1 CREEP RESI STANT ZI RCON REFRACTORY MATERI AL USED IN A GLASS MANUFACTURI NG
SYSTEM RELATED APPLI CATI ON This application clains the benefit of priority
fromU S. Application No. 10/738,425, filed, Decenber 16, 2003, the
content of which is incorporated herein by, reference. 5 BACKGROUND CF THE
| NVENTI ON Field of the Invention The present invention relates to a zircon
refractory material that can be used to nake a form ng vessel (isopipe)
that has an inproved creep resistance property and is 10 used in a gl ass
manuf acturing systemto manufacture a glass sheet. Description of Rel ated
Art Coming Inc. has devel oped a process known as the fusion process (e.qg.,
downdraw process) to formhigh quality thin glass sheets that can be used
in avariety 15 of devices like flat panel displays. The fusion process is
the preferred technique for producing glass sheets used in flat panel

di spl ays because this process produces glass sheets whose surfaces have
superior flatness and snoot hness conpared to gl ass sheets produced by

ot her nmethods. The fusion process is described in U S. Patent Nos.
3,338,696 and 3,682,609, the contents of which are incorporated herein by
reference. 20 The fusion process nakes use of a specially shaped refractory
bl ock referred to as an |s%p e % form ng vessel) over which nolten

gl ass flows down ©BEEPREHS RGQ&BEERAQT@IE&MAWER@ALGFSEEIMM@ e

gl ass sheet. Although the is gf?ﬁﬁ to forma gl ass
sheet, the isopipe is |long cgggage 0 | Cross se%?#%% and as such can
creep or sag over tine due to the | oad and to the high tenperature
associated with the fusion process. Wen the isopipe creeps or sags too
much it becones very difficult 5 PR &%)t (IﬁENIty and t hi ckness of

t he gl ass sheet. One way this problemcan ressed is by nodifying the
el ements used to nakis eppdichizmiaies the banaﬁayf pﬂmtty frhmrig8sApplicstigpiysi cal

properties in ce.to cre isis

done in the p?%@%grﬁ?gf’ ﬁ\%ghi?&%}rrl‘bw@r %ﬁ% tIh IoRCorppEate ﬁl@%‘ﬁ*ﬂ The

present inventiaarencecl udes an i sopi pe (e.g., fornlng device) made from a
5

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to a zircon refractory material that can be used to
make a forming vessel (isopipe) that has an improved creep resistance property and is

10 used in a glass manufacturing system to manufacture a glass sheet.

Description of Related Art

Corning Inc. has developed a process known as the fusion process (e.g.,
downdraw process) to form high quality thin glass sheets that can be used in 2 variety
15 of devices like flat panel displays. The fusion process is the preferred technique for
producing glass sheets used in flat panel displays because this process produces glass
sheets whose surfaces have superior flatness and smoothness compared to glass sheets
produced by other methods. The fusion process is described in U.S. Patent Nos.
3,338,696 and 3,682,609, the contents of which are incorporated herein by reference.
20 The fusion process makes use of a specially shaped refractory block referred to

as an isopipe (e.g., forming vessel) over which molten glass flows down both sides and



zircon refractory material that has an inproved creep resistance property.
The zircon refractory nmaterial has a conposition with at |east the
following elenments: ZrSiO4 (98.75-99.68 wt%; ZrQ2 (0.01-0.15 wt%; Ti
(0.23-0.50 wt9%; and Fe2O3 (0.08-0.60 15 V\ﬁ%.AS descri bed herein, two

addi tives including a binder and a dispersant are added to batch materials
(e.g., ZrSi A4, nmteGRt thEbﬁRomﬁrdfoE&%@Bgiwgﬁs@ Bheat. eAlttrgh the iswpipd featdrallyeworkie
zircon refractor teri The bi.nder d dis ant are added as a wei ght
% based on-t hOHOREEA G35 1<k b g CoThEe ©Hsenss wibn Sy 2 00

to 4.00% aids chrncrbé}ﬁ)rfs@g ayer Bigidng tdthe 28 Snd foike mgﬁ&mperaahé 838 RedRdnt he
green strength of a pressed_20 zircon refractory body. The dispersant added

at 0.06 to 0.28sLpeRPIoRess H & hgR theilspinsicreeneor et top Mvak & breames yaryatKicwl

wat er to produgsciaeb] sk %dfﬂt%aﬂéﬁﬁfékﬁ&s beke glta&%hgétr %@wa%ﬁﬁs‘f ]?rﬁﬁlgﬁq%aﬁrﬁé erial.
The bi nder and di spersant are burned out Wwhen t erials and in
particul ar t he affressedig bmnmsiéfﬁmgélﬁer%\@mﬁwb@mﬂ@ tbeilspripe ik way thats;:hmgesrl ng

process to fo

D esent i nvent [ R g ER I TARGE itk LR ALY B o G1°
refract ory mat drthapres¢m?jnvghtéas manuf act uri ng systemthat uses the zircon
refractory material to forma glass sheet; and (3) glass sheet nmade using
the zircon refractory material. BRI EF DESCRI PTI ON OF THE DRAW NGS 30 A nore
conpl et eldunder st andi ng of BREEPDESCRIFTIONOFTHERYVEBNTHON by reference to

the foll ow ng det ait d descrlgtl on en taken jn COI’]] unction with the
acconpanyi ng dr awi nGa® RIfSPERKentign ine igopipe (5-g | foraingdeyiehmads Fomer at i ng
an exenpl ary gkiacs roRader GlatthiaNMaiSHas hee fvg raxcelduﬁiéeﬁges?s&hnwﬁl%aﬁz MBSirkdh
accordance with the present invention; iS a perspective view

illustrating i FPﬁg"P@EE‘@Fte’a@thﬁ‘Pc‘ilﬁ@sﬂ@aﬂlﬁé‘t lf»‘@ﬁdhel fqellowns elgingsts: A% act uri ng

system shown i mghisAd¥s vy, (K=Y dy 1 asic
steps in .a prgpfsersr ed nﬁ/hﬁZﬁ?g(%Jﬁﬁgﬁg ‘ﬁgﬁm f?gg&\%g}’?h{i)g%@go ?iélq%U ES 1

and 2 i ntSaccor HahbAs deserbedthergin. dwe additivesyrahdingrn bipdasama msp@saatgeaqbdcd

matorias | st ol AR HRR R B R R WM Ge QT Ral AR

m crost ruct ur etheaircen rtefraqimmrmmal Tleopiqre aahdisanmpl 2 4died6s a%x,gh@% and 53

f th 6 h
Chat conpar as. Brebn PEHer Rl Bmykdhef iy chebpdpliqip§ ho G el 720

aids in the spray drymg process, the granule strength and the green strength of a pressed

20 zircon refractory body. The dispersant added at 0.06 to 0.25% aids in the wetting of the
batch material powders by water to produce a fluid mix used to make the zircon '
refractory material. The binder and dispersant are burned out when the batch materials
and in particular the pressed zircon refractory body is subjected to a sintering process to
form the creep resistance zircon refractory material. The present invention also

25 includes: (1) method for making the zircon refractory material; (2) glass manufacturing
system that uses the zircon refractory material to form a glass sheet; and (3) glass sheet

made using the zircon refractory material.

BRIEF DESCRIPTION OF THE DRAWINGS
30 A more complete understanding of the present invention may be had by
reference to the following detailed description when taken in conjunction with the

accompanying drawings wherein:



the traditional zircon refractory material and sanple #s 26, 30A and 36 of
the zircon 15 refractory material listed in TABLE #3; FIGURE 7 is a graph
that conpares density (gmcc) vs. creep ratio between the traditional
zircon refractory material and sanple #s 2 30, 36, 37, 39, 40, 35A 51,
52, 45,53 and 56 of the zircon refractory materlal listed in TABLE #3;

FIGURE 8 is a graphFI(E’I&RBGommalbelsdmgremﬁllmsaﬁmgab/diémp}éﬁy glals agintifacfinganpl e
#s 20 26, 30A, %3@ 39 and. 40 of .the zirco fractory nmaterial |isted
in TABLE #3; FEYCURECHding ay 13opineinadp iy aceey, &“hct SRS UEDL ) s,

porosity of sanple #BGURE 2394 persiRctivdfriewdAludtidin é@n %&‘a&:ﬂ&taﬂ thé RBpipehideast ory
material listed in TABLE #3;, FIGURE 10 is a graph that conpares creep rate

(1/hr) vs. y ourtheselass npnpectyting wysiep sbows iIpRIGURIAL 36, 37, 39 and 40 of the
zircon refractory npiGikgh lém&&&hamm?;ﬁ 1 2Basft3te Ekrﬁrﬁ% nitibd% Iaph

t hat conpares creep rate (1/hr) vs. mcrostructure B at sarrp e #s
26, 30A, 36, 3Pr0d39naﬂu=lmn:@fsh@mmzﬁlﬁbwsrle@déon@eqorckmcewxﬂathelpr@md in
TABLE #3; FI GU ]15 a graph that conpares creep rate (1/hr) vs. %e203
additive of sarrp e #s 26, 30A, 36, 37, 39 and 40 of the zircon
refractory mat er i al FIGURB4 is ngragiBillEstratifg a 4irinf bBoRHe 1&:dits makgthapimplhat

conpares creep te £1/hr S. 9] Ltixe sanple #s 26, 30A, 36, 37, 39
and 40 of the %{r‘?%“orﬁﬁ?cé?r?é’c%ﬂ?%%??‘g‘gtﬁi#\ét ed in TABLE #3: and Fl GURE 14
is a graph that COnPEGERESSASE frab®@X IEMrinays. of%eﬁl%s@wﬁu'réédﬁlt@{dnﬁmﬁlgﬁpl e
#s 26, 30A, 36, 37, 39 and 40 of t rcon refractory materia isted in
TABLE #3. DETAMRIE® BE%%@P&WSC% %95 QPE% RE%SCORé?%@CF%@’afe&aHrS@sQRE 1, there
is shown a schammripcsi ew of an exenplary glass 10 manufacturing system

100 that uses the downdraw.fusion process to nake a gl ass sheet 105. The
gl ass manuf act ur i ngFSIRB finpgraphbriseapasss prsen 1abrf L hogs &b sires, (pe) Betvicang

vessel 115, atHE‘ti‘a'dﬁﬂ»nM%ﬁ%@d reﬁg&or@%ﬂenal aiid dand i'éa#EtQ%r?; e 369 JiMBRY
vessel 125 (e.g., bow 125) formng ve e.g., isopipe 135).

The nel tlhg veﬁfét@Ptommaﬁesal\Mﬁ@den TABLBI#QSS bat ch rrat er ials are introduced
Vesael 115 (o o 11 CARe T Bl R ol el Bk (PO . et g™ Shown
at this point) thdibenal hiecometitichgy wetsel and sonplnds L& POy RS 3DLEShEE 3 5AL SIMSLhe
mol ten 45,53 and 56 of the zircon refractory material listed in TABLE #3;
FIGURE 8 is a graph that compares creep rate (1/hr) vs. density of sample #s
20 26, 30A, 36, 37, 39 and 40 of the zircon refractory material listed in TABLE #3;
FIGURE 9 is a graph that compares creep rate (1/hr) vs. porosity of sample #s
26, 304, 36, 37, 39 and 40 of the zircon refractory material listed in TABLE #3;
FIGURE 10 is a graph that compares creep rate (1/hr) vs. youngs-modulus of
sample #s 26, 30A, 36, 37, 39 and 40 of the zircon refractory material listed in TABLE
25 #3;
FIGURE 11 is a graph that compares creep rate (1/hr) vs. microstructure ratings
of sample #s 26, 30A, 36, 37, 39 and 40 of the zircon'refractory material listed in
TABLE #3;
FIGURE 12 is a graph that compares creep rate (1/hr) vs. %Fe,Q; additive of
30 sample #s 26, 30A, 36, 37, 39 and 40 of the zircon refractory material listed in TABLE
#3;



gl ass 126. The fining vessel 115 is connected to the m xing vessel 120
(e.g., stir chanber 120) by a finer to stir chanber connecting tube 122.
The m xi ng vessel 120 is connected to the delivery vessel 125 by a stir
chanmber to bowl connecting tube 127. 20 The delivery vessel 125 delivers
the molten glass 126 through a downconmer 130 to an inlet 132 and into the
fT ﬁrn}ng vessel 13|5 Fg}mmg@pgr@ﬁtgaaprmlf@%émﬁ@1M&§%?@ a&{i‘iﬁeé 105.

e form ng vesse . g L SOopi pe whi ch_is made fromthe zircon
refractory nat &TRp %?’ %’ég‘é&%éﬁ@% a%ﬁt“ﬂ Ogﬁ%@ Zipprdetitctory mstriabistsdsin JUEREE | n
greater detail g3hghow with respect to FIGURE 2. 25 Referring to FIGURE 2,
there is shown a perspective view of the isopipe 135 wused in the gl ass

manuf act uri ng syst eFGURE 14k grahshycompges ¢resnraed /AN vepedirQgadigive of hat
recei ves 4 he 1 ' i . theR
overf | ows5t antrzlng irl{i}ﬁg#%%%ﬁ%ﬁgmgﬁgggg@ﬁgﬂéogggﬁ %%%g%t%gglsﬁ%q{loget Eer at

what is known &3 a root 210. The root 210 is where the two sides 208a and
208b cone together and where 30 the two overflow walls of nolten glass 126
rejoin before being drawn downward and cooled to form glass sheet 105. It

shoul d be appreci ated t hDETAHEB DESORIPTFONQF THE DRAASENGSNUf act uri ng
system 100 can have_differe i gurations and cqonponents 5 t her that
those shown in FIi q&%TTgé%gfqﬁgﬁg’ tg?rf’l‘sl ShB‘@“@S%?F&Egg’GW\MI}FﬁFﬁ’? %Wg'%’é‘be of
the present i nyRRlfbairing)SseRoM0 tha uses Gld¥owAdrab@sibs PREAE tolBikd SgthR ket
conpared to |t? qc:ﬂ:fs section sQ it is inportfant that the |so§‘|§pe 135 does
not creep over 193 nERedEiss pEnpiAsiuRgRystawd O ippludss @ melimg yewselel IAsaBripavesselw t h

the fusion progess mikingtyBRel 12008 PEstk3RaRBL DD, PhelRBESvebRP125HE! ht
beconmes difficult tng cgntrgl tﬁegqual ity ang®f hi'c:cknlgr:‘/sc,e of tS%%dPg‘ggﬁss?weet

105. To ensur ed@dpforming vessebidgde.g350pipe 43 HoThe mebips vesseldd 0 isogharethh glass i s

made from bat ] . 1 ﬁ”ﬁ I | ong
wi th a binder gﬁﬁgﬁg?lgﬁ%%rlgtgﬁbl EIegfoétg%ho \/ﬁ%%‘;g%nﬁgﬁ%%%@%?ﬁl%% S gsgse of

t he isopi‘pe 13524 Zihedng wehsehtlofeye., fidemtmbet 153 kdceinks thbirbien glassil@p(mied creep

resi stance pro en.: red e ditional .i i pe. .The
di ff er ences be%\%ee e 52&%@&/@%&%? %éﬂfégesger%gE@%&dﬁeﬁ%ﬁsﬁuﬁg’g@%ﬂpﬁéﬁ Hplten
described in gglestl@s. db¢ fining vedsalvi 16iiid donnesqes thetmixhABEES 120.(e.g, aid 3. The

tradi tional isapipe. i de from.a.zi f. terial havjng.
composi 1 0n s EHRh TACFABEE § 10 cham bSO S ey 42l TOTERBAPRFE i . o

connected to the delivery vessel 125 by a stir chamber to bowl connecting tube 127.

20 The delivery vessel 125 delivers the molten glass 126 through a downcomer 130 to an
inlet 132 and into the forming vessel 135 (e.g., isopipe 135) which foﬁns the glass sheet
105. The forming vessel 135 (e.g., isopipe 135) which is made from the zircon
refractory material in accordance with the present invention is shown in greater detail
below with respect to FIGURE 2.

25 Referring to FIGURE 2, there is shown a perspective view of the isopipe 135
used in the glass manufacturing system 100. The isopipe 135 includes an opening 202
that receives the molten glass 126 which flows into a trough 206 and then overflows
and runs down two sides 208a and 208b before fusing together at what is known as a
root 210. The root 210 is where the two sides 208a and 208b come together and where

30 the two overflow walls of molten glass 126 rejoin before being drawn downward and
cooled to form glass sheet 105. It should be appreciated that the isopipe 135 and the

glass manufacturing system 100 can have different configurations and components



ZrSiO4 (E-milled Zircon--Zirconium Silicate)By Difference Ti Q2
(Titania)0.30% 108BLF (d ass consisting of Si2, Zro2 and Na20) 0. 30% The
inventors of the present invention have conducted experinments and

determ ned that an isopipe 135 can be froma zircon refractory materi al
that has an 20 enhanced creep resistance property when conpared to the

zi rcon refract other that thoseahown BEIGUR Bfekedizhad stidde tomeidated vshii thescopdBEE #2
reports the inyentive .conposition of zircon refractory material used to
meke the isopi E‘éepf%‘%f“‘weﬁl “he zZrSio4, Zr02, Ti@, Fe2C3 listed in weight

percent wt % 25 6 TABkoviZinVRGERED, Beeiopieads Baﬂ%\&a{;ﬁreﬁrtﬂt%fb%eﬁﬁﬁ%wbﬂ
Preferred Range ZrSiO4* (E- mlled Zircon-- 98 99. 6898. 7599. 6598. 9599. 55

Zirconi um  Si | HdSRIOTERIGHY teprisorinspl 3 sigesmnt crgempoves time due to the load and high
Ti G20. 2305 500. cPRite 38Qcidfad E@%%Q%px@@&sﬁ%@@%ﬁ%@%ﬁb&%s bisagi@yl d be

noted that ZrSi i ncl udes a known anount of Ti In addition to

the listed Ti @pchthepdttgeguesdifirulsteroreddis qulitgnd tiecknaesigf thesglass ghei r con
refractory natgpt a i f it t Q). owi.n

el enents: ZrSi %915‘(%%%3{6355@@%}&; 1%§rd I{bg)g%iﬂ %.as%tov(\)/tr}&}écfh 1{Ills @df %9'?3- 0.50
w % ; and Fe20stck 0aB8al i8ludigrSiOs ZuRsTi0,: badiFé,0, gloaatvith adatdai dndlael ow, two
addi tives incl ydi i_pder . and | spersant .are. adde .t hos

el enent s- - bat cﬁgh%?aéiﬁxétpg?fﬁgp ,mg}%ﬁ?ﬂﬁ%ﬂﬁe&?@%lﬁgﬁgﬁ{ &lrﬁ?ﬂ@ achery used
t o manuf HEt ur e ntabeeial iwhidrhas ed inaebaxiytrdep k@istaate prépaty Whdndompared telihs per sant
are added as a \Aaaﬁgrt\a;.%.bas,?d (8% t he gnorganl c batch naterials as 100%
The bi nder add&8™ 159PiPE-o L be FHoRenses Setivach the neg isqpipa A 93 aryl tradiioeals, t he
granul e st rengopipang def@ibed RefeatdrideRIbBloRfwith RERESE T AHTIERON, hehd actory

body. The di spersant . . .
The traditional isopipe is made from a zircon refractory material having a

composition as shown in TABLE #1.
15
TABIE #1

Material Total Batched (wt. %)
Zr5i0y4 (E-milled Zircon--Zirconium Silicate) By Difference

TiQ, (Titania) 0.30%

108BLF (Glass consisting of 8i0;, Zro; and Na,0) | 0.30%

The inventors of the present invention have conducted experiments and
determined that an isopipe 135 can be from a zircon refractory material that has an
20 enhanced creep resistance property when compared to the zircon refractory material
used to make the traditional isopipe. TABLE #2 reports the inventive composition of
zircon refractory material used to make the isopipe 135, with the ZrSiO,, Zr0,, Ti0,,

Fe,0; listed in weight percent wt%:

25



added at 0.06 to 0.25%aids in the wetting of the batch material powders by
water to 15 produce a fluid mx used to make the zircon refractory
material. The binder and dispersant are burned out when the batch
materials and in particular the pressed ziycon refractory body is
subjected to a sintering process to formthe creep resistant zircon
refractory material. In the preferred erdBUEgENt, the binder is

p0| yet hy| ene ¢-vcol exanple—of whi r‘h s sold under the brand na f
Car bowax PEG é%ﬁr"”(lrrade BoergReEe  cheMerdreiestisary) . Attt Prfractheagser saﬁt is
pol yel ect r ol yf{erssyeheas| samsoni|wexs pollys.ret hacrybet e arjdsymt er drpsgxanplle of
whi ch is sol diupdgsidhe| brand jname of Darvan|C (nmade|by RT Vanderbilt
Conmpany, Inc.}. The E mlled Zircon ils a basig¢ refractljory oxide that is
frequently us¢d A"l ass tank appli¢ations. As can bd seen abdve, zirdon
is generally o@¥&rated8. 750 of the zircgn 25 reflractory|material.| The

titani um di oxirgmy, (T C2) 05 @ Sig@NY ToRET at T zgT (pr—dengif rcat o gdditijve
that is used fodncreasp the densi-tyland strodg hondslin the zi rcan

refractory 7 |miskerial.|¥fe irdnloxi §é4 Fe208) 93%di ti 43P s al sd % strorg
m nerali zer, ©8: so t hpmos Ti g.60hat | 040 added |©0601 ncr gase t he emsi fication
and bondi ng of —the—zirtcom refractory material . Boththe Tr2—andFe2c8

i ncrease the i f n by reducing._the activation energy
barrier duri nth gg’gfrb(‘i&"é‘ééhagg&g ?‘%FS 3%50“(‘6’8%“8?‘11"15‘86&“5532%\)\5 adifign tthe/listed o
refractory mat @iC@123-0The’dinddePs; .8-¢60 wiar bowax PEG 8000) and di spersant
(e.q. Barvan C) which are mxed with the batch materials are both

organl cs that aid in the processing of the zircon refractory raw naterial s
but are ultimately bigsiwdnpitachoy magrieltbhea scrrmosmongvmhra@taemhe bilowiagt hr ough
the sintering her to
forma conti nuglL @@%%rﬁg?é%?fggﬁ@@ % Oemdo ?5:9#};)' e‘ g'ggflbee Oangf

t hi s densi fi caFefh (@%050mdi%blgAsléetsembﬂdnmgrehﬂaedamlrlmm hwandditita moeaiusg ance

to creep in o refr act or teri hfor e135.

The zirconia (B‘ Eﬂ)an oggperlsm} 1% adgec{mél?oﬁeglgﬁf’i‘ %&E‘%’? %&‘Jf ver, if

there islta gl aiy, aphAsi- nvtmﬂeammu t@mmﬁh@u@atmlﬁcermaab@rrﬁatemeTKé rconia
zi rcon_whi ch

reacts with the. SiQ2.i.n the a hase .t o may

i nprove the r eg’&’ﬁ?r@ﬁdﬂﬂﬂsw gr&é"aé‘%/dﬁg@ﬁql%‘ﬁ oq"%ﬁ}r@\r,%ﬂglcthqg: I‘Bﬂt%\?@f’raél I

m cr ost ruct ur e100%! MRe Bihdd @ddedr225108 €3 DO, ARk & ih@'sprajr aryﬁ{g%&&séoﬁmrggérﬁ% t hat
Fe2@3 is not useful in many tradjtional gl ass tank applications because it

can corrode andfrengihs®stsrereaetrrgth ot pressed Biron refivcprybedy. fde disppreant to be a
probl emin theagdsn aeMbs toapﬁ% GAt iPfe wlﬁﬁgﬁfﬁébhecﬁinaﬁﬁa% Qaéfbér' wardh

refractory materials that have conpositi rementi oned
i nventi Vi@ r angBrogwes aibre maf usghito maketht girdes refeastbry mateikle Téle binder and

dispersant are burned out when the batch materials and in particular the pressed zircon

v

refractory body is subjected to a sintering process to form the creep resistant zircon

refractory material. In the preferred embodiment, the binder is polyethylene glycol an

example of which is sold under the brand name of Carbowax PEG 8000 (made by Dow
20 Chemical Company). And, the dispersant is polyelectrolyte such as ammonium

polymethacrylate and water an example of which is sold under the brand name of

Darvan C (made by RT Vanderbilt Company, Inc.).

The E milled zircon is a basic refractory oxide that is frequently used in glass

tank applications. As can be seen above, zircon is generally over 98.75% of the zircon

25 refractory material. The titanium dioxide (Ti0,) is a strong mineralizer or densification

additive that is used to increase the density and strong bonds in the zircon refractory



desirabl e isopipe 135. Again it should be appreciated that the binder and
di spersant which are part of the batch nmaterials that nmake up the zircon
batch are burned out when the batch materials are subjected to a sintering
process to formthe creep resistant zircon7refractory material. TABLE #3

shows each of the, c si.tions i rts..by. weight and, 25 al so shows
various physi cafnaﬁflglpng[&'f’i‘r(gg F’X%ﬁ@%ég;?&‘iﬁQst}g%O% SPONgIINCIAYAEE) meso)so than
cC~1=1C, C2, C~C-~Tithy: theft 6arddedoGricréase the' deA4AGHBEH SEOSABMBINE HeA8on refractory
GoCCC-C). . 1ClIrlIn 111, "1lrlViw~ ~l"rl14" 0000r--rlr-E-r-t~t~t--7- oo

C) C. CDC~-C>C: ) c-ateyiah Bepicthe & @eand FerQsdngrease heapiomobility-and diffigsion tyredosiogl C C

1=CDC) C) C) Q) Cmthégmaﬁ%ﬁaﬁféwmgm@ process of sintering (described below) the
5 zircon refractory material. The binder (e.g., Carbowax PEG 8000) and dispersant (e.g.,
Darvan C) which are mixed with the batch materials are both organics that aid in the
processing of the zircon refractory raw materials but are ultimately burned out during
the sintering process. It is through the sintering process that the grains grow and begin
to bond together to form a continuously bonded zircon refractory material. The degree
10 of this densification and bonding determines the strength and the resistance to creep in
the zircon refractory material which forms the isopipe 135. The zirconia (ZrO;) does
little to heip densify the material. However, if there is a glassy phase in the body at
elevated temperature, the zirconia reacts with the Si0, in the glassy phase to form more
zircon which may improve the reaction path or densification which improves the
15 overall microstructure of the zircon refractory material. It should be noted that Fe,Osis
not useful in many traditional glass tank applications because it can corrode and
discolor the melt glass. But, this does not appear to be a problem in the current
application.
TABLE #3 list exemplary zircon refractory materials that have compositions
20 within the aforementioned inventive range and some of which could be used to make a
desirable isopipe 135. Again it should be appreciated that the binder and dispersant
which are part of the batch materials that make up the zircon batch are burned out when
the batch materials are subjected to a sintering process to form the creep resistant zircon
refractory material. TABLE #3 shows each of the compositions in parts by weight and

25 also shows various physical properties:

TABLE #3
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In addition to the exemplary zircon refractory materials listed in TABLE #3, it
should be understood that there are other compositions and other types of binders and
dispersants not listed in TABLE #3 which have yet to be sampled and tested but could
be used to make a desirable zircon refractory material (e.g., isopipe 135).

5 Referring to FIGURE 3, there is a flowchart illustrating the basic steps in a
method for producing a zircon refractory material that has the shape of the isopipe 135
in accordance with the present invention. Beginning at steps 302 and 304, the batch
materials including ZrSiOs, ZrOs, TiO,, Fe,0;, a binder and a dispersant of the zircon
refractory material shown in TABLES #2 and 3 are mixed and formed into a desired

10 shape which, in the preferred embodiment, is the isopipe 135 (see FIGURE 2). Then at
step 306, the shaped batch material is fired/sintered in accordance with a predetermined
firing schedule (see, e.g., FIGURE 4) to form a refractory material. Lastly at step 308,
the refractory material is ground/polished to form the zircon refractory material (e.g.,
isopipe 135).

15 The exemplary samples of zircon refractory material listed in TABLE #3 were
made in a process having five steps including: (1) batching; (2) mixing; (3) spray
drying; (4) isopressing; and (5) firing. Each of these steps are described in greater

detail below.

20 Batching
All samples were initially prepared as slurries. For this experimental phase, the

process included preparing small batches in Nalgene containers. The batch materials
ranged from 70% to 85% oxide solids from the list in TABLE #3 with water ranging
from 30% to 15%. The water was first added to the bottles followed by-the oxide

25 powders in descending order of amount. Then the organics (e.g., binder and dispersant)
were added. The binder (e.g., Carbowax PEG 8000) dissolves in the batch water and
the dispersant (e.g., Darvan C) aids the wetting of the powders by the water to produce

a fluid mix.

30 Mixing
The Nalgene bottles were placed on a small roll mill and allowed to rol]

overnight or between 15 and 18 hours. This was necessary to insure a good



, rgmt rlrn;l,en,, "tnC~icnnom mriv m® | rdenm - eQ _ _

W - CDCDC5C~<Dr, C."C,C) CNr "C tCDWtnl nl n1=) knW-r, <D'NCGj C) - iz061.61C~
10610606v~l %61\ 61t - - : \ 60606r - ~c606C~rzr-~06 b4JJ mqrmC-~m'tmmtr~r
MR<C-<C ~C~ 0 0OM n%m | - nC~a O ml nv nn)monmmp | *

C~=~C~=~C~-C~C~C~C~CDC, CDOC~<~C~C: ~C~C~| z~I'=! C~C~C~

mmmmmme gnC' i Chbmbgb'nmnmnme:qﬁtbmmddiﬁwkm%‘wﬁdziﬂcnﬁ nTﬂ;iMy@omc gnndin@éﬁiﬁ ;

CDCDCDCDC: - D%DCPCDC 1 ~l z~C~C~-C~
“C nC)lS neDgéd to break up any agg?omerates hox!vggr) Qc ere dl% not appear to Le a need

with the powders being used in these experiments.

5 Spray Drying
The slurries were spray dried using a Niro Mobil Minor spray dryer. To prevent

settling of the slurry solids, the slurry container was placed under a Lightnin mixer with
a prop shaped blade on a shaft, which positions the prop close to the bottom of the
container and the slurry was continuously mixed. The slurry was pumped to the spray

10 dryer nozzle using a peristaltic pump. The spray nozzle was a two fluid nozzle with the
shurry passing through a center feed tube and there was a concentric ring of atomizing
air around the feed tube. This air broke up the slurry into small droplets, which were
then dried in the chamber of the dryer using preheated incoming air. For larger batches,
a larger dryer with a rotating nozzle or wheel could also be used. These dried granules

15 settled to the bottom for collection. The basic spray drying paramsters set for each
sample fell in the ranges shown below in TABLE #4:

TABLE #4
Variable Tested Range
Slurry % Solids 70% to 85%
Slurry feed rate 1.0 to 2.0 (pump settings)

Atomizing air pressure | 1.3 to 1.8 Bar

Atomizing air flow 45to 52 ¢fm
Inlet temperature 300°C
Outlet temperature 93 to 107°C

20 Isostatic Pressing
Before pressing, the spray-dried granules were sieved to remove any large

agglomerates which may have been collected from the spray drying process. The mold
set consisted of a perforated metal can that permitted fluid to flow around a rubber bag
which held the granulated powder. The bag was made of Neoprene. The bag had a

25 plug located in the open end where the mold had been filled. The plug had a spout that
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In this experiment, an Autoclave ATCV 30607 isostatic press was used. The
mold containing the granulated powder was placed into the press chamber. After the
enclosure plug of the chamber was inserted and sealed, the chamber was completely
filled with water. At this point, the overflow valve was closed and the pressure was

10 applied by a high-pressure water pump forcing liquid into the sealed chamber. This
then compacted the powder inside the bag with pressure applied in all directions around
the bag. A pressure of 20,000 psi was used, this point was held for one minute. After
the pressure was released, the plug was withdrawn, the sample bag removed and then

stripped off the compacted sample. This was then labeled for identification and
15 shrinkage marks applied with a scribe. The sample was now ready for the firing step.

Firin

All samples were fired in a gas-fired laboratory Bickley kiln. The samples were

placed on a secondary, raised hearth to give better temperature uniformity. A layer of
20 zircon grog was placed on the hearth before setting the samples in place to seat them

evenly. The firing schedule for zircon could be long or short depending on the sample

size. The current samples ranged between 1 to 3” diameter and 5” to 18” long. For

these sizes, the schedule shown in FIGURE 4 was used with a top temperature of

1580°C. It should be appreciated that the larger pieces or samples of zircon refactory
25 materials would require a longer firing schedule than shown in FIGURE 4.

Once the samples were made, test pieces were cut from each. Some samples
were then subjected to a variety of tests that measured creep rate, microstructure, firing
shrinkage, Young’s modulus, density and porosity (see TABLE #3 and FIGURES 8-
14). For example, TABLES #5 and 6 list several properties and visual observations of

30 the traditional zircon refractory material and sample #s 26, 30, 36 and 53.
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| Sopt pa 195 { SAERB ancel G {he blesent I vEnt on. [Bda: hnino 1 steps
302 and 304, f FisingHrighee N/A 6.5% 9.25% 8.5% 9.5%
Density 4.06 glcc 3.74 glec 4.00 g/cc 3.97 gfec 4.17 glec
Porosity 9.8% 18.5% 10.1% 12.2% 6.9%
Youngs Modulus 27.08 Mpsi 18.97 Mpsi 25.15 Mpsi 25.55 Mpsi 28.492 Mpsi
%TiO, 0.30% 0.30% 0.30% 0.30% 0.40%
%Fe,03 0.06% 0.06% 0.30% 0.30% 0.30%
%Zr0, 0.00% 0.00% 0.00% 0.12% 0.03%
%binder N/A 4.00% 4.00% 3.00% 3.00%
%dispersant N/A 0.09% 0.09% 0.09% 0.09%
%Solids 70.0% 70.0% 80.0% 75.0% 75.0%
108BLF Glass** 0.30% 0.00% 0.00% 0.00% 0.00%

* It should be appreciated that the creep data listed in TABLE #5 is not standardized to the standard used

in each test.

5 ** 108BLF is glass consisting of SiQ,, Zro, and Na,O.
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Referring to FIGURES 5A-5E, there are respectively shown 500X SEM images

of the microstructures of the traditional isopipe and sample #s 26, 30, 36 and 53. As

10

traditional isopipe but with an addition of unstabilized ZrO; powder it had poor

properties and a high creep rate. In particular, the microstructure of sample #30 was

can be seen, sample #30 contains the same level of TiO; (0.23%) and Fe,05 (0%) as the

very porous and irregular. This indicates that ZrO, without Fe,O; inhibits densification

and good bonding. And, it can also be seen that sample #s 26, 36 and 53 with 0.30%

15

isopipe.

batched Fe; 03 had microstructures and properties that were better than the traditional
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After - the pressure was rel eased, the plug was w thdrawn, the sanple bag
renoved and then stripped off the conpacted sanple. This was then | abel ed

for identificagirle 8 This sample was very porous with a wide range of pore sizes. The pores

~

appeared very open as expected from the porosity. The solid regions exhibited patterns
20 of the original granules. There were dense regions, probably where the original spray
dried granules were located. These were not strongly bonded together. Rating: -4,

much worse than the traditional composition.

Sample #24: This sample appeared fairly dense, however, it was not very uniform.

25 The porosity was both large and small and much of it was interconnected, showing
areas of potential weakness. There was very little evidence of the original spray dried
granules. There was some continuous bonding, but it was not uniform and some of it
was at small contact areas rather than at large well bonded regions. This structure may
exhibit good creep characteristics due to its high density, but it may not be as good as

30 could be expected because of the bonding and the porosity distribution. Rating: -1,

close to the traditional composition but bonding was not as good as it should be,



15 shrinkage marks applied with a scribe. The sanple was now ready for the
firing step. Fines All sanples were fired in a gas-fired |aboratory Bickley
kil n. The sanples were placed on a secondary, raised hearth to give better
tenperature uniformty. A layer of 20 zirgon grog was placed on the hearth
before setting the sanples in place to seat themevenly. The firing
schedul e for zﬂmmph#ﬁéuﬂﬂemﬁﬂMmhgmmsg@h@nﬂndﬁmgmﬂWH@hhmdi@ﬂﬁqﬁﬁple S|ze.

The current sa S.ra N 3" an to. 18" ng.
For these si zg‘g riyigh E@fﬁgﬂiﬂ%ﬁ? w%}‘UFtﬁmﬁ &ﬁ@%&&?%@é%%wgﬁ grggples
tenperature of welbROE. Thdboabiay kghdardapet getﬁfo%FlQﬁltt'bl@épdr&@ty'aﬁﬁ&%dt@b@ces or
sanples of zircon refactory 25 nmaterials would require a longer firing

schedul e than & pPREnEpdDaRtially isglated Ingenaralfileerasity apneagd to begerspi eces
were cut £rom egmitor (ROSRBAMRIIG Dut MEE Gp dIRA & U@b%} &gltlh o YA f‘]%@.tﬂlf tests

that nmeasured creep rate, m crostructurte, fll‘ln? hri nkage, Yo

nodul us, densi %ﬁbﬂlpbfﬁ@éﬁhﬁwth@§@éd3mbt®%na’ﬁh Y GURESy@nd higher poorsity.
exanpl e, TABLES #5 and 6 |ist several properties and visual observations of
‘30 the traditional zircon refractory material and sanple #s 26, 30, 36 and
53. 13 TABLE #Sampleddbt ThanseimpBarmdlacvd0Barnipitel @@Saifpine p&6 Sauqplre bb3hSanpl e

4.07E-077 7 76, 17E- rost rugt ur e0- 3+3+4+
Ic::ir (ra?ﬁg Shri nkag %E}{bgeég}gl ‘g%rg&g &9 31 %&%ﬁlgﬁd&fd}% 68?:%}]% S&WB@&‘WF@“&%&CS 97
g/ cc4. 171@/ cc RevcowieyDIBadRr&lith 42z 2EhOVinY oy SinMag ol ¢mddct8y Msi 18. 97

si 25.15 si 25. 55 Si 28..492 %l O20. 3Q 30%0. 30%0. 30%0. 40%
oe2080. 0690, 04D O%%f@df‘@a%/g'\%’}% PPENY S0¥pY ;ggr 3f 39%affect the

%bi nder N Ad4. 00¥dodEBing B%scon Berkel his e IR il aﬁ? gQaSQSQ A8 9% Gsolated

0 0 9 %'5. 0%5. 0% 108BLF G a 0% %0. 00%0. 00%0. 00%
/8ol i ds70. 0 /Jopgcl/é%t% (f)n Sp?te of the shglr?tly larger pores and the dense areas exhibiting the original

granules, this sample was uniform and well bonded. Rating: +2, better than the

15 standard body mainly due to the more uniform pore structure and good bonding,

Sample #27: This sample had good uniform pore distribution throughout with a lot of
small pores but some large pores were also present. There was some connection
between larger pores, mostly along what was the original granules even though the

20 outline of the granules was not highly pronounced. There was very little glassy phase
present, probably due to the addition of zirconia in the batch which would tend to react
with the silica in the glass to form more zircon. The solid areas showed good bonding
throughout the body. The overall structure looked good even with a few larger pores
present. Rating: +2, this body is better than the standard body with better bonding of

25 the structure.

Sample #28: This sample exhibited a mixture of many small pores and some larger
pores. The outlines of the original granules were easily seen. There were a lot of small
bonds formed throughout the original granules with less in the well bonded areas. This
30 indicated that the bulk of the porosity is open and the bonding throughout was probably
poor or weak. Any glassy phase appeared to be mostly in pockets within the large

dense areas. Many bonds appeared to be not much more than point contacts between



* It should be appreciated that the creep data listed in TABLE #5 is not
standardi zed to the standard used in each test. 5 ** 108BLF is gl ass
consisting of SiQ2, Zro2 and Na20. 14 TABLE #6 (M crostructure: Visual
OGbservation) 5 CriteriaTraditional Sanple, Sanple 26Sanpl e 36Sanple 53
Sanpl e30 Porosity: Total 0-+0+ Size Range00++0 Di stributionO- +++ _

| nt er connect i viziryd Peins orSihn verficagof ajaceatt gfannlka CR fhg++2t theBogdiddngity Bokddd

Bondi ng0- +++ Resi G anu 0+ Uniformt +0+ % 0- +++
Appear gnce Igg?‘ﬁﬁgtﬂfeﬁﬁlﬁroﬁ&%%ﬁg’oé‘e‘%‘lqrﬁ@mpaf%/‘gw ]FartB'Fn% sfeg &b@‘h@ Better:
+1 to +5 V‘brse -1 to -5 Referring to FI GQURES 5A-5E, there are
respectively sgown 500X SEM i mages, of the m crostructures of the

traditional #atd BspAnplekadrgixedpprosity vigmaty smad pores, which may be

5 closed, and many large ones, which, in some places were interconnected. The outline
of the original spray dried granules remained with the larger pores being between these
granules. The bonding within the dense areas (original granules) appeared strong with
fair to good bonding between the original granules. Little glassy phase appeared to be
present. Where there were many small pores, the bonds appeared to be small at point

10 contacts. Overall, the body was not as uniform as the standard sample and may be
found to be slightly worse in the creep test. Rating: -1, this body could show creep
results that approach the standard body but the bonding is not as good.

Sample #30:  The pore structure of this sample appeared to be very spongy. The spray
15 ' dried granules were easily seen. The granules are not as dense as seen in other samples.
The bonding between granules was poor in most areas. At the higher magnification,
the individual grains within the granules were easily distinguished indicating poor
densification. This body may not perform well in the creep test. Rating: -3, this body
rates very poor as compared with the standard sample.
20
Sample #31: This body was used to see if the Carbowax binder could be reduced to 2%
successfully. In this body there were areas of good bonding but other areas of poor
bonding and extensively high porosity. In the poorly bonded areas, there appeared only
to be small bonds at contact points, but with much open porosity. Generally this body
25 is poor when compared with the standard body. Rating: -2, the pore distribution of this

body was not favorable and the bonding throughout was not sufficient.

Sample #32: The porosity in this body, while high, was fairly well distributed. There
are some large pores, which appeared to identify the original granule boundaries.
30 Also, there were large areas of interconnected pores. The bonding between the dense

areas tended to be small contacts but uniform. The structure was not uniform



10 can be seen, sanple #30 contains the sane level of TiQ2 (0.23% and
Fe2®3 (0% as the traditional isopipe but with an addition of unstabilized
Zr2 powder it had poor properties and a high creep rate. In particular,
the mcrostructure of sanple #30 was Very,; gpor ous and irregular. This
indicates that ZrO2 wi thout Fe2Q3 inhibits densification and good bondi ng.
And, it can al shrobghoageiithtahas obaipitieasls fidbpord&ityamatibd Wi ihB sRucd¥oifmidat ched
Fe2O3 had mi crostructures and properties that were better than the
traditional i §61E}Pi5@fas i@setﬂﬂb‘?ﬁe@daﬁiég’i‘f‘ﬂeﬁ’ﬁ Rgdsdmerepatoriesitiegioneach
sanple listed in TABLE #3 wth an overall mcrostructure rating given at
the end of the descriptions for each sanple. It should be appreciated that
t he descri pti onemeledi3datliissample syiibiéad noetsisyy sema obwhich giesd laxserdan thejperss i ve
but the given (W INa) Y | ' L he in t i ify
Sore of the. more Gecty AaPanE ek Al A dispifca SRS Rl Reftal 8 o0 o
slurry suit abl elritdgragpessppdargd big mosStsapbenré2 TThe bhnding betpben deppemeasd uni f or m

t hroughout, bu i r appeared .cont i nuous t hr oughout
uni oh-nade. t ne B Bk hioud 558 RSy S BB e TR oI FR e
'?‘Ki dence of lth@omsjtglit ?mjé dtdproayppdmit_edclngiea[unllirﬂfu%mmbﬁodqumﬂganiiﬂ.:’Ehati on.
ere were clusters . of dense materia e bonpdi ng. in general was poor
with nmany poi ﬁiasydﬂ?ﬁecﬁpg?arﬁgaﬂ”h&“d-lsé’,la?‘#lué‘)tti"t%r§Q%arfgﬁrqsﬁg"tl“tea’8ig@%ﬂal
conposi ti®n. 1% |leQudt 226r bERESthadPktenddeBbdd9t processed due to a poor
pargdleq dag

slurry quality which would not spray dry. Sanple #23: This sanple was very
porous with a wi de range of pore sizes. The pores appeared very open as

expected from Tsﬁﬁiplé%ﬁzsﬁ‘hfébo&}@ad&%ﬂy@veﬂl%ﬁ%ﬁe@ﬁ%sﬁ}rmtﬁ@ﬁ&r@EiQ& sanRf the

original granules. There were dense regions, probably where the orrgi'nal
spray dried gréadiingengest than furdhetand gy.wElrase Yat ansqceeninyial/latgs parsd
together. Rati Bgtsern4The BRSO OISHe ihidfrd P8 ekl | QUERGR! rhag. Sarml e
#24:. This sanp esg_lnppea? ed f%%%r)(fy d%nse, home\l‘g‘?%ml)(%m%tsh?n &éémﬁ&gni form
25 The pbTosi t yemwisednsishe smalipenantiofsnable orgidalrancinlecirfaceswlke iesitterl @tassyect ed,

show ng areas g id%m -6 _was rv..little evidence of the
original spr ayB %Sigcé)l gt ShoT Ea pa?“ﬁé“"r"é*l%sﬁs H%ralig%ﬁlqwagmgﬁw&eﬁa’ﬁer but it
was not uni f or thaanuthssrmedad body. Ratisg:at2, sietctteCaintiag kugesasthaathiabdy han at
| arge wel |l bonded.regi.ons, This structure exhi bit good creep
characteristi cgho &C!aex?'bb“iq{e R ﬂisﬂaé‘r’?g? Tti‘ln,daﬁj[hao)éﬁ may not be as good as 30
coul d be expected because of the bonding and the porosity distribution.
Rati ng: q'L cgose t gs_t & traditi onal conposition but bondi ng was not as
good as % shotRgPi&35: s sample had more porosity that was evident from the microstructure
and had pores that in general were larger than pores in the standard body. It appeared
to have an open pore structure but there did not seem to be any areas of pore
concentration. There appeared to be a good, continuous bond throughout the body.
There was only a slight residual trace of the spray dried granules. The glassy phase
25 was minimal and well isolated. In general, there were no zones of weakness. The
lower density was the only thing that may affect the creep, however, the better bonding
probably compensated for this. It is believed that the lower Fe,Q; was the cause of the
lower density and higher porosity. Rating: +1, this body should have better creep
performance than the standard body.
30

Sample #36: This body was very uniform with most pores reasonably small similar to

the standard body with only a few larger pores. There were little signs of spray dried



16 Sanmple #25: The uniformty was good in this sanple which had a good
pore distribution but it also had sone clustering. Sone faint remains of
the original granules were seen. The bondi ng appeared strong throughout.
The porosity appeared to be partially opgg and partially isolated. In
general, the porosity appeared to be coarser 5 than for the standard body
but there appeaaidietranteetshdiht dighetitcbint aag hbendintglledRid dimgrting thbrodaké ght | y

better than the stangdard bad en wi.th | ower nsi.ty. and higher porogsity.
Sanpl e #26: Thi"¥"™$ Sﬂ'&‘g”%{t \%‘f’ P]a[ﬂl%]t‘ﬂsB’G’Eye‘?ﬂg]:tﬁ’&d?%‘ihf%‘lglilﬂuﬁogéfysat ture
but the pores ainBugenglhdly phideydspr@edt ahd A Bphdafd Sdobialia rthi I8 dYostrhdtu@ @REr al |
the sanpl e appeared to 10 have sone isqlated pores with few regi ons show ng

much |inking ofuehARECEprm fhan thesendaidhody Rafingy itdethisdody shopld exhibiigad
spray drigd grapeh gguisThi s did not affect the good bonding between dense
areas. Remai ni ng gl assy phases appeared to be in isolated pockets. In
spite of the slightly |arger pores and the dense areas exhibiting the

bet fer than ¢ noeiae 2o T BB Gus, skl Gl BRHURHABREES, O el ns™
structure and gubeblporedicdg higBanipad offgldssy Phass askigipiemphatirgtusrastitihgium por e
were also pres il Pt T pededpnatetit e BET bho BRRETL oS PRE Aopb e Thest 1
al ong whEl was dérse aens @ineabgeathcaand fsmed/ ey Wob bghiel BRaPBroaghdut B sehicthie
granul es was n hi ghl ronounced. There was very litt]le glassy phase
present, pr obaﬁ‘?}""ﬁév%gl?‘ftﬁ?egl%(ﬂ’?gﬁeé’ﬁgwﬁl S?faryéjﬁﬁsgyaflwe% heeEREEAr PRI Sloul d
tend to react sowhd &f thdgorsd dppeated 1 Helt@e & @6 6rififalZRESR GRS which ¢9fle inld1e Sol i d
areas showed good bonding throughout the body. The overall structure

| ooked good evEPRAGHIRNdIng tagethen Gilleayiiedaegyir perss betwren thag: Owverallithiss body i s
better than t hﬁ)oﬁécﬁﬁl&aar@qbﬁﬁ:}ﬁgw&ﬁdé@&oh?r RAGRd i@gﬂlﬁfbodgﬁohﬂﬁexﬁ{bﬁtla’gﬁg&” e.

Sanpl e #28: This sanple exhibited a mxture of nany sna por es some

| arger Pores. crppepIgDUti¢es of the original granules were easily seen.
There were a lot of small bonds formed throughout the original granules
with less in the well bonded areas. This 30 indicated that the bul k of the
porosity is op8mmplad3§:hEhibberd)i g vetyroughiotm parssifyr whiab was lapgedy oppn Wweak. Any

gl assy phase a e stly in pockets withi he | e dense
areas. Many boﬁ‘%ﬁ‘(pﬁ%%%% S eb%en%%{iy ﬁfﬁgﬁh%%tw? ﬁtﬁ?fﬂ’ﬁ@?ﬁy @h%?é"c?fessoﬁ’& ween
17 zircon gr aextendedVelohgataipdreqeasenf as adiiae edthe guadtileas pofRat TROsutlings of he
hi gh densjity | goked. good put the mcrostructure | ooked poor conpared to
that of Dhe’ st HRaaekEity el siraienyets o & ekt oine SRios Aot OT BOh Ly it h
many smal | por éénse ¥oiss Whith ¥hdd@ed rather poor bonding to adjacent material. The glassy phase

was limited due to the ZrO, addition and was located in pockets within the dense

regions. In general, due to the high porosity, its distribution and the weak bonding

throughout, this was a poor body, which will probably not be good for creep resistance.

25 Rating: -2, not a good candidate composition.

Sample #39: This body had a high porosity with non-uniform distribution and large
pores. Much of it was interconnected such that it would probably affect the creep
adversely. Because of the pore distribution, it was difficult to pick out many of the

30 remains of the original spray dried granules. The bonding was poor with very little
well bonded areas present. It appeared that the higher level of ZrO; may have inhibited

bond growth. There were a few bright spots present, which were probably residual



5 closed, and many | arge ones, which, in sone places were interconnected.
The outline of the original spray dried granules remained with the | arger
pores being between these granules. The bonding within the dense areas
(original granules) appeared strong with Jyair to good bonding between the
original granules. Little glassy phase appeared to be present. Were there
were nmany snal IZIIMEEphdIﬂaomwwzthﬂmdroadnt}mgl:aesyspmtel Mnamilgﬁglas]ss}) contacts.

Overall, the b not ; as as.the a rd s | e .may, be
found to be sl %%‘i“iw?; RSFELA Sr?latﬁ]'ﬁ%ﬁ?:tg‘]e%%k?téé‘{‘fe“ﬁﬁf? frgas. Reting:y,; k Ycoul d
show creep reswhidprotubly expibiidaghcrédpgesitandar d body but the bonding is not
as good. Sanple #30: The pore structure of this sanple appeared to be very
spongy. The spray 15 dried granules were easily seen. The granul es are not

as dense ;s segampR #ab! h?ﬁlsﬁﬁﬂiﬂbﬁﬁamﬁﬁ?p&@ﬁ@l %a‘ﬁ%a\éﬁeﬁtuﬂﬁ?ﬁﬂﬂ& §RtripREg,poor in
nost areas. At the higher magnification, the individual grains wthin the

granul es were A@ASFE ROTESTaRRTRLSH s Tdietsavasisgnsidastble Helagng alldé?pnd)n Thi s
body may not p%rfrﬁﬁ@ﬂ Wehd %én%&rgﬁ Haf e datnﬁ dlﬂg?észaggeé)éedgtf)e gj:ﬁ g?% rates

very poor as conpared wt e stan i s body
was used to seéontmu@w@@@mbowebmmdepf mgmiaﬂsmey dremﬁgranhletsavei@/ﬁmstly gone

successful ly. Bpm%yg& bgﬁgﬁ»o}ehtﬁ tHoions LRI gl%fs rem cg ?Lﬁ évrhst)%%age 8}?}%;}2%" a?;:gs'

of poor bonding an S|ve gh por

t here aplkar edtcolrm;usoﬂa:oedlqmclsemlﬂtathgndstlat bmlynkﬁ@ttagneiiﬂzhﬁiidafbut wi t h nuch
open porosity. Cenerally this body 25 is poor when conpared with the

- standard body. Rating: -2, the pore distribution of this body was not

favorabl e and Sheplbdati Tllgshdiﬁ;ﬂuEMery\&%h@szosﬁuf'fheqioﬁdatwereﬁ%@& fhaf fdhe The
porosity in th h, was fairly well distributed. There are

sone | arge por é@“‘%ﬁﬂ%@ﬁ aﬁf) ﬁ’é?rlﬁ I CPBHQCE?QI?HGWV‘%IYI%S Beuld peapegied ith euch a

boundaries. 301t edsity. NEHeR: WEY RndiBEMBn Hue BSis@lhited HSS %@%&a@%ep@ﬁo?%e}l-rhe
bondi ng bet ween the dense areas tended to be small contacts but uniform

The struture hensed i theipnsighbors sThetginsHinjlasrarpeated in mzin hourstriesomd itwes abl e
fine porosity. ;ffRhied% be Iﬁoretolf‘ﬁ Fhis! ?H}'f'&&él@%r&b?b@ sh@@ﬂ}%&'x }%@Fﬂvgﬁg%&‘ﬁﬁ? the

st andard sanpl € 'but needed nore uniform ati1on.

sanpl e exhi bi t &dthserassiraty of thisrhedip wouldibe twapdeehiklatogera dahdidatthe pores 5 in
t he standard body. The pores appeared well distributed. Sonme of the
original spray dried granules appeared but nost di sappeared. The bondi ng
bet ween dense Simplss #&ﬁﬁéhﬂmﬂ#@e@d Thiesdsantpleycan afldwderibaiihe st t#4POTHE

bonds e, BLErbelal BhShs Sy B ablon S0, oL Sppear g coect o
isolated. Rating: +1, the microstructure, in general,
Sample #41-L: This body is from batch #4] but was a much larger sample than #41
sample. Its composition was almost identical to the standard. It was very porous with a
wide range of pore sizes that were very non-uniform throughout. There were pore
25 clusters and strings, which could weaken the structure. Some of the original spray
dried granules were visible. The bonding did not appear to be well developed and
continuous. Many bonds were not much more than small contacts between grains.
There was a glassy phase but it was primarily isolated. The pore structure was very
open throughout the body. Rating: -2, this sample was much worse than the standard
30 body and would probably perform very poor in the creep test.



10 appeared equal to or better than the standard body. Sanple #34: This
body had fairly well distributed porosity with the pore sizes slightly

| arger in general than for the standard body. There was an occasional |arge
pore present. The dense part of the strucfure was very well bonded

t hroughout. There 15 remai ned only a smal | anmount of visible original

granul e surfac @inMZFIesTldmmmﬁ Jzgippod ﬁéiﬁﬁﬁax&mte@it@d Thephies wemlsligland

i sol ated. The yera ared to be b t he standard
body. Rating: +28% @lBglFtSéar“gB%ﬁ’aﬁ &“%Yﬁ@f@&%"t“éﬂ Et‘te‘ﬂ h?%e%ﬁavg V&R dul d

exhi bit better mikeepoftsbae codtset pbiandad thre ByndsHOvIBARLRe #38s, THiLSHigasp! e had
nore porosity that s evident frgmthe mcrostructure and had pores that

in general wer EPPEF B Ay dneqyrasol iighpreosyy, aftvely @uisisdipet the bendseanats At o
have an open pehrAllshbslbRsdWs drilehehdl! pore
concentration. There a e%rcse Sﬁr be ab]gé%ﬁq{l:bsﬁﬁgr?ﬁgg{sepsgoﬂg%n%[ng?%ﬁ%t t he
body. There wdaliedarapulgs %’Ffﬁglﬁtlongéfsqtﬂ’mﬁ in thighedp f Tlndfefe@ﬂirsayctdlreﬂecdcsghglrllyl es.
The gl assy phaggierdfun st | 4T atifh dﬂ-\f%l {hlsI %%kl%tl cqﬁsyk%q% eg%{x wll h@abg}f were

no zones of weakness. ower density f ect
t he creep, hOV\I@@’Ef@I,mWh]élDUb‘ttr@@pibEtndl ng pr obabl y conpensat ed for this. It
is believed that the | ower Fe2G3 was the cause of the |ower density and

hi gher porosity. Rating: +1, this body should have better creep

per f or nahe t h@ampletdsiladtarsampletyd a B&Sfﬁﬁgﬂah@r ﬂﬁ%thelﬁh@m@@ﬂhﬁ)w\@ﬁi had

uniformw th rmz111 ores tre onabl% simla ?hl the standard body with
only a few lar§ g‘%ﬁ?c’égﬂ YThaf BONRFEC ?rg?rll’éS‘g?@"Héﬂ"é %ﬁrowfeﬂw@nmty
particle rermmatidicateEhigat tnegm@rezmmmwdawnllaawee.e,t&ﬁ%rs%bﬁ%{h@%laﬁb o%sl ng to
produce a nore %nlf rmstructure. The material was very wel

t hr oughout . OnP§PPad¥ had manyclasedpotse Whtchaegye pi e mahs ROFHE ifﬂst alﬂv diense

appear ed i sol ateds ofihis® ﬁé&%&éll%%lé dYAS e
standard body Rat?gaas 0? hi s body Igehou geggﬁ’mbw%g% Wgﬂg}rhgggparseagul ts.

Sanpl e #587: ThiPscapig laxaesp%rtbc Rragsoeere et copnacted i gherer teueite pialFaEs.
However, this gg 9@@9&%*)1%9%5@&@1@ \%}gﬁot O%Vf%%%fthghl%ﬁ%at%a?s ?% \(r)vhsgo

terrperature thus result ores a
mostly closed &mail m@@teﬁéﬁSSybmltswafsumlﬁteﬂm pﬂitiets]dﬁdaiem%ram bamdadese t oget her

and formed ver I hro hout t e. There S very
little signs o?\ ﬁ\%e or’?@ﬂ%ﬂﬁ % IeO%% %aﬁ?aﬂlﬂ lgespor : %Bﬁ‘frﬁ‘?“ng‘ft%%%re of
sone of the pogeﬁ@mﬁeﬁr@@hﬁﬂsmwgleeﬂﬁsstah@lecgobgbﬁalbreﬁlfscon grains which

came |nt£) contact, bonding together, but l[eaving irregular pores between
them Ovérall, this

Sample #44: This sample had a good density with uniform pore size and distribution.

There were a few larger pores but it did not contain much in clustering of pores. The

bonds appeared to be strong with only a few weaker point contact bonds. Any glassy

phase appeared well isolated. Rating: +2.5, with the good density and porosity along
25 with good bonding, this body should exhibit better creep than the standard body.

Sample # 45: This sample had a well distributed porosity but with some pore clusters

but not large ones. There did not appear to be any large pores. The bondi‘ng appeared

good with a few areas showing less bonding due to some point contact bonds. There
30 was nothing which suggested large weakened areas. There may be a glassy phase

which was high in Si. Overall the structure looked about the same as the standard but



| ooked |li ke a very strongly bonded body. Rating: +3, this body should
exhi bit good 15 creep properties. Sanple #38: This body had very

non-uni form porosity, which was |largely open porosity. The pores were
generally larger than in the standard body., There were sone

ext ended/ el ongat ed pores present as well as sone clustering of pores. The
out |l i nes of 20 withe loghegideraity.sSRating: cHlj the bgdyashuhild haveesbeuMBs yanedrelpnt theThe
bondi ng was uneiéﬁ(ri] %tcp dense areas, which showed rather poor bonding to
adj acent materi gl assy phase was limted due to the ZrQ2 addition
and was | ocated in pockets within the dense regions. In general, due to
t he hi gh porosit i stribution and the weak bonding. throu hout this
was a poor bodfag‘wﬁ#éa &J“islsarﬁﬁ’lﬁ ahgapdispsityand moet of dhe noresity weawelt ance.

Rating: -2, nolsgitead Theldidal %M@x‘ﬁ@@ﬁdréé Hﬁ@the?%@fél Bstiftifed ;Ha'n%r\)ﬁgﬂéfre?ad a

hi gh porosity with non-uniformdistribution and |arge pores
was i nt er connediebondingwasigopd ﬂtm'%ﬁhe‘lltd”@r@@ﬁlmsyllfhbqré@ﬁnd hEswarodrd gontaddscer sel .

Because of t. hetTﬁQ Eﬁsé}' 5§e'vpi§t1§o%ed Ifhe asqﬁntl%sjt a n%iﬁgi@%rpétgﬁe ory%t}\%gaggé%lgf W;[ Pﬁ

30 remai ns of e ori spray drie ranu

very little m@&tlnmat?d%&oadmﬂ)prge@témdldgtsmpkdqmrfeninwmat t he hi gher |evel
of Zr2 may have inhibited bond gromh. There were a few bright spots
present, which were probably residual 20 zircon which did not tract with

the siliba in Shmpkgl#&%sj?hiphm;ﬂe eﬂelsmﬂmidlagt @fﬁﬁ@ﬁyﬁasmh@fﬁcﬁl‘ tmgﬁga’i:lé.egir@iéd

smal | isol ated ockets e this bo wou

probabl y exhi bi't Fsgsﬁmg?rgg Hj%% 7te‘Asanad§ %h’i‘?ﬂ%gé gEZOTH } wasprabably dngdo Behi gh

porosity, whi chedetfontnthdined @R damiples BIPIER dnd dAR GredONTR RAPESpNET € rat her

| arge. There wa]égﬁ)ﬁny der abl e SI ntering and bond formation in the dense
e

areas but int Eet @ oarrsclugpogr Hie toadiae aprested goent widoenly adousnall
bondi ng. The r esm@npsinonas. | BcARe tﬁepd'aﬁﬁﬁleg We?éjnog g@l‘fhﬂlz@ﬁz ]Eﬁ{ \Qas%?& {oy gone —or

masked 1y the pore distribution. Little glass renal ne remai ned
appear ed®10 t oCYadnatshe glassymeaterisd cRewever, rom thg ED3Q jt a@masedibdytmsummal a good

candi-date. Sanmglig, 1%4’1}%}\ deRkiy, §€dﬁ§40ﬁdﬂgqn@31¥c% RO Oe (# é’ﬁf’aefﬁfgfo&g@es a\é\er €

| arger than in the andard wer e | nterconnec

woul d be expecg@lﬂl spinple. Sothlight m@mhaﬁ&@yeMMemmiimiﬁQSﬁj ithiakdmgyle but in
i sol ated areasg, g 838 iVRE ree fogd wel | 15 bonded to their neighbors. The
gl assy phase appeare In gran c? aries and there appeared to be nore of
it. This body woul d probably show hi gh creep levels. Rating: -3, the creep

(ate of L bedaild B et oo g Lo, be A canddal ey o) s rat-a
small and, from the measured porosity, mostly isolated. This sample was pressed as the
larger cylindrical size. It also contained 0.60% Fe203. As a result the outer portion
was a light buff or tan due to the iron while the center was dark. This indicated that the
iron and probably the titania were partially reduced during firing and, because of lack

25 of an open pore structure, were not easily re-oxidized on cooling. However, the
microstructure was well bonded in both areas. There appeared to be small pockets of
glassy phase that were well isolated such that should not affect creep. A slower firing
schedule, which is kept well oxidizing, should help lighten the dark interior.
Discounting the reduced center, the microstructure appeared well developed. Rating:

30 +3.5, this sample is much better than the standard. It should yield good creep results.



20 presence of the grog was not evident after firing in any of these
sanples. Rating: -3. Sanple #41-L: This body is frombatch #41 but was a
much | arger sanple than #41 sanple. Its conposition was al nost identical
to the standard. It was very porous wth wi de range of pore sizes that
were very non-uniformthroughout. There were pore 25 clusters and strings,
whi ch coul d meﬂamplet#ﬁé-&t r uctThiesanﬁdrr@paEfredfaﬁlyommfnmai poegsitgize diid ed

granul es mere bIe not appe ar to be wel | veIo ed and
dont Fnuous. - v tiotiGe il SabB e iR R by R A E S e et w BBl

gr ai ns. Therewmlamghaﬁsyysmhmwbmonu@ mowsltyr%s 1o§hetﬁ@ham@learw1€ pore
structure was ver%]'S ggen thrggg %Ut the body. Rati ng this sarrpl e was
much worse t haf®tHE #3¢ S¥radhey S¥ye rRehBemdhgiems 610905&“%4% very poor

in the crgep t%%uleglone%’q@ﬂéfeﬁc%wéen {3k ﬁwéﬁmlﬁe B%ﬁf&ﬁﬂg %I&%h&q and
porosity. The pores were slig é | arger than in the stahdard gy, but

were evenly di §eydl ?ﬂﬂ’@ﬂfa “Frfémb gvlmﬁieanolﬁwa@ ﬁH@d &hesmab@wa@mcep@ nts

and | arger bon | ar ge
areas of high g%r osity, \ﬁ?gﬁﬁ%o E]%géar Jei%n?t ﬁhéil%g’%%mgtg %r%ltaé)e/fg %eﬁt%fl
amount of gl asgt Wmssqéat@té%ﬁtmg bti$, this bodysshowld hgd albettelr cpreaplqmrﬂannéﬂneﬂmnl gi nal

spray dried gr r [ obvious in this body. The overall
s 381 1 g BRndaR R

structure | ooks 81 t he st andard. Rating: + 1.5, this
sanpl e | Bbks prom sing and vv|II probably performwell in the creep test.

10 Sanpl e #43- a densi reater than the standard sanple
and yet had Isﬁ?la{%éép’r nﬂ@f“f Gl’ﬁ%s %Pé@\ﬂg‘i‘sés’:lsﬁr%l@?m?ﬁ* tQithig PRIAL 1f hads

hi gher por osi tWernydSwIpb&smlﬁW&Waslnf&ﬂ?ﬂﬁ@ﬁldtlﬂﬁbnﬁi QtrMagie Tﬁ@bbndﬁ@nect ed
whil e the standard_sanpl e smal | er pores probably had many closed

pores which wef Oqﬂ?P“té’QEﬂStPWff"f‘Fél brodekareds withsvery fppepoitt semiact hpadss Theret hi s
body were wel | vwdgmel a%@@f @)fb@ss%'ﬂormwg @ﬂ%gl%ﬁtﬂl%rmeWJ;lsedifo‘@ﬁtq:r&@éarﬂé} 15

occasi onal |arge pore, pores were not connected in a nanner to create
weak arebs.  THENRIRSi§ Fhﬁ*&ihe §1bl|9&1}1 thiy geaier yeadrke gs opmpareiop thebwitoual cloge tohe

fired materi al the-gﬂﬁﬁc?e VAR c@uld%@&l ﬂeeﬁﬁ@%ﬁh&%&p@tgﬁﬁ%%%okﬁdm tflest% & ed in

pockets and not in grain boundaries orosi y si ze
was | arger andcemeacher eththpeideys rriue tocmmwdy rethimed wgthaike Ibwnﬂpord)dmymug hout

shoul d give thig, \?iﬁgpé 51_1(9«19%9 218 SR BB daﬁ o %%(')%ggqgfmﬁdffﬁﬁﬂg%s rTB'ﬁth ew

a good density w rmpore size an
| ar ger pores btits, tslogied firiag schemﬂmauldmmjaedmaubwsimrfbﬂgnwrbﬁ@lbetsandwe bonds

appear e o be stron wi th o a few weaker |nt ont t bonds. Any
gl assy CbQLase 3X1d%té°rne cgeline 1?%% %t.emﬂ%ff'f”ﬁ'g % h@egﬁmu ty

and porosity atrhefrg was very little glassy phase which was located in 1solated pockets. Rating: +4.5,
this sample had the best microstructure and bonding seen thus far. With its density and

also high E-Modulus, this sample should exhibit a very low creep rate.

25 Sample #40A: This sample was very porous with the pore structure open throughout
but uniform. There was some good bonding but, with the high porosity, there were
extensive weak point contact bonds. The microstructure looked spongy. There was
considerable signs of the original spray dried granules evident. There was some glass
phase where granules meet which appeared to have prevented good bond formation.

30 Rating: -1, the microstructure of this sample, while not considered very good, the

continuous, uniform bonding might yield a creep close to the standard.



25 with good bonding, this body should exhibit better creep than the
standard body. Sanple # 45: This sanple had a well distributed porosity but
with sone pore clusters but not |arge ones. There did not appear to be any
| arge pores. The bondi ng appeared good Wl:F h a few areas show ng | ess
bondi ng due to sone point contact bonds. There 30 was not hi ng which

suggest ed IargSamplaH#éMdThmeaspleKmeenﬂmyye@eltatlgal sisdyrdpnaless thmhthe rgsas hi gh

inSi. Ov Il th I kdb th t andard but 22
wth N gher RS EL FIEPRYS VR MeREOBb U PHORE RO JE BBLE T ane

creep as the glhaBskes @Hé%ﬁdlﬂ@&ﬁ@é@d#ﬂ&eas-rﬁw ﬁleﬁ&déﬂi mdﬂéﬂlng&ﬁgaﬁ@éﬂsﬂky and
nost of the por05|t¥ was wel | distributed. There vvereafewlarger pores

but they were BPSPMIBRHPOEP S&'HB“WFS”@F@ug’t‘@?f’ed’ondI%@hﬁS ey Rets clhistses. T
throughout wit ﬁdf@&ﬁ&ﬂ éf)pﬁzﬁled ﬁatbé)l@%%r ﬁ@ﬁe@mg?ﬁ’v@ﬂbx% unfiSiat ﬁﬁfcﬁu’e affed ﬁnﬂé assy

phase was i sol ated hére was al nost no 1 ndication of the original

granul es. Rat Fhf}g a szﬂ% Pregeing Raéing: t3s thigbedy dosldaixhigit bstieygragp prshlitsohn thel |
10 Sanpl e #47: re and was |ighter near the
surface. Si nce mg}sybg?lg?lpar éoggg%ag@[ek##ggA and both had 0. 60% Fe2C3,

it was probably due to the reduction on the iron in the sanple. Both |ight

and dark areasg di.stri Lon, a ofe clustering. The
bondi ng appear e%g@?%%éngofvﬁlsﬁ?m@%}i?dzgolfeé\%sg%eﬂydqsg%lﬁﬁ%‘g B %A SBBfds. Because
t he serrp]IOes veclesterdig, (Thleibsinding wiinbt apiptar\wd strdigrad it @mbotiey dbdied @reh BRugh ASSY
materi al . However,, frog,}lﬁgo that it is ni mal Wth its

EDX,
hi gh density, W%‘F%%" g&%@ﬁ %‘f%di’.ﬂl@?eﬁr %et%’tblﬂféi&ilgﬁnto be a

good sanpl e. Bmterstahmmanww MafKaredsanas caxeneadb%oﬁmoﬁmondaa@aﬂ% this
sanple should performwell in the creep test. 20 Sanpl e #48L: IS sarrpl e

had the hi gheshasdasratenfiaklads eqyvalentdo fgisndardpamnplor es were small and, from
the nmeasured porosity, nostly isolated. This sanple was pressed as the
| arger cylindrical size. It also contained 0.60% Fe203. As a result the
outer pdrtion Segarle #5¢:i ghds ssopte appearethio baegoediiem she poondisiibiiéon; Hewasent er was

dark. This indj f&ﬁ%@%ﬁ fin nd [0 L 1 Lﬁ%get%%éd’iﬁ&eﬁceé a&fsétmegspﬁ eyl ally

r educed durlng Iring a ecause an open pore’s cture,
were not easiltp he@om(dembi@glassn Tiowas|mast]y iddtiwedin pocldetsehrouglmuuhe stagture Butwas

wel | bonded in appeared,.to be gl assy
phase that wer egge%]vl 'S0 qenﬁﬁgzﬁlg T8t %Wlpamﬁf)ﬁaa?f P%@f Ve eé’bJ MA”s| ower
firing scheduRatingnhilcpodsmifemi mmdadtmOMtedjuZpMablﬁhﬂyle@uhﬁérn of §1QALIE Bettche

dar k int rior. 0 in e reduced center, the mcrostructure appeared
wel | dev@l opedt a‘hﬁ‘? ﬁaéard%‘pu this sanple is nmuch better than the

standard. It should yield good creep results.

Sample #51:  This sample exhibited uniform pore distribution with little clustering of

limited size. No large pores were seen. The bonding appeared very strong with almost

no point contact bonds. While the pores were slightly larger than the standard sample,
25 they were not as interconnected in clusters. Any glass was isolated. Rating: +2.5,

should perform better than the standard sample.

Sample #52: This sample had a very uniform structure. The pores were slightly larger

than in the standard sample. They showed no clustering leading to weak areas. The
30 bonds were well formed with few point contacts. There appeared a little glassy phase

but it was in isolated areas and did not affect the structure. Rating: +3.5, the general

structure is better than the standard sample and should perform well in creep.



23 Sanple #35-A: This sanple appeared fairly uniformin porosity size and
distribution with only an occasional |arge pore. The structure was very
wel | bonded wth a mninmumof small contact bonds. The porosity was | ower
than in the early sanple #35 even though,hoth were pressed fromthe sane
batch of spray dried 5 granules. One différfence between these two is the
use of a vibrating table to help develop a nore uniform packi ng when the

nold was filled. T esj dual .appeargnce. of ~the origjnal spray granul es
was nearly absgﬁlf“.p ey Shposiyy ﬂsgegﬁﬁ%vtﬁhég@eﬁ{l@%bﬂergmwﬁWe%egn-

i sol ated. Rati Mbereware lobdl SlubReYbus Rottnd shaN e TRe lkkﬁlHIr%rwﬁrv;@@FgoB@r TREORELe than
sanpl e #35 and the standard sanple. 10 Sanple #37-A. This sanpl e was one of

the densest safpédevpaet eantachbandpolha glassy Ppase wayigl in Bivgng iedis thissampdei ch
was mostly fingnamds pabdwdy ivn ﬁia?lthﬁ 'allﬁHﬁIﬁ(EFsam?s &9{1 chig oﬁqgﬁxﬁ%qgggﬁasfher .

consi sted of well-bonded areas wth very few point contact bon
were no areas @éppeased dsgnalbisglaied arshyRating:. +Ohthissample dookh bester thas tidi f f er ent

fromearlier 1 ' r A r.was _darker as
conpared to thgtaﬁn(ga?ae)%@lé'a%ggéep tégﬁfvﬁsglugalrl %é@g%fﬁiﬁg} %)Bmﬁsaﬁlgveeasbeen due to
i nconpl et e bi ndempdverd todyt04Eduler the stahdardieangde or lesimmdiaifalat of the hangmavder s or
due to being slightly reduced with the |ower porosity not allow ng

re- oxi dation a8 & material cooled fromthe top firing tenperature. To
correct 1@his, a slower firing schedule could be used to allow tine for

bi nder burnout _and re 20 Ldation on cooling fromthe top tenperature.
This shoul d notS®gp %%4 ﬁ“ﬂ%f) YEFHERE 0! supprstinl anddhese pgiches preredl assy phase
whi ch was | ocapfdedsét fufiRdat ed pockets. Rating: +4.5, this sanple had the
best m crostructure and bonding seen thus far. Wth its density and also
hi gh E- Mbdul us, this sanple should exhibit a very |Iow creep rate. 25 Sanple

#40A: Thi s sanmphgpid@ses:Veky 10 é’%n&#ﬂ 41U e ughout
but uniform Ther% was solmsaﬁg{)ojé'a%bon ﬁ%%ﬁ%ﬁ%ﬁt ﬁ%%@gﬁﬁb%r%‘g‘%@ t here
were exktlensi veanedis poingt liepneasest thiydhadigheTHeOmieduasd thetonding of thelkewkrspongy .

There vas _Conalala@BoPudhiang foobd SRl Bl aSB i GhOLAn s evi dent
There was sone glass phase ere granul es neet I'ch appeared S have
prevent ed goodbdrsing Wasrsnmewhbat inr@flaRfbimngea to hreat Balljthe cregd rateovasronlyof 41HI S

sanple, while copsi d, ver ood, .the continuaus,  uniform bondi ng
nght yield a 2?3%%"6% acl)fcs]Io ¢ eo“?"ﬁﬁé‘ﬁﬁ%a#&&gmﬂ’ Wp’é’??#lﬁéﬁ'.ier’f*}ﬁ“gﬁesarrpl e had
a density equaktaddard faept andard but | ess than the |large sanple #43L. The
pores weje | arger than in the standard and there was consi derabl e

Scaled-up large block results (not shown in TABLE #3):

Sample #53-SU1~T: This sample was cut from the large scale-up block from the block

end that represents the top of the mold as it was being filled with granules and vibrated.
25 The microstructure of this body was very uniform with no areas of weakness such as

pore clusters or strings of pores. The pore size was small and uniform and the pores

were well distributed and isolated from one another. This is the reason for such a small

measured porosity while the calculated porosity is about 7.9%. The small amount of

glassy phase was well isolated in pockets and not throughout the grain boundaries. The
30 bonding was continuous and appeared excellent. This resulted in a high E-modutus.

Rating: +4.5, this sample had a microstructure much better than the standard sample.



clustering. The bonding was good in areas but they were smaller in sone
areas. The non-uniformpore structure resulted in weak bondi ng where there
are pore clusters. The 5 indication appeared that a | arger isopressing gave
more uni formstructure after firing than, smaller pressing. Rating: +2,
this body could exhibit better creep results than the standard but

probabl y not aM@bbﬂd@sit}smdpﬂ-mo#uﬂﬁtitsﬁarﬁqibe“fdtdﬂnucﬁrﬁeeeﬁhmhesthx&dnpores | ess
evenly distri blé%.t%dlem{l}r vvgs some 10 clustering. The bonding did not
appear as strong *S5R St her bodies even though it continuous. The
bondi ng areas were smaller. Even so, it appear ed better boded than the

st andard sanpl ‘had consi der apbl e _poi nt contact bonds. Rating:
+1, has the pm%ﬁ%%?ﬁQgﬁGW@Féﬂent 1} the betiorn ghihg biogkps @rientatedaisnp| e
#50: Thi s5 sanplig: @Rk B6ink QIIEIP hg@ékgerftlﬁﬂmh‘efﬂﬁn@ﬁﬁ&oéﬁ'uéﬁlfé Qﬁﬁﬂ'd?)@rtlek Es Was
uni form t hroughout, with no rge pores_but sone size differences. Al so,

t here appear ed saplepdich nEh%Wﬁ‘BI“@O gpelkelfferepcqwa? heyfiest wes ms@lrd@@dl tq the pocket s
throughout t he gghifti6t e Boldild sé?éﬁé(mﬁ%&ﬁ%ﬁl% srf&cﬁe Sl tfté Or iRl fy 07 5P Many

poi nt contact bonds were evid uni ostructure
but probably orfspnégias that tbpporgs Wsﬂersgghﬂyy%bemf@m '121@ bohding stikapptaediar d

sarrple Sanpl e ¢ for di stribut nvmth
little clusteri ﬁ%ﬁe‘%tmrﬁe% %agméﬁoglﬁgd lﬂ:‘l‘hrﬁ%r Tﬁov\é‘ﬁ%a%pg@?‘}l #ﬁ@ Yondi ng
appear edl@ery siiffapeny, thais plt af the drge tlockphoulti be sintiacto thosudsple Mh ke thpef her es
were slightly r%ger than the standard sanple, 25 they were not as

i nt er connect ed IN™cl ust ers. Any gl ass was isolated. Rating: +2.5, should
performbetter than the standard sanple. Sanple #52: This sanple had a very

uni form structure. Th ore slightly |ar than in the standard
sanpl e. They showed™f gdg? &%S Pdadheg ﬂfeo‘llb\gré@déﬁ\?&% graphethgtrhpynds wer e
wel | formed w dbaileoROhe tregiated of Sifferbl€siR oA RIFRBI0EAmaetidll kale iﬁllaeéo?aangg'ase
but it s in |solated areas and did not affect thHe structure. ting:

+3.5, the generdh thafadifionah zdrepr refiaetorrmatpria) andfer %ieaﬁﬁdla&lnblwfﬁﬂl@@nm shoul d

performwel | i RefetRePmadral RERLETARBE #Ahe porosity was wel | distributed.
Sonme slightly Iargerwgores were seen. There were local clusters but few

and smal|. The bondRefgringdo TEFYRE 60lere Thiinsiraiadracgraphivoynpariigueqpantet  cont act
g?gg:tbl ;hg g: Sﬁ fat t 812 b?fbleérn{etg gn ?gna\iglrmon bl cfory aanﬁge\ﬁ“&éa‘flﬁ@ #I(EJI ass
appeared in snéf, I30A§mﬂé§eﬁtharz&am refRadtong guaterial Bsted 1lmmm e | ooks bett er
e L a0 R A R Bl S )
hal f that of the cﬁﬁmﬂﬁl‘bdtween the traditional zircon refractory material and various samples of
the zircon refractory material listed in TABLE #3. . It should be appreciated that each
group of three samples shown that are connected by one line is one test run. And, each
test run also had a 4th sample that was the traditional sample which was used as a
25 reference point. For each of the four tests shown the creep rates for each sample is
standardized to the creep of the standard sample in the test.
Referring to FIGURE 8, there is a graph illustrating the creep rate (1/hr) vs.
density of sample #s 26, 30A, 36, 37, 39 and 40 of the zircon refractory rrlaterial listed
in TABLE #3. As can be seen, the creep rate decreased as the density increased. The
30 data exhibited a good correlation with the density
Referring to FIGURE 9, there is a graph illustrating the creep rate (1/hr) vs.
porosity of sample #s 26, 30A, 36, 37, 39 and 40 of the zircon refractory material listed



sanple. 10 Sanples #54 and #55: Slurries were not successful and these
batches were not processed further. Sanple #56: This sanple had a uniform
pore distribution. The bonding, in general, 15 was not as strong. It
appeared that the higher ZrQ2 reduced ther@ondi ng or the lower Ti Q2 was not
sufficient for good densification or a conbination of the two. The bonding
was sonewhat i rn@JBLEH3f r svaarbeaednptha cedelatRini Hetweeh beep tRemd Rt Ritpaas onl y
6.47E- 7 or abaout ha t he standard sanpl e, ting, +1, this sanple is
better than thé"®° §P%¢1 nggmegtedg@agﬁaoﬁ%ﬁrﬁ%egéo Ansit i@%‘ﬁ?ﬂdéo(not
shown i n TABLE i#3jove S@apsuppsitsdhSiddnd sben davsinSAIGRIRE svas cut fromthe |arge
scal e-up bl ock fromgﬁhe bl ock ~end that .represents the top of the nold as
it was being fill edRFrHPedP SHGVRE lgﬂtherwsoar@F@Hﬂluﬁtl’!‘&@eﬁfﬁpéﬁﬁEltﬁ]@ﬁ Ute of

this bodyswas %Wgs%dﬁﬁ%ﬁf%ﬂ%#@@ﬁ@@%@i? \é@%&l@@éﬂﬁé’ﬁrbaﬁ%ﬁaﬁ%&f clusters
or strings of- pores. The pore size was snall d uniform and e pores

were wel | di st rpaseriablistethia TARIER#B AT %rbpém, &lﬂﬁtenbperfﬁmﬁ@cellmptd‘red wihson f or
h [ 1
S uch a sma HEISHLE %ﬁgs Alabidis Wf'l'n%] Gral S We ‘}f’%‘?g‘f‘%g %%!ilhéfs is %ﬁ(@rgosy and

.9% The smal | anount gl assy phase
not t hr oughout dpmdgﬁanlderlﬁﬁundarl es. The 30 bonding was continuous and

appeared excell ent. a_hi gh E-.nodul.us Rat | +4.5, this
sanpl e had a mi cr osty ru%:f?rl rtg%ﬁl} {}P‘gﬁlﬁﬂ%’ﬁpﬁtﬂg&ﬁlﬁ%ﬁﬁfﬁ%é fléhr)’é% Wth
its densidy andru&osmutujru&n;mgstofshﬁpllbds P&30Al B8, 3UCID @Gmt)%ft}ieflﬁﬂoﬂﬂ%&a@&@ndar d
sanple in the cr ) #38 hi s sanp taken fromthe
bottom of the tﬁgéél {é’g %le%d gieﬂ?é‘ ﬁgnaprg\)ggggg?wrﬂorrpwa had
essential |y theolkoan closely esthe peekviohe thatriphd BEFIGIEESS. 16ampl e SUL-T. There
were two small differences. The first was nore related to the quality of

the polished sectioftfdiGeTeR RETSURES Gol lafisaampleds 304, Heand 40rdirroFesPat |
The second wasaddihs highat &@é;ﬁﬁte‘é"e"l“ﬁ‘ey%hbxg t&fe&r&’asir%%ﬁeé’&' tﬂ‘f"gf@eg é;r ﬁ@re@s%ﬁ (EIIOH‘Q

stitl appeared excellent and /g assy phase was 1 so Rat'1 ng:

whi | e appeari n§-%¥4 t@l‘i’ﬁlofo g tBﬁﬂfQ‘éQ nthe ch¢r§alpalﬁt#s 86, 36tapd Bamuth Liw orekp shoul d
013, there ar BT RaRr ot 0a0 may Orat iR, OL iRt B8k R SL A Gorie
creep rates of bufidifodad the highestgOp ef)rla%t dMyalemhe Er:alid notagpear o drbedeskiRce
it appeared to have an effect on the sintering mechanism which affected the bonding.
Referring to FIGURE 12, there is a graph illustrating the creep rate (1/hr) vs. |
20 YoFe;Os additive of sample #s 26, 30A, 36, 37, 39 and 40 of the zircon refractory
material listed in TABLE #3. In this graph, the three sample #s 30A, 39 and 40 on the
left with the higher creep rates all had zero iron but had from 0.23% to 0.30% to 0.40%
TiO, added. The addition of more TiO, lowered the creep rate. The sample #s 26, 36
and 37 with 0.30% and 0.60% Fe;Q; were all close in creep. The TiO; is constant in
25 sample #s 26, 36, and 37. The best sample #36 with the lowest creep rate had 0.30%
Fe, O3 but also had higher ZrO, which may have over shadowed the higher iron in
sample #37 which had a slightly higher creep. This cc;uld have been due to an
interaction of these additives that affected both microstructure and creep.
Referring to FIGURE 13, there is a graph illustrating the creep rate (1/hr) vs.
30 %T10, additive of sample #s 26, 304, 36, 37, 39 and 40 of the zircon refractory
material listed in TABLE #3. Here, the sample #s 30A, 39 and 40 with highest creep
rates showed the effect of the TiO,. These three samples had no iron. Again, the best



15 with the traditional zircon refractory material and/or sel ected sanples
of the zircon refractory material listed in TABLE #3. Referring to Fl GURE
6, there is illustrated a graph conparing creep rate (1/hour) vs. stress
(psi) between the traditional zircon refra2 tory material and sanple #s 26,
30A and 36 of the zircon refractory material |isted in TABLE #3. 20
Referring to FlkieeREmple #D8; 86,iafd BT foystce@bieHadthg bR wneRRPSITiOy Tiengidi
(gmcc) vs. creep ratip between the traditional, zircon refractory materi al
and vari ous saﬁ?}f‘@g #g'} Ofotp?ﬁs threg g‘ﬁlﬁn‘? }é‘ﬁ{‘%{é’ioﬂrb?t hiidapt dirve theserep i %ABEE #3. .
It shoul d be apptetnpl@dhdhatveBAkile der@é’&hg% Sd thiree:sTRMh e i that are
n ’

connected by one line is one test run. each test run also had a 4th
sanpl e that waS*RFHEOEhEU onal sanpl e which was used as a 25 reference

point. Foy each of grbefRusFi 18hauo ;4 - : jeis
standardi zed to the g:rrer(ar%qof t he st’anﬁgg_dqu%%}?r{plﬁgafa%ﬂ%ﬁgc{egétm?@@&@@?ng to
FI GURE 8, t her ér@sadgityyespraridub samples dffiay impeoved eiegnrrefiastary ateyiaMiisted idensi t y
of sanple #s 26, 3 0 h ircon refract erial
K sted i TABRRBI ¥oug erdduperBa e itn8be A8, HoheR bF LR Pl
density i ncreadishiest 7h@; le@9 gehat the boshinbastizd resutyo fids auspaceddakat ¢ie 2004 hatyhe

density Referring.tQ Fl 9, .there is a.graph.illustrating the creep rate
(1/ hr) vs. pob%‘%l{l ue&%ﬁ%ﬁ@“ﬂ%’“ﬁ%%ﬁ%, SSG’,E')I Bp disgeps l%g of the zircon
refractory materi al Sbrvsg@@ral dbseivatidABhéwmh FIGSRERB-PEfoHBREd whit@vagOr r el ati on

bet ween creep rate an .QSi t s al so good which was expected because
porosity is reF’éHeéﬁgt goﬁg{dég ?’]iiy F%Aﬁi were gaefmingralizerp that enhanced geagignyddt s t he

trend seen abovigteifg MhiHdREir, Bﬁ%ﬁfﬂeimg)}&d%{%aéﬁbn &8 ifte kiR @ SFiBRN
(1/hr) vs

illustrating the creep rate . . 9 youngs nodul us of sanple #S$ 26,
30A, 36, 37, 3%hafePpperredmelayialibnrolein intesing thertensityicalthe B-modulus of tIABLE
#3. As can be geANiLRAGLESMAESS OWIRRER AHDLQY ﬁgre%egnriﬁpothér%ﬁ{liﬁggs' ng
youngs nodul us. This was expected since the youngs nodulus TS strongly
dependent> on deenstany theRehstyrof thy ZingorrteGaiREryiateridh eften desreasegr aph il | ustrati ng

the creep rate (1/ - 10. m t ture ratings .o e #s 26, 30A,
36, 37, 39 and 40 2# g ils "élf‘"’g"glgn%ﬁ%&fdaté ﬁ%‘?eya“ Iteagquuch {héf‘gﬁﬂhﬁ f‘ﬁ“l\é’%ﬁz #3.
Agai n, the tr edchsity cantpriowemd ant edihapesdodrboadiag whicalchoweetasd 106 eleyp fa€. t he
previ ous three;graphs El.QJRES 8-.10. can_.be seen |n FIGURES 8-11, the
sanpl e #s 30A Itg‘b@éaﬁre\‘éed?fbat\ﬂnf aﬂ?(?“%ebfﬁi‘?se VeACHipTLPai ’@ﬁ%b‘l‘ve@r"%‘bﬂteﬁé‘td@gpg They
show decr easi nfiringéueh tias thebends £RstiongérN @8R ek 1780), 15bActRd Prbiunf: 30% and
t hen O.Az% The ot(?r.s | e #s 26, 3_?,and 37.with low creep )

reacted during hiring with any iree silica, thus reducing any residual glass while at the

same time; this newly formed zircon could have been enhancing the bonds. In addition,

the presence of the free ZrO, may have reduced the tendency of dissociation of the

zircon from the zircon refractory material which starts to take place as the firing

temperature approaches 1600°C.

25 The effect of the zirconia-iron reaction can be demonstrated in TABLE #7.
TABLE #7
Sample # Fe,0:/7r0, Density E-modulus Microstruct. | Creep Rate
26 0.30/0.06 4,00 251 +2 2.67E-7
36 0.30/0.12 3.97 255 +4 2.13E-7
37 0.60/0.06 4,12 28.5 +3.5 2.30E-7




rates have either 0.30% or 0.60% Fe2C3. The | owest creep sanple #36 had
0.30% iron but also had the highest ZrQ2 a 0.12% Wile the ZrQ2 did not
appear to drive density, it appeared to have an effect on the sintering
mechani sm whi ch affected the bonding. Refggring to FIGURE 12, there is a
graph illustrating the creep rate (1/hr) vs. 20 %e203 addrtrve of sanple
#s 26, 30A, 36, 37, Fd3% thizsdabdd) oné while ezpd’ccﬁﬁlnmﬁdeaﬁl’t}%ﬁerﬂ@iu(hl’slvalueé isted in
TABLE #3. Inthlsgé;?, et rﬁe sa Ie#sr{_%OA 39a ?}8 the left
with the hi ghefa&¥ 3 P 2P el oess €198 120 ALY Clh SRS $AP BR8]0, 3006
to 0.40% Ti 2vadeerisvEhevcadh 6.100 zah, Hﬁﬁra%oﬁﬁlﬁ%effébﬁﬁﬁtﬁ%élbﬁeﬁﬁ‘&ﬁg 3oate. The
sampl e #s 26, 36 _and 37 with 0.30% and 0.60% Fe2O3 were all close in
creep. The Ti oFeis- gB?\%‘ECé‘PFF“FtHWﬂFOsaQH??F@ te de sigshtlyettey iy sagpple # 3¢ apkigthes anpl e
#36 with ghe | %ﬁbf&ééﬁﬁ% ﬁ%&&nﬂ&%@h@@ﬂnﬁ%%% PMhe?'&cPco%%Qaté“'IGﬁﬁﬁld? 2

whi ch may have over sh higher 1ron in

slightly hi gheppreecaaprd thmoéall:@ﬂh@isﬂﬁml@ ip d&BLE hage hﬁsn contidarebniFdGUBESt hese
addi tives that ggfifected both mcrostructure and creep. Referring to FI GURE
13, there is a graph illustrating the creep rate (1/hr) vs. 30 %i 02
additive of sanple #s 26, 30A, 36, 37, 39 and 40 of the zircon refract ory
material listed i n gdABLEndide sdded ﬁatul;elgedﬁ e?at#@us%g)gﬁthg’%r&ﬁ%%to%

hi ghest’ creep rates showed the effect of Ti Q2. These three sanpl es had
no iron.l0Agai nmaterial ¢fdleq prognt inygnéien:sanpl e #s 26 36, and 37 for creep all
had the same anmount of Ti Q2. The m ddle sanple #37 of these three had the
hi gher iron but it did not drive the creep rate. These three sanples
showed very littlee Thdfear @mpesitotof thezic@awtfiwtdie matenalyloWwers thet ddéep rate of
experinmental error. 5 Referring to FlIGURE 14, .t her is r rhﬂlllustratl ng
the creep rate (1/h¥ISqpipe Whickegns et ﬂ?glﬁ)"‘fle?aﬁaP

i nproved zircon I’efﬂfﬁﬁlidﬁﬁMsdﬁiﬁﬁﬁmaﬁreﬁh@bﬂﬁtpxﬂduchﬁBhEreﬁgat caihl%ﬁrﬁt B ared to
be no or trend. However, the sanple #36 with the highest Zr | evel
gave tmfbest measUfOSLFAYBEUI t. It is suspected that the Zr@2 may have

i nfluenced the sintering nechanism This will be discussed below. 10 Sone

general observations shown in FIGURES 8-11 foll owed what was expected.
Both Ti 02 and Fe2C8!t idiclicyd dent aivtider glasyshest is healy writvamanathchesdcn itherfutune

sintering during f'\kfn?lgﬁ‘leﬁ)é thffon ggﬂgoﬂgfe%%lllﬂgg?eﬁ?& elel Ui LBl §GR, rate

than the TiQ2. The Z appear e € roleihincreasing the
density or the E nmoesegntisl totedluhethet:reclenhtmfrth@moplpé ssaletronytrateit veitti thk preWiinen t he
Zr2 wa ncr eased,. W &h ot her additions 15 constant, the density of the
zircon refractory rraf’enwﬁl often decreased. Iron plus zirconia appeared to
have an interaction such that with the two, the

¢ The zircon refractory material of the present invention could also be used to

make other components of the glass manufacturing system.

25 ¢ The preferred glass sheets made using the zircon refractory material are

aluminosilicate glass sheets or borosilicate glass sheets.

» The preferred process for manufacturing the glass sheets using an isopipe made
from the zircon refractory material is the downdraw sheet manufacturing
30 process. As used herein, the downdraw sheet manufacturing process refers to
any form of glass sheet manufacturing process in which glass sheets are formed

while traveling in a downward direction. Other forms of downdraw sheet



density can be lowered and still have good bondi ng which can decrease the
creep rate. It is believed that this happened because the reaction path
may have been altered during firing such that the bonds are stronger.

Al so, the free Zr(2, as batched, probably;20 reacted during firing with any
free silica, thus reducing any residual glass while at the sane tinme; this
newly formed zir confamingdedhaijecshedndecthtisivicdrang atdredfon@aning rechgididsi on, t he
presence of the free ZrQ2 may have reduced the tendency of dissociation of
the zircon fromthe zircon refractory material which starts to take pl ace
as the firing temPEh@irdcat iaPMtioR & REiERA) GseffFor B AnBE hetimdind High
zirconia-iron reaction can be denonstrated in TABLE #/. TABLE #7 Sganﬁ)l e
#Fe208/ Zr O2Densi t y EStratRATRAsE phsste dike theopesapseqint ffat panel displays. Moreover, the

260. 30/ 0.964. 0025. 1 TA=wE -

200, 507 0. 064, 1955, oesrbzentiod S0, Berkiialith %?ea'ﬁﬁ?a%ﬁgg%ﬂ?n&g? S8 from
the density and e-nodul us val ues, sanple # 37 should have the | owest creep
rate. However, sanp r - Lt s, bel.jeyved,.the 0.12%
Zr 2 had a bondi ng éﬁ?@gﬁ gempgrﬂbidﬁger%tgﬁf plre\ré%lﬁtfh%gl}%%a% Eeee? oS hcg in'the

m cr ost r uct ur eazospagprERrastgs anddesstibeghin thy fepding DetailabDiscsptibn3f sidd | n
the 5 graph of,cre VS.. m.cr.ostr.uct ure,. sho in FIGURE 11, t did
correlate. It gﬁ%q%gst%é that (e AYSNLETLY NP t%l\(l)\fg ﬂ%ﬁelmb(S’E“J?q’?E&ﬁ%{ﬂsﬁHg%‘t 5 TABLE
#3 have teen g Ga’jﬁbldealffﬁdnérﬂuﬁ‘_eﬁﬁgﬁnerfﬁs, hﬂodiﬂ%@ﬁdz@%h@@b@ﬁ@ti?x@ﬁﬁtﬁoﬁ?ddﬁﬁﬁﬁg
advant ages and_uses of .the zircaon refractor mat erjal of the present

i nventi on: @0%5? Shelpyntion ag % Oftﬁ‘ %ﬂef%’éﬁpﬁéte&%owag el | ower s
the creep rate of an isopipe which neans that the new i sopi pe can | ast
much |l onger than the traditional isopipe which reduces |ost production
time that can result in great 15 cost savings. 20 It is believed that a
w der glass sheet is |likely to be manufactured in the future which neans
that | onger isopipes will be needed. Therefore, it is even nore essential
to reduce the creep rate of the isopipe as denonstrated with the present
invention. The zircon refractory material of the present invention could
al so be used to




make ot her conponents of the glass manufacturing system 25 The preferred
gl ass sheets nade using the zircon refractory nmaterial are alumnosilicate
gl ass sheets or borosilicate gl ass sheets. The preferred process for

manuf acturing the gl ass sheets using an isopipe nade fromthe zircon
refractory material is the downdraw sheef; manufacturing 30 process. As used
herein, the downdraw sheet nmanufacturing process refers to any form of

gl ass sheet napuimst uri ng process in which glass sheets are forned while
traveling in a downward direction. Qther fornms of downdraw sheet 30 form ng
techni ques include the slot draw and redraw form ng techni ques. The
present invert.ion A girddaiéfaRidhpmbiritgalil a bompdidh indudthg e 18ldWiRg or high
strain point ?Iass_sheets | i ke the ones used in flat panel displays. -

Mor eover, theéBP%esent invention could be beneficial in the nanufacturing
of non-§CD glass. Al thgpgh, gesemRdi®pnt of the present invention has been
illustrated in the acconpanyin% Draw ngs and described in the foregoing
Det ai | ed Description, EOdA8E0LS Ww)under st ood that the invention is not
limted to the enbodi h& Gl but is 10 capabl e of nunerous
rearrangenents, nDdifr?g%ﬁggg%gﬁﬁﬁgﬁbstitutions wi t hout departing fromthe
spirit of the inventi oRefx(&e&-0.60mtM).and defied by the follow ng clains. 31
5 CLAIMS: 1. A zircon refractory material having a conposition including
the following elenments: ZrSiO4 (98.75-99.68 wt% ZrQ2 (0.01-0.15 wt %

Ti 2 (0023-0.50 Wik zirdom2€Bac(ddy OftebialodT Clkild) 1, whioreth sald &S0/ i6€10ddsqf r act ory

mat eri al of aim1, i n ig)ZrSiCn.incJudes a_ known anmount of Ti Q2
andFeo0s. ot REPHY SCAs 5] Earls B3t ingid 95 @3- GADeHo 110 S8, 60

W% . 3. The (@08-0®m0wtefyr actory material of Claiml or 2, wherein a binder
and a dispersant 15 were added to batch materials including ZrSi &4, ZrQ2,
Ti 2 and Fe23 all of which are used to nmake said zircon refractory

mat erial whenein sak Qir&h@@fﬁ'&t_o?ﬁﬂat&@dl dfdiaﬁxp@6§2mhereﬁﬁ.nﬁn&%|9£ﬂhf‘addi§},%fsmﬁufi ng a
V4

sintera?g process to form sai ircon refractory materi a

were added to batch materials including ZrSiO,, ZrQ;, TiO, and Fe,0; 2ll of which are
used to make said zircon refractory material wherein said binder and said dispersant

were bumed out during a sintering process to form said zircon refractory material.

4_. The zircon refractory material of Claim 3, wherein said binder is polyethylene
20 glycol.
5. The zircon refractory material of Claim 3 or 4, wherein said dispersant is
polyelectrolyte.
25 6. The zircon refractory material of any one of Claims 3 to 5, wherein said

dispersant is ammonium polymethacrylate and water.

7. The zircon refractory material of any one of the preceding claims, wherein said
o zircon refractory material has the following corﬁposition:
30 218104 (98.75-99.65 wt%)
Zr07(0.02-0.15 wt%)
T10, (0.23-0.50 wi%)



4. The zircon refractory material of Claim3, wherein said binder is

pol yethylene 20 glycol. 5. The zircon refractory material of Caim3 or 4,
wherein said dispersant is polyelectrolyte. 25 6. The zircon refractory
material of any one of Clains 3 to 5, wherein said dispersant is amonium
pol ynet hacryl ate and water. 30 7. The zifgon refractory material of any one
of the preceding clains, wherein said Zircon refractory material has the
foll owi ng conposition: FEAWG(OH0-088wT5).99. 65 % Zr2 (0.02-0.15 wt% Ti
(0.23-0.50 wt9% 32 Fe2O3 (0.10-0.60 w% . 8. The zircon refractory materi al
of any one of CJains 1 to 6, wherein said zircon refractory material has
the fol | ow ngs.conpiifd Airk@iYefrRefsrPinikeria 0 aBpordDf Thith Yo & ibretnQail 3ir@nl5 W %)
Ti2 (0.30-0.45 9% Fe2 0.12-0.45 wt% . 109.The zircon refractory
material of afiyfAdE maferg Sé?é@@éi’l“?ﬂg""&?%ﬁ‘ . wherein the zircon refractory
materiak is used in a giR6sYTRARURME{HNG system 10. A nethod for
producing a zircon refractory material, said nethod conprising the steps of
15m xing a plurality ozf%ﬂ@g"oriét"é%)al s including: ZrSi™ (by difference)
Zr@2 (0.01-0.15 w9 Ti 2(6‘ 0-635%DQ W % Fe2GB (0.08-0.60 wt % ; 20forni ng
into a shape the m xed bat'ch materials; and firing the shaped m xed batch
material s to form sai dFeQs{(bI2-0.45 weél.ory material. 11. The nethod of Caim
10, wherein said step of formng includes: spray drying the m xed batch
material s; and 25pressing the spray dryed batch materials to formthe
shapedlfi xed %at cHlhe zircon refractory material of any one of the preceding claims, wherein the

zircon refractory material is used in a glass manufacturing system.

10. A method for producing a zircon refractory material, said method comprising

the steps of:
15 mixing a plurality of batch materials including:
Z1Si0y4 (by difference)
Zr0; (0.01-0.15 wi%)
TiO; (0.23-0.50 wt%)
Fe;04 (0.08-0.60 wt%);
20 forming into a shape the mixed batch materials; and

firing the shaped mixed batch materials to form said zircon refractory material.

11.  The method of Claim 10, wherein said step of forming includes:

spray drying the mixed batch materials; and

25 pressing the spray dryed batch materials to form the shaped mixed batch
. materials.
i2. The method of Claim 10 or 11, wherein said ZrSiO, includes a known amount of

~ TiO; and Fe;O3 not counting said batched TiO; (0.23-0.50 wt%) and Fe,0; (0.08-0.60
30 wi%).



materials. 12. The nethod of Claim10 or 11, wherein said ZrSiO™ includes a
known anmount of Ti Q2 and Fe2O3 not counting said batched Ti®Q (0.23-0.50
wt% and Fe2O3 (0.08-0.60 30w % . 33 5 13. The nethod of Caim 10, 11 or
12, wherein a binder and a dispersant were added to batch materials
including ZrSi ™, ZrQ2, TiO®2, and Fe2G3 | of which are used to nake said
zircon refractory material wherein said Dbinder and said di spersant were

burned out dund.ng Fheinethed b B{Rp%‘@rltzo Bé}éma
material. 14. The nethod of Clalal m 1 V\i’l‘gl‘ EIII’I gg{dgr@%queﬂg@ %grg%%{ ﬁy(f ene

glycol . 15. Thachmirels BeludngZrmide Zﬁﬁ’z’ Ti9,, apd &kl all 9hvhicldirs peaddameks sid

pol yel ectr ol yiifeon idfratfory mhixeridTRindsh Qld Kihddr Ahd shid difpPland-were MiGEbix Sai d
di spersant is_amonium polynethacry]ate and water. 15 17. The net hod of -

any one of O TR 2 FBerIE PEICestie famfaid grgoryrefragorymedterigdt ory material  has
t he fol kowi ng conposition: ZrSiO4 (by difference) Zr@2 (0.02-0.15 w%
Ti2 (0.23-0.50 wt% Fe2(3 10-0.60 wt% . 20 18. The nethod of any one
of Clains 10 Yo 1érhe\MP§?0é|QﬁCiwﬁmd3th%@n sgid bindet is pglyethylené gllicolhas t he
foll owi ng conposition: ZrSiO4 (by difference) zZrQ2 (0.03-0.15 wt% Ti2
(0.30-0.45 Wt% 25 Fe2G8 (0.12-0.45 wt% . 19. The nethod of any one of
Clainms 10 to wive methed phelaim  Toml 4y wherein ¢ ispantastis polytlactrolsed i n a gl ass
manuf acturi ng system 30 34 20. A glass manufacturing system conpri sing:
at | east one vessel for nelting batch materials; and

10 16. The method of Claim 13, 14 or 15, wherein said dispersant is ammonium

polymethacrylate and water.

17. The method of any one of Claims 10 to 16, wherein said zircon refractory material
has the following composition:
15 ZrSi104 (by difference)
Zr0; (0.02-0.15 wi%)
Ti0;, (0.23-0.50 wt%)
Fez03 (0.10-0.60 wi%).

20 18 The method of any one of Claims 10 to 16, wherein said zircon refractory material

has the following composition:
ZrS104 (by difference)
Zr0, (0.03-0.15 wt%)
TiO; (0.30-0.45 wt%)
25 Fe>03 (0.12-0.45 wt%).

19. The method of any one of Claims 10 to 18, wherein the zircon refraétory material is

used in a glass manufacturing system.

30



a formng vessel for receiving the nelted batch materials and form ng a
gl ass sheet, wherein at |east a portion of said formng vessel is nade
froma zircon refractory 5 material having a conposition including the
following elenents: ZrSiO4 (by difference) Zr@2 (0.01-0.15 w% Ti2
(0.23-0.50 vt9% Fe203 (0.08-0.60 wt% . ,1O0 21. The gl ass manufacturing
system of Cl aim 20, wherein said at |east one vessel includes a nelting,
fining, m xig. or Adgthss venyfavagseiysteddompriging] ass nanufacturing system of
Claim20 or 21, wherel n said é&Sl A |ncI udes % 15 known anmount of Ti Q2 and
Fe208 not count i ngt €3 eneweetch by meitng batsh sptegialks; gpdyt 0 and Fe208 (0. 08- 0. 60
w9 . 23. The gl agJorfRpnase Hfr'réh@wﬁigsth@ﬁbﬁéd ek Al Mt Pahd Ak o YA €I N a
bi nder and a dispersant. were added to batch materials including ZrSi (4,
Zr2, TiR anbectedepimptileasta ppfiemotzeid foaning sepselds medelio p dirgdnreipartory
refractory Mgty oS Bbf iRl HG M ARTo Ak diclienRer Sant | were bur ned
out during a sintering process to sai con refractory material. 24.
The gl ass manufacturi n@rSst(foemfﬁer@)a| m 23, wherein said binder is
pol yet hyl ene gl ycol . ZE 02§ oﬂﬁs% s manufacturing systemof C aim23 or
24, wherein said di spefsant s iel ectrolyte. 26. The gl ass
rranuf acturing system oT:CEI(mmzawt‘Zyl or 25, wherein said dispersant is 30
anmoni um pol yret hacr yl at e 5 10 35 27. The gl ass nanufacturing
system of any one of %&ﬁ@@oﬁ“@@ wherein said zircon refractory
materi g has the foll ow ng conposition: ZrSi A (by difference) zZrQ2
(002015wt% TiO2 (0.23-0.50 wm % 010060wt/?. 28. The gl ass
manuf act uri nglsystBnglas ‘%Wfaﬁﬁ‘é‘ng)\‘ys@%?ﬁﬁ%la‘?@z -/hoesin spitbatdsagt aggivessel r con

includes a melting, fining, mixing or delivery vessel.

22.  The glass manufacturing system of Claim 20 or 21, wherein said Zr$iQ, includes a

15 known amount of TiO; and Fe;03 not counting said batched TiO; (0.23-0.50 wt%) and
F6203 (0.08-0.60 V\ft%).

23.  The glass manufacturing system of Claim 20, 21 or 22, wherein a binder and a d1spersant
were added to batch materials including ZrSiQy, Zrdz, TiO; and Fe;Os; all of which are
20 used to make said zircon refractory material wherein said binder and said dispersant

were burned out during a sintering process to form said zircon refractory material.

24.  The glass manufacturing system of Claim 23, wherein said binder is

polyethylene glycol.
25 -
25.  The glass manufacturing system of Claim 23 or 24, wherein said dispersant is
polyelectrolyte.
26.  The glass manufacturing system of Claim 23, 24 or 25, wherein said dispersant is
30 ammonium polymethacrylate and water.



refractory material has the follow ng conposition: ZrSiO4 (by difference)
Zr2 (0.03-0.15 wt% TiO2 (0.30-0.45 % Fe2®3 (0.12-0.45 w9% . 15 29. A
gl ass sheet formed by a glass manufacturing systemthat includes: at |east
one vessel for nelting batch materials and form ng nolten glass; and an

i sopi pe for receiving the nolten gl ass a§|§| form ng the gl ass sheet, wherein
at least a portion of said isopipe is ndde froma zircon refractory
material havi g a TEONRS SahifMiuitgtsistat of #ashe diEaifrs 2 ovdtghetiomeidzgcon20
ZrSio4 (98.75-99.68 wt% . ZrO2 (0.01-0.15 wt9% TiO2 (0.23-0.50 % Fe2C3
(0.08-0. 60 wt racton migerialiyg thg tollowimg LOPOYPONT 5i m 29, wherein said at | east
one vessel includes a mbgmmff&&mﬂg, m xi ng or delivery vessel. 30 31.
The gl ass sheet of Caim29 or 30, erein said ZrSi &4 includes a known

amount of Ti @2 and FeZtB: @P2-&uting sai d batched Ti 2 and Fe208. 32. The
gl ass sheet of O ai m 29030781y splwoppherein a binder and a dispersant were
added to batch materials including ZrSS™, Zr@2, Ti2 and Fe2O3 all of
which are 36 used to nERE:sEGIGUOLDMEBN refractory material wherein said

bi nder and sai d di spersant were burned out during a sintering process to
formsaid zircon refractory material. 33. The gl ass sheet of C aim 32,

wher ei n sai d 28i ndditeighspoinpéictyihg sistegl of eoy onedf Shhims Thie 26 wisscis keddtircohi Cl ai m

32 or 33, V\h%ﬂcéﬁﬁ%}\ﬁ%??ﬁ%ﬁﬁg&%ﬁéfg?‘) luphectrolyte. 35. The gl ass sheet of

Claim 32, 337or I'n sal persant is amoni um 10pol ynet hacryl ate

and wafer. 36. The gl agsSiohastdifsdfreesy one of Clains 29 to 35, wherein said
t he follow ng conposition: ZrSi &4

zircon refractory materi al

(98. 75-99. 65 wt % Zr@%f(%.(ﬁgg%:lfm)% 15Ti &2 (0.23-0.50 wt %
Ti0, (0.30-0.45 wi%)
Fe,0; (0.12-0.45 wt%).

15 29. A glass shest formed by a glass manufacturing systemn that includes:
at least one vessel for melting batch materials and forming molten glass; and
an isopipe for receiving the molten glass and forming the glass sheet, wherein at
least a portion of said isopipe is made from a zircon refractory material having a
composition with at least the following elements:
20 ZrSi0, (98.75-99.68 wt%)
Zr0, (0.01-0.15 wt%)
Ti0; (0.23-0.50 wt%)
Fe;03 (0.08-0.60 wt%).

25 - 30. The glass sheet of Claim 29, wherein said at least one vessel includes a

melting, fining, mixing or delivery vessel.

31. The glass sheet of Claim 29 or 30, wherein said ZrSiO; includes a known amount of

TiO; and Fe,05 not counﬁng said batched TiO; and Fe,0;.
30
32. The glass sheet of Claim 29, 30 or 31, wherein a binder and a dispersant

were added to batch materials including ZrSiO,, ZrQ,, TiO, and Fe; 05 all of which are



Fe2@3 (0.10-0.60 wt% . 37.The glass sheet of any one of Clainms 29 to 35,
wherein said zircon refractory material has the foll ow ng conposition:
20ZrSi &4 (98.95-99.55 w9 Zr2 (O. 03 0.15 w)/0) Ti2 (0.30-0.45 m %
Fe203 (0.12-0.45 w %) .

36
used to make said zircon refractory material wherein said binder and said dispersant

were burned out during a sintering process to form said zircon refractory material.

33, The glass sheet of Claim 32, wherein said binder is polyethylene glycol.

5
34. . The glass sheet of Claim 32 or 33, wherein said dispersant is polyelectrolyte.
35. The glass sheet of Claim 32, 33 or 34, wherein said dispersant is ammonium
polymethacrylate and water.

10
| 36. The glass sheet of any one of Claims 29 to 35, wherein said zircon refractory
material has the following composition:
Z1Si04 (98.75-99.65 with)
710, (0.02-0.15 wit%)
15 Ti0,(0.23-0.50 wi%)
Fe;O5 (0.10-0.60 wi%).

37. The glass shest of any one of Claims 29 to 35, wherein said zircon refractory

‘material has the following composition:
20 ZrSi0y4 (98.95-99.55 wt%)
Zr0;(0.03-0.15 wt%)
Ti02(0.30-0.45 wi%)
Fe;05(0.12-0.45 wt%).



