our barium
and strontium silicate coating compositions may optionally
include up to about 25% by‘weight of other oxides. This
includes 0-25% 2ZnO, 0-10% Tioz. 0-20% Cao, 0- 20} SrO, 0-20%
szos, and 0-10% F. T

The alkali metal oxides Na,0, K,0 and Lizo (R,0), as

| well as 8203, are preferably excluded. These flux oxides
= tend to lower the thermal effectiveness of the coating and ,
| increase the coefficient of expansion. However, in some
cases, they may be tolerated in amounts up to 5 wt. %.
- -In workinq with the barium silicate system coatings,

15

20

25

30 ;¢ was observed that good adherence was obtained when the
coating was fired in a predominantly helium atmosphere.
This was true even though as much as 5% oxygen might be
present. However, adherence was not nearly as good when
- the coating was fired in air (~21% oxygen). o
35 This led to a study of the strontium silicate system.

'Surprisingly. strontium silicate coatings_usually provide
equally excellent'adherant'coatings-whethe: fired in air or



i d nt - | ass coating. prior to
sses to provide acontinuous, well-flowed g
glsstallizagion. The transition nmetal oxides include MO N O CoO and FeO

' found parti.cul arly
or [err 10 MVanganese oxi de additions were
2??ect|£e |L produci ng coatings wth excellent gdhﬁrenggtagfeglf;ﬁghgegoge
| I'ization and spall. resistance. However, W su
Khzfgﬁesent t he crys?al ‘phases tended to dlssolve above about [err], 'thus

d W
limting the refradfoai heddumf atmeSphgsecom'nisl ﬁlsnaaréBgﬂeur‘éntspﬁ dum, |
D Fags Cont at ol noaE8CBhSY Bobfibbe 8-S pPLCEEeL Srorspany:appidnecdons.

t-ai ni.ng FeO
;gaihggiaﬁggngse cgntalhﬁngncehelﬂgse obvtherbat hay 9@12c&te|§§§temer§ha%1

DTl g o 2agcleng seehiey, BOLE FEISL! b e VbAoA ey
BalT badi 11 o9 GHRToREr yAF8shelRARL emmhmmdeﬁugtesgu% "EQGw prior

-oxi des, such als [eto] s@st%%e%g%[@fyécam%%'ﬁ” m)re %nfﬁﬁeafetﬁ ctory
“and transi fion morerabiPle AGTHEAEIEd feiont im 2l licare systeni concaing s

silicate coating cbapb@i mmspﬁmewtl ot 1210, Ugﬁiﬁ;% = r?%rﬁoﬁghﬁatm -

5% Zn02
\avleLglhf (r)rIat gf h;ilg)e(js'ﬂ[err]anoéferfj ets%\eh ‘as [err] are preferably :
excluded | ?hese flux Jhhejestrontium silicate- base coatings are well crystal-v
lized, smooth and adherent. They may contain Srsio as a_
major crystal phase, with a small amount of cristobalite HJ_
f,'However, as in: the harium system, the cristobalite may be
- the primary phase. The cristobalite appears to concentrate
15 ”at the intexface of ‘the coating and metal. as in the o
S barium silicate system, this produces a strong bond that
' -resists spalling when cycled, and apparently provides a
good expansicn.match. T . . :
l; Hanganese, nickel, zinc and magnesium oxides, in _
200 combination with approximately eguimolar amounts of s:o,
o are effective to produce good glass flow and hence useful
':"coatings. However, optimum results usually are obtained
" with the presence of at least some Alzo3 and/or Zroz. In =
, _ the presence of the transition metal oxides and Mgo,
. 28 :crystal phases. such as SrzngSizo7, Sr22n8i207 and silicate
o of nickel and manganese may be observed as the primary
silicate phase. R : . :
The strontium silicate ccmpositions, like the barium
silicates, may contain additional oxides, beyond the : . _
- 30 modifier oxides, in amounts up ‘to 25%._ These include 0-25% _
o zno, 0- 20% Ca0, 0-10%" P, o-m% 'rioz, 0-20% Nb 205 and 0-20%
Bao. Again nzo and 8203 may be tolerated in minor amounts,,
- but are preferably excluded._.- o ;
' " In practicing the: invention, the surface of a pre- ,
35 'formed superalloy body may he coated with powdered glass in
any conventional manner. The method we prefer is electro- '
static spraying, wherein electrostatically-charged dry |

~



tend to lower the thermal effectiveness of the coating and increase the-
coefficient of expansion. However, in some cases, they nmay be tolerated in
amounts up to 5 w. % In working with the&ggriun1silicate system coati ngs,
30 i t+ was.observed that good adherence " obt ai ned when the coating was
fired in a predoni nantly helium at nosphere. Thi s was true even though as

much as 5% oxy@qas@ pblwate BECYeRy ﬂjq[&;grﬁrar Sy Qﬂhﬂ@%ﬂ@ts@ﬁéi':&!lg? |

ood when the in ired in al stu

of the stronti GREYe| FBAER iﬁsseppos&qs} R 1A \PORRs AIN FhaTged ulEe merhs
usual’ IhyI provi demﬁal I yAQteehhelikreaq;heLtaw powlerud qmm?iai Ihsednmeél roor
in a helium at renders the strontiumsi-_cate ed ngs
nore practi cal rJ'&%‘P‘ ﬁﬁﬁyigﬂbiﬁ %g'ﬁ'g" Re 9o MR SF AN t%'egﬁ‘f ng#Eat e
system s$all ammednnnif{:mly ovexo theoglasgosurface amd griedy e hel pf ul
I.n pronoting adequa f t d
stnl‘ofenl ng gf thg cggﬁghisés é"r-%gtt%t l’“ﬁﬁ%ﬂﬂsﬁgq S&?A'{st%%%% tg{‘;|
5to 10 nol e p@nemstar-ure] hﬁll%! P-GIQO]‘QmI é?kizﬁ isofitens,sheyglass Epalrtbchee .

10 10 . The stiapgt §k‘3&§b&hcit 8eh38S SRRILMS w%rﬁ%ﬂm&i Yt inddd$ dglass

snoot h and adher en y _contai.n Eerg maj or crystal phase W th

a smal | anount S8At Pgsﬁbﬁgl ceSHeRtIaLlyY, rQ¢tQR9qxﬁQKﬁﬁ Zahione The:
cristobajgte rr@nahe-ébacaal RBathen htated itd @Eﬂdﬁeﬁdﬁi‘pﬂﬂr@é@

cor e CF| o senpie e "L hohic A B A £ ervdEed e
which forms a dense, strong, refractory, crystalline :
- coating.. A key feature of this procedure is the ability £o
control the timing of crystallization, and thus the repro-
1S ducibility of the coatxng process. _
The coating has been described in terms of applylng a
-pulverized glass over the surface of a ‘superalloy sub- .
_strate. However, it will be appreciated that fillers, and
| additives for other purposes, may be incorporated with the
20 powdered glass to the extent that such additives do not
prevent the pulverized glass particles from flowing into a
continuous glassy coating. ' ' o '

_ Description of the Drawing
25 | S ' _
LJ- - The single FIGURE in the accompanying drawing is a
graphical illustration of two thermal expansion curves.
Thermal expansion, AL/L, in parts pef-million (ppm), is
plotted along the vertical axis; and temperature, in °C is
30 ‘plotted along the horizontal axis. The solid line curve
represents values for the glass-ceramic coating of Example
11 in TABLE I, infra; the broken line curve represents
" values for a typical superalloy Inconel 718. A good match
is seen between the thermal expansion behavior of the
35 superalloy and that of a typical barium silicate glass-ce-
ramic coating.



resists spalling when cycled, and apparently provides a good expansion _
mat ch. Manganese, nickel, zinc and nagnesi um oxides, in 20 conbi nati on

‘Wi th- approxi mately equi nol ar amounts of SrOQ, are effective to.produce good
gl-ass flow and hence useful coatings. However, optinmumresults usually are .-

obtained with the presence of at |east sonme [err] and/ o_-r [err]. In the :
presence of the transition netal oxides and [err] 25: -~crystal phases such-'-:

~as [err] rand siticates of ni ckel ~and manganesl@my be observed as the J
pri.mary silicate phase.: The*strontiumsilicate conpositions, like the =
barium silicates may contain.additionRal_ oxides.: beyond t he- 30

modi fi eroxides, in ambunts up to 25%——= . SLch pOR, ZnO, 0- 20% 16:-10 R
- 0-10%F, O- 10%[err] 0-20% [err] and O- 20% BaO. Agaln R20 and [err] may be

tolerated in mnor anphet$ BHtidne ;ﬂ In practlcmgthe

i nvention, the sgéggce of gvgre 65151@ ?ﬁ'&rtﬁgdyéﬁﬁ reﬁgetbe to

coat ed wi t hg powd taSBef féﬁyee‘,‘m Malgh&smerarﬂltem

prefer is elect rmaysbetapphbeayaggcow&ghgsn ’?‘hgﬁg wﬁ]‘#ig%hai‘%gegqp g;!
upera [

gtgg)gr P%\é\ldlg;] ';] ;ﬁ%g:ﬁ%ﬁm gi%:%gaﬁ;gggﬁ%gﬂ'hggeemteqﬁa@mane/dapaﬁm of .
powder ed gl ass adherentl, ensh p%b K t‘#f‘?:%? g.ﬁxatd:}{aé,&

Theol 252825%2;1%%%%23@9'4%%&8&‘ ¥ﬂgﬁg‘%egtgﬂg§§§t§g‘rﬁpﬂ&ureemmg; -
[err]. Thig sof (BHS indig @r@lqseseapdnsiodumatcﬁ Qﬁ”%ﬁe %%‘itnli’ty of

wel | - f or nd contthelmm@mfe

o TABI.E 28 lists compositions in the barium silicate
_. system- TABLE I lists compositions in the strontium '
-s11icate system. " In‘each composition, the constituents are
15 given on the oxide basis.’ The compositions ~are shown in -
both percent by weight (Wt. %) and mole ratio (M.R.).
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 coating that is essentially free fromcrystallization. The 10 _

gl ass-coated body i.s then heated to a sonewhat higher tenperature. This
effects devel opnent of a crystal phase which forns a dense, strong, .-
refractory, crystalline coating. A key fedilyge of this procedure is the
ability to control the timng of crystallization , and thus the repro- 15
ducibility of the coating process. The coat igxgfgsy been described in terns
of “appl ying a pul veri zed gl ass over -the surface of a superall oy sub-

stkate. However, it will be appreciated that fillers, and additives for

ot her purposes, may be incorpor atBARIUM ISIUFCAHFE commugl ass to the.
extent that such additives do not prevent the pulverized glass particles
fromflowng into a continuous gl assy coating. Description of the Draw ng
25 The si®gle FIGURE in the acconpanying drawing.is a graphical

iIlustration of two thermal exypansion curvesy Thernmal expansi ong [err]/L,
-in parts per mllion (ppm—TS ptrotted atomg tie—verti catr—axrs—arnd -
tenperature, in [err] is 30 plotted along the horizontal axis. The
solid line curoxidRy esen . gl gaR for e @l ap-geranm c apalig ng wirExanpl e
11 in TABLE I, TTnira, t© Droken T1ne curve represents valu - ypi cal
superal |l oy I nconel 718. A good match is seen between the thermal expansion
behavi or10f thesi sup@1ald o.sd thas.®& a 3ypical bardgsilacste

gl ass-ce- ram ating. a egific Desgrigptign The inveption ts further
descri bed vvith%raespect t-o35’§lo 1 4d.¢ ' A 4.5 T

A1,0, 2.9 0.125 3.4 0.125 4.0 0.125
o - | |
. 4 5
15 | | 3
Oxides -~ Wt.% M.R we.%  M.R. Wt.%  M.R.
si0, 45.6 2.5  57.3 4 4.9 2.5
- Bao 46.6 1 36.6 1 45.9 1
20  Al,0, 7.8 0.25 6.1 0.25 -
zro, | 9.2 0.25
-7
25  oOxides _ Wt.% M.R_ - Wt.%  M.R. We.$  M.R.
s - _
sio, 53.3 4 51.6 -4 31.1 2
 Bao 34.1 1 33.0 1 59.6 1.5
| Y,0, 12.6 0.25 R
30 - FeO 15.4 1 0.5

35
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dance with the invention.

materials are capable of yielding snooth,;

~ that have little or’

adherent,.
no tendency to spallduring tenperature cycling .

indi cates a close expansion natch in the vici
1 lists conmpositions in the. bariumsilicate 4
conpositions in the strontiumsilicate system

constituents are given on the oxigle basis.
both percent by weight (W.

| "BARI UM SILICATE COVPCSI TI ONS 5 1

Oxi des
61.9
40.8

. 4.0

% .
44.9

4.5
1

0.125%
MR

2.5
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y of the
em TABLE

I n each conpositi.on,

e

0

i nterface.
Il lists

specific exanples of glass-ceramic materials that may be applied as
coatings on superal |l oy bodies in accor- These

non- por ous coat,i ngs

ThIS
TABLE

the.j

ns are sgw1|n15

. % odiRes VWt M.R we.$W MR MR 10wc | ERBlR...
5578 375 ' 475 2.5 BaO 35.2 1
48.5 = 1 [ERR] 2.9 '0.125 © 3.4 0.125
siop 39.4 2 38.6 6 25 Oxides 28.3W.% MRS.

pao % Mgt [0 49f§ 6125 4823 4

Co0 L 1201 0.5 23.5 1

~ FeO 35.4 1.5 L

13 14 15
Oxides _ We.% M.R __ Wt.% _ M.R. _We.%  M.R.

- sio, 6.7 2 34.9 2 32,0 2
BaO 129.8 0.5  44.5 1 40.9 1.
Mgo 23.5 1.5 R RETE
MnoO o 20.6 1 © 18.9 1

CF 3.0 0.5 o

~ zro, 8.2 0.25

_16 17 18

‘Oxides  We.% M.R __ Wt.% M.R. WE.%  M.R.

C'sio, . 336 2 33.9 2 33.2 2

- BaO- 43.0 1 43.2 1 42.4 1
2ro, ©3.5 0.1 L o |
Mno 19.9 1 20.0 1 119.6 1

LEj



[ERR]

Cao

35 -

BaO 46.6 1 36.6 1 45. 9 20
78 0.25 6.1. 0.25 [ERR] | o - )
9.2 0.257 | 8 1S 25 Oxi des W.% MR
- W.%- MR~ " W.% MR [ERR] "53.3 4 51.6 . 4
31.1, 2 BaO 34.1 1 33.0 1  59.6 1.5
[ ERR] 12,6 0.25 30 __ R4O . - - 20 15.4 21 -
9.3 0.5 35 10 — 11 i T 12 Oxides . W.%
M R_ W.% MR W.% MR 5 [ ERR] 39.4 2
38.6 2 oxides3 WEASMRD  Wt.®5 M.R.5 We.8  N.R. -
48.2 1-coo | - 12.1 0.5 23.5 1 FeO -
35.4 '1.5 10 - 13 14 - .15
Oxi des SW. %Si0R W28 R @ 31.0 w2y MR [ERR® 2 46.7
_24- - 34.9  pao 0.9 42324 2,]3'_92.6556@ E e 29783 0.5 1
20.6 1 MnO0 15 9 19-%2/%0 183° 1 3183 0.5 }ERR
8.2 0.25 20Nb.O. 2 16 S VA 18. 2xi des0.1
W.% MR \911%0/05 MR ¢ M.% MR [err] 33.6 2
33.9 2 2332 32pfol 43.0 1 43.2
) . OXJ.deS - Wt.% MOR wt.! MoRo Wt.% M-Ro
15 | | | -
sio, - 32.2 2 31.7 2 37.1 2
BaO 41.0 1 40.5 1 47.3 1
Al,0, 6.8 0.25 3.2 0.1
| NiO 20,0 1 19.7 1 :
20 zro, ' 8.1 0.25
Mgo | | 12.4 1
25
25 |
St Oxides Wt . $ M.R,
sio, 35.3 2
 Bao "45.2 1
30 a0, ‘3.0 0.1
- 16.5
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| 35 TABLE | | STRONTI UM SI LI CATE COMPCSI TI ONS 5 26 -

27 28 Oxides W.% MR H MR- W.% MR
[err] = 48.2 2 58.3 3 : 410 SO 41.6
1 <33.5 " 1 281 1 [err] 10.2 0.25 8.2 0.25
6:9 . 0.25 29 . 3033 21365 oxides 8. % MR
W.% MR W.% MR. [err] ~  40.1 1.5  47.2 2
 52:8 2.5 StO Bt 40.7 | 1 36,4 1 ferr]
13J 0. 25 1£L_§L 9: “We. MaoRqo WE.%; oM.Rp Wt.t  MaR.
34 "0Oxi des . . % MR W.% MR - W.% MR 25 [err]
40.7 2 8.3 .2-SrO '35.2_ 1 35.2
1 . 533 lru’)iéz 1 [err}6-3 2 8.7 210.5 0.284-2 45 9
0.15. MO seg.1 1 31,9 1 30.9 122.7° 23M0 1
13.7 130 35 ,_35 37 oxi des W. %
MR o BE O W% O s 9'ferr? -25 36.9 2
35.7 2 ALRM 2 4 5.7  0.25
10. 2n0 - 24.2 1 |
'~ Nio - - 16.8 1

' Glass batches, corresponding to each of rhe composi-
tions in TABLES I and II, were mixed. The batches were
15 melted in platinum crucibles at 1600°C for two hours. The
| glass melts thus obtained were poured into water to quench
and granulate the glass. The granular glass was ball
milled with alumina c?linders for 4 to 8 hours to provide :
powdered glass with an average particle s*ze cf 10 to 15
20 micrometers. '
Powdered glaauss were dry pressed in the form of
.cylinders 1/2"/in diameter. These were heat treated at
- temperatures of 800-1200°C for 1/2-1 hour to determlne
. sintering characteristic and ensl}y (non-porosity). |
25 Additionally, 4" x 1/4" x f?iig gars were pressed and fired
) for determination of thermal expansion coefficzent (Exp.)
s . expressed in terms of x10~ /°C. X-ray diffraction traces
were made on fired samples to determine crystal phases
developed during firing. | .

30 TABLES III and IV list properties observed on the
glass-ceramics prepared from the compositions of TABLES I
and II. The example numbers of the TABLES correspond for
cross reference. '

Promising glasses ‘were applied on Inconel 718

35  substrates and fired. The heat treatments are shown in the
TABLES in terms of temperature in °C (Temp.), time in hours
'(T) and atmosphere (Atm.), either



reference. Proni 8Fﬂ§e§F&§9e§°MdeaXpéﬂl these tonditionds 35 substrates.

' t enperature |n[err] (Terrp ) tinme in hours (T) and atnobsphere (Atm)

Sro - 31.9 1 30,9 1 : 23.3 1ferr] 9.5

0. 25 9.2 0.25 [err] : 5.7
- 0..25 MO 21.7. 110. ZnO : 24.2 ., 1 NO-
-16. 8 1 d ass batches, corresponding to each of t he conmposi - ti ons in
TABLES |- and 11, were mixed... The batches. wenex15 “nmelted in plati num®

. cruci bles at- [err] for two hours. The glass nelts thus obtained wer e
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was ball milled with ngmférﬂ?a%cy;lalqhd'er fﬁﬁ ‘%98“%0%% §idd P@éqaam%. -
glass with an av&CIGRiEs & heldum aﬁmqsplterew althoughi dtoeBheadnedowaer ed. -
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[err]X-ray diffraction trac
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eit her
- 20
25

30

35



helium (He) or air. |In the case of bariumsilicate glass ceramcs, a

*hel i um at nosphere, +al though it contained as nmuch as 20% air, proved nuch
nore effective for obtaining good coatings._Lt appeared that ‘Wth an air -
atnosphere 5 ° too nuch oxidation of the ﬁ@gbl surface occurred before a
~continuous gl ass coating formed. Wile slrght spal-ling and/or porosity was
observed with sone coatings, this was nAABIR iXIE. It is anticipated that
fime tuning of the processing could avoid these condi ti'ons. 10 15 20 25 30
35&, "TABLE || 1. BARI UM SILICATE COATINGS ON | NCONEL 718 SUPERALLCN 5

Exp. Crystal Ex.BAREW ICHXTE PENGE A BUP] 2}
[err]-1 hr. (He) slightly porous 197 7 [err] 10

alcristo- balite [err]-1 hr. (He) gl ossy bl ue-grey [err] 1 hr. é
adherence315 2. [err]-1 hr. (He) rough-textured E#XBe 7 € ystal
[err] BaSr[err]g,bl upemﬁrte'r. Atm. Appedrdiride Cri st25-9a0¢¢ec Phases

O .

1. 1100°-1 hr. (He) slightly porous 197.7 B-Basi,O,

10 o g . . a-cristo-~
. ' B : . balite

1200°-1 hr. (He) glossy blue-grey
1100°-1 hr. (Air) no adherence

1s 2. 1100°-1 hr.,(He)' rough-textured 152.7 B-BaSizos,
_ ' blue-white ' a-cristo-
balite

1200'-1_htl (He) glossy blue-grey,
' some pinholes

20 1100°~1 hr. iiir) no bonding
3. 1100°-1 hr. (He) textured dark . 107.3  a-cristo-
| - grey o balite,
25 : .
( 1200¢-1 h:. (He) edge blisters BfBasizos,
— | | | a-cristo-
_ : balite
1100'-11hr, (Air) no bonding
0 - - | -
~4. 1100°-1 hr. (He) slight edge  91.3 B-Basizos

- spall
1100°-1 hr. (Air) 90% spalled off

35



= [err] -

gl ossy bl ue-grey,

[err]-l

[err]-1 hr. (He) sdne pi nhol es 20 hr.
(Air) no bonding 3. [err]-1 hr. (He). textured dark 107. 3
~[err]-cristo- grey N balite, [err] 25 [err]-1 hr., (Fb)
edge blisters : ‘[err] [err]-cristo- balite [err] hr. (Arr) no
bonding 30 4. J[err]-1 hr (He) - slight edge - 91.3 [erf]: spal
(AIT). 90@6spalled off.35- ~ TABLE_IIl| BARI UM SILICATE COATINGS
ON INCC]\IEL 718 SUPERALLOY Exp. Cryst al -ExZ\rrenp T.  Am  Appearangg
25-[err] Phases 10 5. [err] 1 hr. (He) - glassy, - .. 112.6 ~
a-cristo- transparent L - .balrthLgrtiil*hr,.(kb) femrbubbres_ _
[err] hr (Air) pitted. and 15_' _ spalled 6. [err] 1
hr. (He)  SL. spall S . 94,8 [err] [err]-1I "(Air) coating - '
spal led O f 20 3 BARIUM SILICATE COATINGS ON INCONEL 718 SUPERALLOY ~”_
3 o - . Exp. * -c:_ys_t'a;-l'”_'
'Ex. Temp. T. Atm. . Appearance. . 25-300°C Phases
10 5. 1100°-1 hr. (He) glassy, = 112.6 a-cristo- -
. '+ .. " transparent i balite &
1 1200°-1 hr. (He)  few bubbles
S 1100°-1 hr. (Air) pitted and
15 ' a spalled
6. .1_.1000_1 'jhr:- (He) _ .sl.- spall | __'94.8 ﬁ'BaSizos
- 1100°-1 hr. (Air) coating spalled ' '
' off
20 IR e ;*" o - _
~ 7. 1100°-1 hr. (He) few pinholes B-BasiOg,
' - a-cristo-
S _ B balite
- '1200°-1 hr. (He) - 'sl. spall o
.25 1100°-1 hr. (Air) sl. textured
8. '1100'?1 hr. (He) -Slb éd§é*§P5ii":'i4é.O - a-cristo-'-
| N , ~_ npalite
o 1100°-1 hr. (Air) sl. edge spall
30 o | | o | S
9. 1100°-1 hr. (He) - sl. rippled ' B-Basi,Og
'1100°~1 hr. (Air) sl. edge spall :
10. 1100°-1 hr. (He)  textured a-criétqf--
35 L I - balite,
1100°-1 hr. (Air) spalled end Fe,0,



M

‘Jerr]-

7. [err]-
<balite [err]1 hr.
-1 hr.
(Ar)

8. [err]
[err]-
[err] [err
bakite,

Tefp. T.

rough textured:
12, [err]- Jshr

[err] 1 hr.

hr. (He)
(He) snoot h
10
\; |
‘15
20
25
iﬁi
30

1 hr.

1 :hr.

]-

cristo-
[err]-
BAB,UM Sl LI CATE CQOATI NGS ON | NCONEL 718

ABRRIURNSELICATE é&a&qncb of&mw 71[83rs“dpéax\.*:t.o§ He)

gl oss

35

(He) f ew pi nhol es
(He) sl. spall 25
(He) sl. edge spal
sl . edge spall 30 9.
(Air) sl. edge spal
(Air) spalled end

1 hr.

[err] [err]-cristo-

[err] hr. (AT)
148.0 [err]-cristo-
[erBlZL hr. (He) sl .
10. [err]-1 hr. (He)

'TABLE III .
[err]

SUPERALLOY Exp

textured -

balite -
rippled .
t ext ur ed

TABLE |||
Cryst al

Ex.

1100°-1 hr. (Air)

puddled & melted

err errj-
(He) glossy [err]-1 hr. (Alr)- sone spaII 15 13
sl. spalling : [err] [ @xd. *ﬁtél
bl [er a r]
ﬁx G}S_Jﬁp JS [err?&'gﬁgé?g%%oalltgsl%oo['% élhases
11. 1100°-1 hr. (He) rough textured . B-Basizos
1100°-1 hr. (Air) textured
12. 1100°-1 hr. (He) glossy
1100°~1 hr. (Air) some spall
13. 1100°-1 hr. (He) sl. spalling B-Basi,og,
- BaMgsi 0 10
14, 1100°-1 hr. (He) glossy black’
1100°-1 hr. (Air) sl. spall
15. 1100°-1 hr. (He) smooth 105.6  a-cristo-
- o | balite
1200°-1 hr. (He) sl. bumpy
- L  texture
1100°-1 hr. (Air) sl. spalling
16. 1100°-1 hr. (He)‘ smooth a-cristo~
' : S balite
1100°*-1 hr. (Air) melted & puddled
17. 1100°-1 hr. (He) glossy amorphous
1100°-1 hr. (Air) melted & puddled
©18. 1000°-1/2 hr. (He) smooth glossy  92.4



~[err]-1 hr.

spal l'i ng 16.

balite [err]-

(He)
[err] -
1 hr.

sl .

1 hr. (He)

(Air) nelted & puddlied 30 17.[err]-1 hr. .

‘anor phous. [err]-1 hr. (ATr)
92.4 35

gl ossy

11 BARI UM SI LI CATE COATINGS ON.| NCONEL. 7182FRPERALLOY 5
Exp.. Cryst al '
[err]-1/2 hr.
(Air) semi-gloss 20.
[err]-1 hr (ATr)
79.5 - - anor phous [ eBARIUMhSIL QAE

69. 1 [er] [err]X hr. (He) snoboth 20 | [err]-l hr. (AT sl.
spal | [err]-1 hr. (He) rough t ext ured: 152.1 . [err]-cristo- balite
[err]- 1 hr 5(He).  matte 25- [err] 1 hr. (AII’) sl. qgm-ous Xrystal
[err]-1 hr. (He) gy, SﬁBﬂﬁh @'Ossxtm 78A$pearkwaa 25-300°C  Phases.
19. 1000°-1/2 hz. (He) sl. rippled 84.8  Ba,Mnsi0,
" 10 1100°-1. hr. (Air) .semi-gloss ;:'r |
| S _ o :l_' I - S
20. 1000‘-1/2.hr._(8e) sl. rippled 91.4 Ba2MnSiZQ7_
© 1100°-1 hr. (Air) semi-gloss - 7
' ys  21. 1000°-1/2 hr. (He) smooth, glossy  79.5  amorphous
' 1{90f+1 hr. (Air) glqssyh_ |
22. 1100°-1 hr.' (He) . smooth 69.1 b-BaSizosf
1200°-1 hr. (He) smooth - ' ' ' -
20 '1100°-1 hr. (Air) sl. edge spall
23. 1100°-1 hr. (He) rough textured  152.1 a-cristo- -
| o o - balite
. 1200°-1 hr. (He) matte U
25 1100°~-1 hr. (Air) .sl. porous
24. 1100“1_h:;.(ae)'; smoqth,'glqssy: - 78.1 B&Mgisizbi'
1100°-1 hr. (Air) some spall S
30  25. 1100°-1 hr. (He) thick matte ~  83.1  B-BaSi,Og
1100°-1 hr. (Air) spalling

35

(He)

Ex. Tenp. T

snoot

bumpy texture 25 | [err]-

h

1 hr. (Arr) sl

[err] - cr|Sto-
(Fb) . gl ossy

mel ted & puddl ed 18. 1000-1/2 hr.
[err]-21 hr. (Air) puddled & nelted TABLE

sl rippled-

At m

- 84. 8rapriEeyr 10
err]-1/ 2hr. (
‘'sem -‘glross 15 -

Appear ance

Fb) sl rippled -

25- [err]

Fb) smpoth

Phasesgjﬁ

[err]-l hr.

- 91.4 . [Jerr]
[err]-1/2 hr (Fb) snmoot h, gl ossy -
I

ERAGLOWt h -
edge




[err]-1 hr. (Air) sone spall 30 25. [err]-1 hr. (He) thick mtte

| . 83.1 [err] [err]-1 hr. (Air) spalling 35 - TABLE |V STRONTI UM SI LI CATE

COATI NGS ON | NCONEL 718 SUPERALLOY Exp. . Crystal Ex. Tenp. T. At m
Appear ance - 25-Terr] Phases 26. [er 1 hr. (He) snooth grey- .

65. 6 [err] 10 [err]-1 hr. (He) pi nhol es, spalling [err]-1 hr.
(Ai'rr) sl. spalling at edges 27. [err]-]Tiﬁng(f@) © snoot h 82.8

[#rr]-cristo 15 :
_balite [err]1 hr. (Air) glossy 28. [err]-1 hr. (He) snoot h

135.9 [err]isto- sﬁf’éﬁﬁ:ﬁ%ru ATE [c%x'irmc@rou(tho\.ouzﬁnws hsUPERALEORT -
(Air) glossy 29.

g
[err]-1 hr. (Air) no adherance 25 30. [err]-1 hr..(Fb) smoot h gl ossy
Jerr] [erﬁ] crlsto- balite 30 31. [err]-1 hr. (He) Bxp.rippCegstal

[err],-[err]- */Mr) 0SS rrdaghistoe ite
32.'[err] 1 hr. E%rb 9& _ Appearance 5? 530_6 ﬁhaQQL
" 36. 120001 hr. (He) smooth grey 65.6  srsio,
10 ' 1200°-1 hr. (He) pinholes, spalllng
1100°-1 hr. {Air)  sl. spalling
- at edges
~ | 27. 1100°-1 hr. (He) smooth o ~ 82.8  a-cristo-

15 | S balite
1100°-1 hr. (Air) glossy |

28. 1100°-1 hr. (He)  smooth © 135.9 a-cristo-

i o ' balite

20 1200°-1 hr. (He)  smooth
1100°-1 hr. (Air) glossy

29. 1100°-1 hr. (He) sl. spalling 96.4  srsio,

. 1100°-1 hr. (Air) no adherance
25 . _ - |

_/ 30. 1100°-1 hr. (He) - smooth glossy : Srsio3,
o o i ' a-cristo-

balite

30 31. 1100°-1 hr. (He) sl. rippled srsio,,
1100*-1 hr. (Air) semigloss a-cristo-

- - | balite

32. 1100°~1 hr. (He) . smooth

.35 1100*~-1 hr. (Air) sl. textured

33. 1100°-1 hr. (He) semigloss Sr,MgSi,0;
1100°-1 hr. (Air) spalled off '



35 [err]-llhr.
hr. (Ar)

[err] [err]-1

(A1)

sl .
spal | ed off

textu

COATI NGS ON | NCONEL- 718 SUPERALLOQOY 5

Exp. Crystal

lerr]-1 hr.

_ senr gl oss 35.

5 [err]-cristo-
i hr. (He) sl.

' 20 - 37. [err]-1 hr.

Ex. Tenp. T. Atm
(He) smooth
[err] hr. (He) - snpoth
balite 15 [err] h
edge .
(FE) _ rrppled
(He) . smooth [er]r-=1-hr. (Air)

red 33. [err]-1 hr. (He)
TABLE |V STRONTI UM SI LI CATE

Appear ance .
[err] [err] 1 hr.

r. Qﬁﬂn sl. spalting 36.

[err] spal

' TABLE IW30.0
‘textured 25 30 35

25- [err]

[err]

enrgloss
Phases
(A1)
Terr]- kuf

[err]

[err] [err] [err]I
TABLE V.

dlsplays the results of flane cycle testlng of four exenplary coati ngs

sel ected from t hoseSTROMTIUM S2BIEATE QOATINGS ON r

nunbers _are used for convenience in cross-reference.

5

15

" Exp.

7188 ERALLOY

Ccrystal

Ex. Temp. T. Atm. _Apéea:anqg__g-”25;3609c- Phases
34. 1100°-1 hr. (He) - smooth ‘Mn,Si0);
1100°-1 hr. (Air) semi-gloss R
- e o - - v/
35. 1100°-1 hr. (He) - smooth Ni,S10,,
- | | ‘a-cristo-
~ 1100°-1 hr. (Air) sl."sp;lling - B
36. 1100°-1 hr. (He) s edge : s:ani2 ge
37, 1100°-1 h:.'(ug),_ rigpleq. 130.0. srsio,,
. T Nisiog
1 1200°-1 hr. (He) smooth =~
© 1100°-1 hr. (Air) sl. textured

. 3s _

-
-



+ Test sanples were prepared by coating both sides of Inconel 718 superalloy R

-~ cycle. Three of the four sanp es showed_no evl dence

bodies with pul verized gl ass as described earlier. The glass coated bodies

were fired at [err] for one hour in a helium atnosphere. The sanples, thus

prepared, weré nounted on a hol der and cpgled 600 10 times. Each cycle .

consisted of (1) 5 mnutes with a flanme 1 npinging on the sanples and (2) 5 -

m nutes_cool ing i nrgife ARl dFSPERE! HEER1EBABECE 130N b yloaer k&ﬁh@g&ach
0 spa |ng

ap_excel | ent #%m%xw%#%rqq@timssseéeﬁydofrpne these shoyna dine

.overal | thernﬁ'aﬁdlo.l?t( ermsm@é dﬂ‘&'—&xﬂmﬁi@phmﬂers areCQ%banQox:

arance 20 i # éf Di scol ored, slight bllsterlng
no spal lJ ng 2°4°m’en ence B’afb‘f’é‘? §-referenges | gred, but no spalling 27.
Sro [_errﬁ 'ﬁtsstmpl!;emrwéi-enprepaneddb?Scoat:ing both sides of

Coel Teu 30 SoEhd0R 2he qupera1 B bEAIEs wien PATHIABISRAY . .,

t enper at ur es desoribed réariiem. oXThenglaasacortgdehbodiesnvere figed at
S Sund, 2 THG e Folord Huf £n 4 'ReTRuAl atnbineateld Thecgh 1E§0mthe

group consisting of nick base, cobal ase, . chr.om um base; |ro - base
al | oys, _and E;hggupﬁgpared, were mounted on-a holder and cycled
10 times. Each cycle consisted of (1) S5 minutes with a flame
impinging on the samples and (2) 5 minutes cooling in air.
Sample teﬁperatures reachéd about 1050°C during each cycle.

Three of the four samples showed no evidence of spalling.

. This was an excellent result cons1dering the severity of
'._ 15 the thermal gradients and overall thermal shock engendered.
TABLE V
s;ggle No. Coating : 'Agggaranee
20 ‘11, Bao-sio2 Discolored, slight
- blistering,
| no spalling
'22. ' _ BaO-Sin_ ' Discolored, but no spalling
' 27. 1 sro-sioz o Blistering on flame exposed
25 - : corner, no spalling
U _ 28. - s:o;s1¢2 . Fleme exposed corner spalled’
30

35



form ng an oxygen barrier. over the netal surface, the. coating conprising

a gl ass-ceram c having a conposition, on 10 an oxi de basis in weight

percent, selected froma bariumsilicate and a strontiumsilicate system
~the barium silicate System containing 20-65% BaO and 25-65% [err].the

1 strontiumsilicate system containing 20- 60962?6 and 30 70%[err] each

system addi tional |y consi sting essentially of at 15 . |east -one oxide '

S e,

sel.ected from the gfagmssonsisting of up to 15@6[err] up to 15% [err}] upJHQ
15% [err] up to 25y MTe—up. to 25% Ni O up to 30% MO, -up. to 30% CoO and -
to 40%.iron oxide, and containing not. over 5%feérr] total of ‘all such

addi tions not excegdi ngaSeHKaited Aethanelmaddted td. Iapsﬁ@stemeﬂcm%f&

the strontiumsilicat %& 3 An article in accordance wth claim1

. wherein the select€§°8§|§§ s QR N HRYEen-conta nfaining env&¥qnmﬁn9'eapé

: _2ccordan|ce wigh cl comprisiing a metad adleyt: eﬁb@txdﬂ:e,s the Tntéthg?/mﬂﬂ.

- n article in acco X1 s u
ool o v 50 BocobRaEEel ol Ul LrIE Sfaiat it S, Hhekii Basp, hm-..
sel ected oxi de i's bpseg Zhyomiom-dase andadwnuﬂbaseeaiinmman@mdmatboatimg 1

wh he 35 . _ 1 :
i1 i0S 1000, - EOLRERE o oged Biridef?YvehOctle, fietah! RulFalt] the

An ar L
accordance with clgeating,somprisingsay séaés-’@ﬁrM% haying mmosisipoe on

8. An aft'fde '”aﬁcéxﬁﬁénﬁaswstEncbéﬁ@h% pagicent ! kelected from a barium
i - ' sxlicate and a strontium silicate ‘system, the barium
:'silicate svstem containing 20 65% Bao and 25 65% sioz, thé‘a
strontium silicate system containing 20-60% S0 and 30- -70%
| ':*;Sioz, each system additionally consisting essentially of at
15 least one oxide selected from the group consisting of up toh
- 15% Alzos, up to 15% Zroz, up to 15% Y203, up to 25% Mno,-'
up to. 25% Nio, up to 30% Mgo, up to. 30% CoO0 a j%té? to 40%
:iron oxide, and containing not over 5% 8203 ’J
- total of -all such additions ‘not. exceeding 50% in the barium
- 20 silicate system and 40% in the strontium silicate system.

2. . An article in accordance with claim 1 wherein the
'selected oxide is up to 15% A1203.

25 ,3. An article in accordance with claim 1 wherein the_
~ selected oxide is up to 15% Zroz.

4. An article in accordance with claim 1 wherein the: o
_selected oxide is up to . 15% 2203.
30 . .
- 5. An article in accordance with claim 1 wherein ‘the
selected oxide is up to 25% Mno.-

6. An article in accordance with claim 1 wherein the T
35  selected oxide is up to 30% Coo. -

O O D



~

5* _selected oxide is MO 9. An article in accordance with claim1

‘wherein- he gl ass- teram c conposition is essentially free of [err] 10

10. An articleé i.n accordance with clai mad@herein the gl ass-ceranic
conposi ti on additi-onally contains at |east one oxide selected fromthe

group conposedyof 0A35dizf£1eOiﬂodééafhaﬂbéqgigﬁ ﬁ% ?@dl %ﬁgEQ{ Egéflahe

total content of _sald_oxides belng not over n-ar
agtor dance wi t felegted onidecis ?Betglﬁgi %§¢%ﬂ$%iﬁgnp05|t|on addi tional ly
céntains up to 20% CaO 200 12. An artlcle i n-accordance with claim1l.

wherein the gl gss-cerani sition agdditiopall nt ai ns to 25% ZnQO.
13. Aln artlclge Pn a Bo?ﬁgﬁﬁggpv\ﬁ'ﬁlhaé?%?a? %\/Irféfé‘ Z}%&‘Z ! %ﬁl'J e ani ¢

conpositi 8n i ssélectédcozidenisMyoi!icate system and additionally contains .’

up to 20% BaO. 14. An article-in accordance with claim 1l wherein the

gl ass-ceranic conposition fromthe bariumsilicate system 30 additionally

contai-ns up to920% BnCarticle Abncaccotrdance withrchain ww}e% E V\/nerel n
ar in

111917 11100 101 i1§1050RRAe XogbShi BT, LY GREGALILLY £fe

accordance with claim1 wherein the glass-ceram c conposition additionally "

contalnslgp 10180% An article in accordance with claim 1 wherein the

glass-ceramic composition additionally contains at least
one oxide selected from the group,composed of 0-25% 2Zno,
- 0-20% CaO, 0-10% TiO,, and 0-20% Nb,O,, the total content
- of said oxides being not over 25%.
15 . . |
. 11. An article in accordanoe with claim 1 wherein the
glass-ceramxc composition additionally contains up to 20%
Cao. - :

| 20 12. An article in accordance with claim 1 wherein tne
glass-ceramic composition additionally contains up to 25%
ZnO.

‘13, An article in accordance with claim 1 wherein the
25. glass-ceramic composition is from the strontium silicate
system and additionally contains up to 20% Bao.

14. An article in accordance withociaim 1 wherein the
glass-ceramic composition from the barium silicate system
30 additionally contains up to 20% Sro.

15.  An article in accordance with claim 1 wherein the
glass~ceramic composition additionally contains up to 10%

* ¢ L Bm s %



[err] 5 17. An article in accordance with claim 1l wherein the

gl ass-ceram ¢ conposition additionally contains up to 10%F jn excess of. s

the oxides. 18. An article in accordance with claim1 whereiin the *10 e o

~ glass-ceranic -conposition consists essentially of BaQ [err] and 1-10% by
wei ght [err], the [err] and BaO bei ng preseﬁl¥in a nole ratio of between

about 2:1. and 5:1. 19. An article.in accordance wi'th claiml .wherein the AR

gl ass-ceram ¢ conpob6t i oAncarsicle- Eﬁsﬂeéb?daﬂcéfwﬁtﬂ’éﬂﬁih?&rbheEQanQhﬁu?

per cent

f b d
orr]. 207 hn art EHESYRCRR A6 GOBRQF L loR dadit fapadiy eeBtains Bp to 20V

T

[err].
concentration of chh%Qﬁathe crystals adJacent_to the interface between
the gl ass-ceramic coalifhg and.the netal base. 21. - A coated article adapted

to operate at tenperatures 25  above [err] in an oxygen-contatning :
at nosphere anl comldsi sAm@rticlel iml dAogyordance red €h émalﬁ'ela{,,ha}:égﬁ RRENY

e ot o bace. and (POHP ORI Nl LI E1G) SERE GRRTLY GRRERYog umate: 40 2

over the netal” surfiaz:@xqeesz:f the oxidas conpri sing a/ gl ass-cerani ¢ havi ng
a primary crystal. phase selected froma bariumsilicate type, a strontium

sil'icate type, and a cristobalite phase, and there being cristobalite

crystal s concent ratidt adih@rtiale tin agnopdance: avikh vebaimhe vgheséiﬁetnm c

and the mﬁéio 35, bIEEEEEEEHNﬁﬂ%kﬁk%%@gﬂﬁrtbhsists essentially of Bao, Sioz'
"~ and- 1=~ 10% by weight A1203, the sio2 and: Bao being present :

' in a mole ratio of between about 2 1 and S 1. N

19. An article in accordance with claim 1 wherein the :
- 15 'glass-ceramic composition consists essentially of Sro and
Si°2' the mole ratio of Sro sio2 being between 1:1. 5 and .
1:4, .and S to 10 mole percent of A1203 or Zroz.

20, An article in accordance with claim 1 wherein there is

20  ‘a concentration of cristobalite crystals adjacent to the
interface between the glass-ceramic coating and the metal

base.

21.“ A coated article adapted to operate ‘at’ temperatures JHJ
25 above IOOO'C in an oxygen-containing atmosphere and com-
' _prising a metal alloy substrate, the" ‘metal alloy being
'selected from the group consisting of nickel-base, cobalt-.
base, chromiumrbase and iron-base alloys, and ‘a coating
_ forming an oxygen barrier over the metal surface ‘the
burium Silicale or seren.Hl.un- smc:'a.i—o_
| 30-: ..coating comprising azglass-ceramic having a primary crystal
 phase selected from a barium- ‘silicate type, a strontium
silicate type, and a cristobalite phase, and there being
cristobalite crystals concentrated adjacent to the inter-
face between the glass-ceramic and the metal. '

35
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-22. An article in accordance with claim?21 wherein the base netal of the
- alloy is selected fromnickel, chrom.um cobalt and iron. 23. An article

in accordance . with claim?21l wherein th ,mary crystal phase is a barium
silicate and-the gl ass- ceram c conposi N contains.up to 15% of at |east
one, oxi de selected fromup to 15% [err] up to 15% [err] and up to 15% [err]
10 24. An ar2.cl dni aretdcdeddncaceordance with ¢laini 123 lwhetesa- eheamc is

. z‘ise“t 'ally Ha3e fbedl 8EUERE°31YG %a is %e&se%%dp'}"’i- ok njisclge 25c§90%§um,_

cobalt and iron.

_ S 23. An article in accordance with claim 21 wherein the
primary crystal phase is a barium silicate and the glass-
ceramic composition contains up to 15% of at least one
oxide selected from up to 15% A1203, up to 15% Zro2 and up

: to 15% Y¥,0,.

10 2 3
24. An article in accordance with claim 21 wherein the
glass-ceramic is essentially free of an aluminosilicate

. tal phase. |
U | crysta p. se
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