WD 2012/ 005941PCT/ US2011/ 041316 MULTI - LAYER GLASS SHEET MADE BY CO DRAW NG
USI NG THE OVERFLOW DOANDRAW FUSI ON PROCESS CROSS- REFERENCE TO RELATED

APPLI CATIVWNS0{2008d4i Thi s application clains the benefit pofrjusand/oprBiority to
U. S. Provisional Patent Application No. 61/359,409 filed on June 29, 2010
entitled, "d ass Sheets with Inproved Mechanical Strength", the content of
which is relied upon and incorporated herein by reference in its entirety.
BACKGROUND [ 0002] The disclosure relates generally to gl ass sheets and nore
parti cubh@thy. horllcARs:s $RESE S1aDR\HYNEo IDXRI AL & FIRC BRI Kkt BHEIDRAW [[RQ0H |t
has beenrgbonyg established that the nechanical strength of a glass article
can be significantly increased if an outer surface of the glass is in
conpression. Strengthening of glass using adjacent glass |layers having

differences in theid%@.ggl%%.ﬁ?ﬁ@Ibrﬁﬁﬂ?*ﬁgﬁﬁgﬁgﬂé’ IQWSE) has al so been

studied. [0004] Ina ion, nown mechanical strength of a

gl ass cap. be substantial.ly increased by. usi n_ion change

ot 0ces 00 e Bis WBofREh 2BbE bebebd ot i)Y PR IRbuRPaSR o
exchanggpiliRatioCRB. ®F3 ACA0%EVed ofl eRRTH, 101 ®éntitiRe, CIERBHetis AvittAMebrevdiENSI ONS
of the 1\9[| ass, In addition, such processes can significantly increase

pr oductYleshapisak Strepgth ™ thewonteaigrfi wlkck isysliethunoal ang defiorpasptsf hpiesdllet i on 1 oor
space, te di sposal issues. Accordingly, it would be

desi rab?@%“%%?@%néﬁggl ass sheets with increased nmechani cal strength where
an ion exchange process is not rguikefouNp he production or processing of
the glass. SUMVARY [0005] One enbodinent of the disclosure relates to a
transpgpged] 9irasisslBaet rdibval gé&?&l%@%lﬁs Shifsaem i BheR alaV§ th M siRBd an
inner |ayer adjacent to the surface Conpressive |ayer. Between OC and 300C,
t he di ffaemgnoprofed mnehagoeflircigtint of t hermal expansi on of the inner |ayer

and th fa C ressive | | reat er .than 50x107C d the surface
compr od0l" Pies STRLSEE kit BtCihob Do ARy IR 2 et Pl se Rea v
2012/ 00594801 iWedibdd F4hdLeer [SOARBlorAEtdilhisanal cdngRtddlons Sndomeviapbages Wl |
be set forth in the detail ed descrl_fgélon which follows, and in part wll be
readi | elasppaing adjacent whies Bysisihaviag differeress a thefr coptficivat eletbermab expansion
recogni i Cl he enbodi nents as described in the witten

descri éﬁ%&%ﬁsﬂ@&gﬁ%@lﬁ% eect'eof, as well as the appended draw ngs. [0007] It
is to heoedjdensiddiibr fhtds kot hthahthe inycagdtAgtrogneohh gilesdiebpdan®d and t he

f ol | owi ng det ai l.ed description _are nerely exeﬁl ary, and are intended to
provi deSub¥arsipdly Jiasased by usRe#b A% 6hinegereteandioHe shatigh arogasce e ect er of

the cl gj g 8 4 | g dhaw [ &pbiteh tRnipoSibAe 2
further une eﬂﬁgnﬁﬁoﬁgﬁ% aﬁ%%grﬂ%q%ncor%o?’g{ae &(égl cgeﬁgﬁgo%g?ﬁeuc?gﬁggﬁgrt of

t hi s spadidimcaidnsf ththdadr dmaddyson, Ishelsproadseesane s@nifimangdy erbast pedtudton, and
together with the descriptian serve to expl ai ri nci pl.es and operation of
the varRelendHBGaABR 810 sl ereC aRed miedeio oo peprAll RESSHOUDS i G 1
i1l ust rcﬁ%ﬁ%al@ssﬁé@Sﬁcc%?&ihgl‘?!‘@kwo\ﬁl@% Rhirb19kAFDvRIAGSEss et whi ARRAsher ei n;
and [0010] FIG 2 illustrates a perspective view of a fusion draw apparatus
t hat cancdheniggleticngihmedices @i ngleachaage prdedsus hatrregirieodnn gicazedwitientos; and
[0011] FIG i3 iJ; ustrates a cross-sectional end view of a portion of a
fusion P&P%‘RRF%%B S havi ng an upper formng vessel and a | ower form ng
vessel that can be used to nmake enbodi nents di scl osed herein. DETAILED

DESCRI PTI ON [0012] We here present ﬂ%‘ﬁ%ﬁ d for making transparent gl ass
sheets with conpressive stress on$ ace, where the anmount of

conpr essj stress. and the.thickpness of the conpressive |ayer can be

¢ ondi L0 lnF RmgpaEendREE SR Bri s  AfGB PR TCBHPOLFT BT Sds and
thi cknegsBs cdriddsdlveAdy 388 ah Ginet Byeﬁaﬁl@ac%ﬁtrtﬂ‘tﬁé §RABPRSRMEssitSlaliged to refer
to a solid material in which at |east 80% of the radiation in the visible
spect r Uatwhert 096eanst 0 € sthe WdTarence oif dic dosfitaien ohihetnaal exharsiggiofitheinmet er i al
as oppqgsed .to, bei absorbed qr scattered by the.paterial . Particularly

oy e or Ha e AE P AR ER il REbb T PB et 1R GneBh RisurBEE ' Ssvciof "t he
radi at i @prddsivb eayét Badd & reReGiveletdwitat RAREIObat ® ke naterial is

transmtted through the material as opposed to being absorbed or scattered
by the material.



WO 2012/ 005941PCT/ US2011/ 041316 [0014] As used herein, the term"in situ
crystallization process" refers to a process in which crystallizable forned
gl ass i s Wolpeowadit o a heat treatnent schedul e i n whi cliRCThIS20180pB1@t ur e of
the glass is raised at a predetermned rate froma tenperature at or bel ow
its annealing point to a tenperature above its annealing point, held at a
first tenperature above its annealing point for a predeterm ned anount of

time, and then |lowered at a gredeterm' ned rate to a tenperature belowits
anneal i[A806oi Addiieas! fetutes gad advintages will bheet forghsa thgydefa @intioe state is
substangi. i.gher. fol.l ow +oj i - I schedul e.
[ 0015] %Allél%g&eﬁgwﬁé%}gil lﬁ,pg{tr@mbeg?%m gﬁ&eﬂg@ﬁgtﬁgoes% gg%lg‘z?{sth% i g[quedrﬂg 0 a process
i n whi alesdriptivrr heapededbapaciidng thvehsedimdentfahdatdebdIo ke wattercont ai ni ng
ions having a larger ionic_radius than ion;ét hat are present in the glass

sur f acelessifigioaiand ChEmshrreleps Vhas Br@PPePAdEd BS t he | arger ones and the
mechani ggg)St It%%‘ﬂ)tﬁ% HMaetsiodah@sded ﬁe'f&%%&ﬂ?%gner{l%%?%tf%ﬁ aHF O DRS®ING, the
term"essentially free of BaO'" neans that e glass contalns |less than

about GlefaileddedtriBa® afe00&Zly ckeampbparedtrghisdestogerosidasn digeicesed herei n

havi ng conpressi ve, stre on the surface jnclude transparent gl ass sheets
corrprisfjf:aﬁ"gréD rEE‘?f%‘I%“?:‘Bf%FB%@deIC @Fteéﬂﬁthﬁﬁijaiuﬁﬁe.r | ayer adjacent to the
sur f acqog@8IPr A8 hMBnipaFihg deGhesShe aictudedno P‘%Vi&ta_r fufBtQhduSiaAging, dddsi on
draw process wherein a surface conpressive layer is drawn to the outside of
an i nnere inggeporat@@ @ and conwifmica rerted shis specifisaton. v ksdrovings dilustretogimeer 10
havi ng surface co ssive l.avers 12.surrounding inner |ayers 14, wherein
the cortele eBiog B E2R el Y KB HS U SO e P m B R, Y20 ana
t he outsperm®ish ofdgesriols éhodimess- section of the glass sheet are indicated
by xouter [0018] The fusion draw process uses a drawing tank that has a
channel for accepting nolten glass raw material. The channel has weirs that

are open at the top al n bot h sides of the
channel . Wen the chan a#ﬁ?@égﬁﬁ]ﬁoﬁﬁ)%g%@%qﬁhagt he nolten gl ass
overf | he irs. Due to gravi.t it he |ten glass. flo dawn t he

out si adOBed SES of ﬁlﬁlﬁéétm%o Cetigal vViPfoe ieehckt 55 i RED IR down and
i nwar dipgof] t PRS. 4 MEYirdi& é‘p&&pe@ﬂv@@i@%d&@ fQMbI}{l BRwds PR thatan bd RSed 90

.a
flow ng glass surfaces join at this edge to fuse and forma single flow ng
sheet . Mg singl¢ byengd dvsiorediave abfsh ehests hed advant age that, since the two

gl ass f] f i over the channel fuse tqgether el ther, outside surface
of “the PO ¢ FRY TSR L8P SHRA0R sha SRl Rarii anig bR iargy sfeus

appar atjasin 'EBL{% ettib@mﬁl%r\feé’&ﬁarm DRV fsnind SesblithafcheBé askday nilteh cont act .
WO 2012/ 005941 8T/ US2011/041316 [0019] FIG 2 shows a perspective view of a
f usi on ctediragpadiseloscdihesincan be used to make single |ayered fusion drawn
gl ass sheets. Fusion draw apparatus includes a form ng vessel 135 that

i ncl udes an opening 136 that receives the nolten glass 126 that flows into
a trough 137 and then overf| DT AREDN DESCRINAIANO si des 138a and 138b
before fusing together at what is known as a root 139. The root 139 is

wher e t[A812]wo Vi ltes pie38H aandthdB S nedmg trangestrénerg lass dhagtsewth térepeswovaover f | ow

wal I's of nolten gl.ass 126 rejoin . 9., refuse) before .hein awn downward
by he aM 1t BF FAEESaNBG o s O stk s B g b T of |
assenmbl gpmp#Qaive MsleH BaSbArchdilysdialklih gRSSMEB YorZDRidR AR cTRERANEsiTiOhd, assenbly
202. The first roll assenbly 200 includes two pulling roll support arns
204a artizep@abthitkaessstipport a first roll 206. Likew se, the second roll
assenbl 2 i,ncl udes . ulling roll, su t arns 2 nd_ 2100 .t.hat
uppor t0UPecOTE b RTeih e Ry e fon; R BER Lt 8 o SURE BE SIS, e &
di f f er apdst 80%dTitiveradibfiof & e visthdy bR trimThatehethatebt udeSiahisrminemit2d6 (e. 9.,
| hp motor 216) coupled to drive a differential axle 218 which in turn

dri ves thigyebdicgaaieritsr e8rased tohging obsorbedeor peatisreddyy the grtysk Batcylater f aces

wth a j i . . I 2

interf c%igﬁ%m&tﬁﬁn%%%n{j{rnlﬁ%ggfsﬁ #elucgegtggsneﬁtﬁ?% l{mgﬁa@??’%fg%%gglgg&gﬁe%fgs as

di scl osedblspaitruncthat pactratde tHeymaredil fiy irmgntittel thusighnhdmaterialpgsapadsesl ts hown
in FIG, 2t oyi de for transparent gl ass sheets having an inner |ayer

sur r ourf§é %@g’éﬁgPﬁﬁtt%ﬁéV&%&@@rlﬁ yers. Specifically, the fusion draw
apparatus shown in FIG 2 can be nodified to have a vessel that distributes
the surface conpressive |ayers and a Vessel that distributes the inner

| ayer to be surrounded by the surface conpressive |ayers. A cross-sectional
end view of a portion of such a fusion draw apparatus is illustrated in
FIG 3. Fusion draw apparatus includes an upper form ng vessel 131' and a

| ower form ng vessel 135'. Upper form ng vessel 131" includes an opening
(not shown) to receive nolten glass 128" for surface conpressive |ayers and

S A N o I




[ 0024] The parameter c(T) is area averaged CTE and cal cul ated as: 1X outer
C(T)=1f a (X, T)dX x outer 0 (3) [0025] Different glasses in different
| ayers ofwohelleestt can al so result in different regi on®Chasog/odisfié er ent
vi scosities and Young Modul us. The viscosity/ Young Mddul us m snmatch stress
is estimated to be: TI(x)E(x) X outerX outer f ri(x)dx xouterf E(x)dx 00

- WD 2012/ 005941PCT/ US2011/ 041316 where F is the draw pulling force during
draw, A is the sheet cross-section area (A = 2XOUterW5 gq and E are the

vi scosi P4 ndAvyserhaseinphaltes ‘de sitpenyste Biration POOB6] refPra s HRIOSAs 1Bl ass

sheet s v@tﬁcﬁkﬁﬁﬂafi&ﬁﬁe @SJn?éd"gn&%\{sesﬁ S B4R GAPREASR s lfedhféy ﬁ et'hg' n the
surface conpressive |ayer Hhas a co npressi ve stress of at | east about 300
MPa. Bytespatiungof ﬂhatglatshe rsided acepredngnessi e fray encihpsa@rcampbelssi e stress

of at |east. 300, MPa, we nean that the surface conpressive layer is in a
state OYNEBIREMEEY .%?1temﬁer%uﬁew@ﬁeatjwmalé%?O%%ﬂ dt @%m@%&mﬁ%@ove

CO”preSr%' eﬁﬁ%gjgﬁhot A oltclnBASH arﬁ&ﬂ%?hm@omrtﬁéélo%rﬁa{t%?ed’e@é e;%dcan be

det er m ned usi astic nmeasurenents using a po fined

in ASTIVhtIézaatéramatdeerlablmuthanlnefahng Poiat ymhmkyat%roemge of Bt gkssina he entire

di scl osu LS, | rpor ate rein reference. [0027] The

Coort | ateniRa Mid s enR OB BRES o orie Sheonus SRIRRE fesrahe s e

aver agqofids ofhsasa N&anm%%rhﬁho@éxdhaﬂgerpraé‘éswe&%&% 2P c3QGEwh{@028] The

softenl ng point of a glass |ayer or glon is defined as the tenperature at
t

whi ch tfh@m@»d latrsl; glass of lnnrh@rsgi lagshqawdtSh ipe wpetpmingrienvohaviegy bngqrsotemal to
about 10 i agllsnes t&at arg pre en n a ]E) r%ac Heqem ﬁf { e gonpmen}e c{ e gl ass
and vi sé¢ Ei‘ i ?% § af &%pg A (s ERih B PRt "tan be
det er mtﬁ@mrgbsloﬂgs aqqam 3 3RmPal (t26H38) oftﬁé md@TsdncT@ﬁsbd I\/bt hod for Sof t eni ng
Point of dass", the entire disclosure of which is incorporated herein by

r ef er erl@816][ 003 gpedrigacigTiae drar @pwential e pBaQ neeansdethealss ataiuy lesc e

conpre v r afo s sheets as disclosed herein is greater than
50x10- ?gé googlﬁbgﬁ a(g /gr%eag)tser than 75x10-7C-1, and further such as greater

t han QQBQD?]7C—Tﬂanspaireﬂttgdhsﬂghd&aas&bmmeokﬁ&36 haaing cbBipxdsQiveé Girdss oarttle f ur t her
i ncl udi ng. bet En 75x107C an%lOOxlO 7C- 1 erein the FTE of the inner
| ayer i SUrigeeelurlc frrnRateRbeleshests campdting 3oy S IEprBES e [aysyehd anriggercTE

ratio quérraﬁjabé’lﬂ%tﬂe%ﬁﬁﬁcet&ny?@ssﬁi‘éq%%FeSﬁmg&? %hﬁ’ﬁe{?a%y@a{tedl dsih} %Qfﬁ?s'icﬁp' y

greater than 2.5, such as greater than 3, an urt her such reater than
3.5, anttawpercefuwhdrein asmucﬂacea@orgv‘rem\@rlaydnamdrdwmtm:heudnsn@e @fem/mmr l2yes. and 5,

h 3 d5,. | t. of f d emb d th
STE of o) Sryatstunirend i p S b Sy Ry e heP o Gt SR e e Shout
35X 107Gul’1”aﬁﬁhlﬁé" fnkd yak 14 h@hér@fﬁ&fle EARY @O HIRNGES-JetGin aakladobOriE to about

125x10- 7C
1ndlcated by x=0 and the outermost edges of the cross-section of the glass sheet are indicated

by Xouter.

[0018] The fusion draw process uses a drawing tank that has a channel for accepting
molten glass raw material. The channel has weirs that are open at the top along the length of
the channel on both sides of the channel. When the channel fills with molten material, the
molten glass overflows the weirs. Due to gravity, the molten glass flows down the outside
surface of the drawing tank. These outside surfaces extend down and inwardly so that they
join at an edge below the drawing tank. The two flowing glass surfaces join at this edge to
fuse and form a single flowing sheet. The fusion draw method offers the advantage that,
since the two glass films flowing over the channel fuse together, neither outside surface of the
resulting glass sheet comes in contact with any part of the apparatus. Thus, the surface

properties are not affected by such contact.



[ 0030] Wil e enbodi ments disclosed herein include those in which the
softening point of the surface conpressive |ayer and the inner |ayer are at
or near tWe8mm@suenperature or those in which the soft@orag2@aeiont3siof the
surface conpressive |layer is above the softening point of the inner |ayer,
in preferred enbodi nents, the softening point of the surface conpressive WO
2012/ 005941PCT/ US2011/ 041316 | ayer is at |east 40C bel ow the softening

point of the inner layer, such as at |east 60C bel ow t he softening point of
the i nd@8919]ayBIG. Zashewharach@ectsigonew of afusienndewgpoasams shet cHebaBfddai ng poi nt

of the t t I of t eni ng
poi nt o@%ﬁsenélﬁ%gémfi%%érd dIfa @a% % Sﬁ%&:ﬁ I]ﬁ\gluo?lt éﬁg@éﬂg%}gggﬁcgﬁ %Vgésﬁ%%l%oc bel ow
t he sofveesel b3S that intludés ehh@dnmgelmlthat&m:enl%@ theemahgl glassi 126phaffmsddto a

the difference in the sof teni ng poi nt of the surface

enbodi ne

corrprestgﬂl\gg 133 pad thep @verilews snd sy WigmResiass 1 gﬂeatl%’@rb ped9rsrfusing pet ween 40C
and 15qg%etﬁéf%|f'w% t REhYEEDs Qﬁ&)tqgg +ROfoot @Wlsf\k'ﬁeg@ﬁ{e t%%me§?3§f%‘(éﬁmbsoc and
150C, and stil urt er such as between 100C a 150C. Preferably,

ratio o:fontehegcxhercaoémllﬁrajﬂlet\heosuﬂbwozeallsmfmoétsslgtms 126/ srjoin de. gheefusescosl ty of
t he inner er in the ran f t of t eni ngt of t ner . lLayer

200 1 e Bb st g Egsde b bro TGt L 1Al apB ke 5y Poagst o. 5,
and furﬁhﬁﬂ@%ﬂm@@ﬂd@ﬁtﬁb@é& fu%t ﬂoltasahqytzo@aﬁda@&@n&tut hssEMblypR. such as

fromabout 0.1 to about 0.2. [0031] The ratio of hi ckness "of the inner
| ayer orhelfayterd as&mhhseﬂt(btnalud@htwméh@g il syppers alshﬁelil@ aad 281 thap sepotier ei n

is prefera gast. a such st abo further
such: ac il 2D 4O 8 Seqpn oy BT 2L il o F0SYfing tolCier BB 0. oe.
Wi | e ngns Ril0a EIQﬂZIt(lb tﬁﬂysup%rrt b 6¢doad rélh2 £k HH&Spullgbﬁ%SSGEMﬁléﬂ)aaaﬁscdl scl osed
herein preferably have a thickness ranglnlﬁg)from about 0.3 mmto about 3 mm

such asnearperaieh8Wiffaciahdiive2beug.» devire yvt}oezljlcltrcilear@s%tpém @asbhps heet s
as dis re ast
Sbout - SrAREAATE0N R il EAR MR hich bt W bR Blurlopb£2ST
| east aX20uind 202 pdun €isst 98hgeas bok I22(i intdrieers sfuhlandiﬂrlefts the&isst ralb206. Af) pounds,

i ncludi ng from bout 5 abo t 250 pounds, such a about 25 to about
200 podRdEcorHY ﬁeath%%%e nirtioq] WEbeny gﬂmscs%*eﬁ%@% k2he surface

conpr e§p0YE 20ths! QPIE%{S alsEEﬂs%[o%e@ﬁer@ﬁll dan®3 n&eﬂt% ﬁd etfﬁgl&#&t%ﬁes and
force at which the glass sheet 1s drawn should be ected such that the
s ur f aceppanaprsebewvy & FI& Erto Ipasvide ©o tpngpssiny glast shests h@‘flngtan irm@s tayabout 300

such as t about 40Q MPa, . an uch as at t about 500
Vha,  ariroied e iR ARih AL Tatt osE et A By datirabss Ao
furtherpigucha@se fod!RAIS haROM sl @ndvidasiritbudsd e kindhck rc@ﬂqgfél@ﬁ% 13084 aM?@ to
about 1000 MPa, such as from about 500 MPa to about 1000 MPa. '[0034] In one

set of ‘emhﬁtaadrytrmu@[selner iaderdayr do hemrsounﬂﬁébsumfsatfecwme@me\}ey%y
corrprlses an_a ne earth or 0- icate ass ngr | ayer
conpr i ¥R qn,gg nd PV, RO|nc°at oyt & son Afh‘g aBPekr H% ?att%({] f18"8

bor o- al RiRionQAW lap@dretug hféﬁﬁiey siedppon fdrheinG UskaAag1Vad a lower forming vessel

2012/ 005941PCT/ US2011/ 041316 . conpr essi ve | aé1 r preferably has a CTE of from
about 28R10Ferertfarnaips yessgbldld imedudes arpperng ot shovpito srepive enplen glass s used
in the jyn f A out

1 25c10- T B B e S F R R B o Blng Vo RS dherftei fienh (BRCT'
the surshawe) arpriessbiten glager26p fefimialidyer.chivfien giss 126° diewglittopmiugknt on an

oxi de b 65 < Si02 < 75 % 03 13 % (iii B203 <
15 % (1.%\57) a@&l %ﬁ@rﬂws gy Cr(typ sifles 1 éée%dé%b%ﬁ%mcfu%nwee@%%%am% vii) 0
< Sr0 ﬁ\/lélte{? %1%5911‘2@" EQM intd %ugt 0108 HRATRBr RNVt Hﬂt&?é!aw PRP & rASS 1S
essentially free of O An exanple of an alkaline eart

bor o- al glass nlsit llﬂi’atléa@ﬂamsll that lagans atpedcssed] fusort d!ewsappalaw can bp nedgiode

| ayer is.E bl.e from Corni ng orate 0036] The
o e i G ATREA S TR b HE sdiBRhaar R SRR B yiob Y ses
in wei gbaReeenbe SiMiRR (b O0BuRastSn KIG) 251chﬁd§lg%m§15 a%t-mta Oy 1400 < Al 203 <
20 % (i1i) 0 < MO <5 % (iv) 10 < Na20 < 20 % (iv) O <K20 <5 % and (v)
>0 and [8021]os oWhan draveing tr@moa@mt Blaosashe@a@ﬁ dlzebsedatwaelmeszr@ssesp@n@@dm of an
al kal'i lI'um 0o I‘Ia\lVl (%‘g'é %S gtﬁes errna "ra‘nnec a 1ca eIdO ! 1€ h?thlensn‘%r I'GSSIVG
Gbrlllaﬁl?gé?ass val I rom rnln cBY 6bra§ ??1 e surface
conpressive | ayer and the inner Iayer‘ban each optlonally contain
additional materials or dopants that further nodify their CTE and/ or
viscosity properties. [0038] In preferred enbodi nents of transparent gl ass
sheets described herein, no |layer of the transparent gl ass sheet has been
subjected to an in situ crystallization process. Preferably, |ess than 10
ppntof ~any Iayer |n the glass sheet |s |n a crystalllne state, and nor e

o " o I
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layer and inner layer are different. Specifically, thermal and mechanical stresses can be
induced during the draw process due to thermal and viscosity mismatch between the different
layers. Compressive stress in the surface compressive layer can be obtained if the coefficient
of thermal expansion (CTE) of the inner layer is greater than the CTE of the surface
compressive layer, or if the viscosity of the inner layer is greater than the viscosity of the
surface compressive layer.

[0022] In the case of the surface compressive layer and the inner layer having both CTE
and viscosity mismatch, the total stresses are calculated by superposition of thermal (CTE

mismatch) and mechanical (viscosity mismatch) stresses, i.c.

Gz =0zth TOzme (1

[0023] For a two layered sheet, the thermal stresses at a given location can be calculated

as:

T ) g o

room

Gz,th (X =

where Ts 18 the setting temperature, Troom 1S the room temperature, E is the Young’s
modulus, o is the coefficient of thermal expansion and v is the Poisson ratio.

[0024] The parameter ¢(T) is area averaged CTE and calculated as:

X outer
o(T)= ! jta(x, T)dx 3)
Xouter 0

[0025] Different glasses in different layers of the sheet can also result in different regions
having different viscosities and Young Modulus. The viscosity/ Young Modulus mismatch

stress is estimated to be:

2F nx)  ER)

(¢) -
Z,me X outer X outer
| ﬂ(X )dX Xouter | E(X )dX X outer
L 0

0

(4)
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where F is the draw pulling force during draw, A is the sheet cross-section arca (A =

2Xouter W), M and E are the viscosity and Young’s modulus at location x.

[0026] Transparent glass sheets as disclosed herein have a surface compressive layer
wherein the surface compressive layer has a compressive stress of at least about 300 MPa.
By stating that the surface compressive layer has a compressive stress of at least 300 MPa,
we mean that the surface compressive layer is in a state of compression, with the magnitude
or absolute value of the compressive stress being at least 300MPa. Compressive stress values
can be determined using photoelastic measurements using a polarimeter as defined in ASTM
F218 “Standard Method for Analyzing Stress in Glass”, the entire disclosure of which is
incorporated herein by reference.

[0027] The coefficient of thermal expansion (CTE), when referenced herein, is the average
CTE of a given material or layer between 0°C and 300°C.

[0028] The softening point of a glass layer or region is defined as the temperature at which
the viscosity of the glass in the temperature or region is equal to about 10" poise (i.c.,
3.981x10" poise). The softening point of the glass and viscosity of the glass at temperatures
near the softening point can be determined using ASTM C338-93 (2008) “Standard Test
Method for Softening Point of Glass”, the entire disclosure of which is incorporated herein by
reference.

[0029] The CTE difference of the inner layer and the surface compressive layer of glass
sheets as disclosed herein is greater than 50x107°C™, such as greater than 75x107°C™, and
further such as greater than 90x107°C™, including between 50x107°C™ and 100x107°C™,
and further including between 75x107°C™ and 100x107°C™, wherein the CTE of the inner
layer is greater than the CTE of the surface compressive layer. The CTE ratio of the inner
layer to the surface compressive layer is preferably greater than 2.5, such as greater than 3,
and further such as greater than 3.5, and even further such as greater than 4, including
between 2.5 and 5, such as between 3 and 5. In one set of exemplary preferred embodiments,
the CTE of the surface compressive layer ranges from about 25x107°C™ to about 35x107°C”
and the CTE of the inner layer ranges from about 75x107°C™ to about 125x107°C™.

[0030] While embodiments disclosed herein include those in which the softening point of
the surface compressive layer and the inner layer are at or near the same temperature or those
in which the softening point of the surface compressive layer is above the softening point of

the inner layer, in preferred embodiments, the softening point of the surface compressive
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543 [0042] Exenpl ary nodel ed gl ass sheets wherein, in each exanple the CTE
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the CTE of the inner layer is about 127.2x107C such that the CTE

di fference between the inner |ayer and surface conpressive |ayers is about
95.4x10-7C-1) are set forth in Table 2.

layer is at least 40°C below the softening point of the inner layer, such as at least 60°C below
the softening point of the inner layer, and further such as at least 80°C below the softening
point of the inner layer, still further such as at least 100°C below the softening point of the
inner layer, and yet still further such as at least 120°C below the softening point of the inner
layer. For example, in preferred embodiments, the difference in the softening point of the
surface compressive layer and the softening point of the inner layer is between 40°C and
150°C, such as between 60°C and 150°C, and further such as between 80°C and 150°C, and
still further such as between 100°C and 150°C. Preferably, the ratio of the viscosity of the
surface compressive layer to the viscosity of the inner layer in the range of the softening point
of the inner layer = 200°C is from about 0.1 to about 0.9, such as from about 0.1 to about 0.5,
and further such as from about 0.1 to about 0.3, and still further such as from about 0.1 to
about 0.2.

[0031] The ratio of the thickness of the inner layer or layers to the total thickness of glass
sheets as disclosed herein is preferably at least about 0.8, such as at least about 0.85, and
further such as at least about 0.9, and still further such as at least about 0.95. While not
limited to any particular thickness, glass sheets as disclosed herein preferably have a
thickness ranging from about 0.3 mm to about 3 mm, such as from about 0.3 mm to about 1.5
mm.

[0032] Transparent glass sheets as disclosed herein are preferably drawn at a pulling force
of at least about 5 pounds, such as at least about 25 pounds, and further such as at least about
50 pounds, and still further such as at least about 100 pounds, including from about 5 to about
250 pounds, such as from about 25 to about 200 pounds.

[0033] The CTE and viscosity properties of the surface compressive and inner layers as
well as their relative thicknesses and force at which the glass sheet is drawn should be
selected such that the surface compressive layer has a compressive stress of at least about 300
MPa, such as at least about 400 MPa, and further such as at least about 500 MPa, and still
further such as at least about 600 MPa, and still yet further such as at least about 700 MPa,
including from about 300 MPa to about 1000 MPa, such as from about 500 MPa to about
1000 MPa.

[0034] In one set of exemplary preferred embodiments, the surface compressive layer
comprises an alkaline earth boro-aluminosilicate glass and the inner layer comprises an alkali

aluminosilicate glass. The alkaline earth boro-aluminosilicate glass used in the surface
7
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compressive layer preferably has a CTE of from about 25x107°C™ to about 35x107°C".
The alkali aluminosilicate glass used in the inner layer preferably has a CTE of from about
75x107°C™ to about 125x107°C".

[0035] The alkaline earth boro-aluminosilicate glass used in the surface compressive layer
preferably comprises in weight percent on an oxide basis: (i) 65 < Si0, <75 %; (i1) 7 < ALOs;
<13 %; (ii1) 5 <B,03 < 15 %; (1v) 5 < CaO <15 %; (v) 0 <BaO < 5%; (vi) 0 < MgO < 3%;
and (vii) 0 < SrO <5 %. Preferably, the alkaline earth boro-aluminosilicate glass is
essentially free of BaO. An example of an alkaline earth boro-aluminosilicate glass that can
be used in the surface compressive layer is Eagle XG® Glass available from Corning
Incorporated.

[0036] The alkali aluminosilicate glass used in the inner layer preferably comprises in
weight percent on an oxide basis: (1) 50 < Si0; <65 %; (i1) 10 < ALOs <20 %; (ii1) 0 < MgO
<5 %; (iv) 10 <Na,O <20 %; (iv) 0 < K,0 <5 %; and (v) >0 and < 1 % of at least one of
B,03, Ca0, ZrO, and Fe;03. An example of an alkali aluminosilicate glass that can be used
in the inner layer is Gorilla® Glass available from Corning Incorporated.

[0037] The surface compressive layer and the inner layer can each optionally contain
additional materials or dopants that further modify their CTE and/or viscosity properties.
[0038] In preferred embodiments of transparent glass sheets described herein, no layer of
the transparent glass sheet has been subjected to an in situ crystallization process. Preferably,
less than 10 ppm of any layer in the glass sheet is in a crystalline state, and more preferably
less than 5 ppm of any layer in the glass sheet is in a crystalline state, and even more
preferably less than 1 ppm of any layer in the glass sheet is in a crystalline state.

[0039] Preferably, no layer of the transparent glass sheet has been subjected to an ion
exchange process.

[0040] To examine the effects of CTE (thermal stress), thickness ratio, and viscosity
(mechanical stress) on compressive stress, a series of exemplary glass sheets were modeled
having varying ratios of CTE and viscosity between the surface compressive layers and the
inner layer as well as varying ratios between the thickness of the inner layer and the total
thickness of the glass sheet. Each of the glass sheets reported in the tables below was
modeled to have a thickness of 0.05 centimeters and a width of 35 centimeters and to be
drawn at a pulling force of 50 pounds. The surface compressive layers of the glass sheet in

cach example were modeled to have a CTE of about 31.8x107°C™ and a softening point of
8
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about 985°C. For each of the examples reported in the tables, the viscosity ratio of the inner
layer to the surface compressive layer was based on the respective viscosities of these layers
at a temperature at about the softening point of the surface compressive layer, specifically at
about 985°C at which temperature the viscosity of the surface compressive layer in each of
the examples is about 3.981x107 poise.

[0041]

inner layer to the surface compressive layer is about 3 (i.e., the CTE of the inner layer is

Exemplary modeled glass sheets wherein, in each example, the CTE ratio of the

about 95.4x107°C™" such that the CTE difference between the inner layer and surface

compressive layers is about 63.6x107°C™) are set forth in Table 1.

Table 1
Example Viscosity ratio of | Thickness ratio of | Total compressive stress
No. surface inner layer to total | induced in surface
compressive layer | sheet thickness compressive layer (MPa)
to inner layer
1 1 0.6 343
2 1 0.8 457
3 1 0.9 514
4 1 0.95 542
5 0.5 0.6 344
6 0.5 0.8 457
7 0.5 0.9 514
8 0.5 0.95 543
9 0.2 0.6 344
10 0.2 0.8 458
11 0.2 0.9 515
12 0.2 0.95 543
13 0.1 0.6 344
14 0.1 0.8 458
15 0.1 0.9 515
16 0.1 0.95 543
[0042] Exemplary modeled glass sheets wherein, in each example the CTE ratio of the

inner layer to the surface compressive layer is about 4 (i.e., the CTE of the inner layer is
about 127.2x107°C™ such that the CTE difference between the inner layer and surface

compressive layers is about 95.4x107°C™) are set forth in Table 2.

Table 2

Example Viscosity ratio of | Thickness ratio of | Total compressive stress

No. surface inner layer to total | induced in surface
compressive layer | sheet thickness compressive layer (MPa)

9
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to inner layer
17 1 0.4 345
18 1 0.6 515
19 1 0.8 685
20 1 0.9 770
21 1 0.95 813
22 0.5 0.4 345
23 0.5 0.6 516
24 0.5 0.8 686
25 0.5 0.9 771
26 0.5 0.95 814
27 0.2 0.4 346
28 0.2 0.6 516
29 0.2 0.8 686
30 0.2 0.9 771
31 0.2 0.95 814
32 0.1 0.4 346
33 0.1 0.6 516
34 0.1 0.8 686
35 0.1 0.9 771
36 0.1 0.95 814

[0043] By having a surface compressive layer that has a compressive stress of at least 300
MPa, transparent glass sheets disclosed herein can have improved mechanical properties,
particularly increased mechanical strength without the need to be subjected to an ion
exchange process.

[0044] Unless otherwise expressly stated, it is in no way intended that any method set forth
herein be construed as requiring that its steps be performed in a specific order. Accordingly,
where a method claim does not actually recite an order to be followed by its steps or it is not
otherwise specifically stated in the claims or descriptions that the steps are to be limited to a
specific order, it is no way intended that any particular order be inferred.

[0045] It will be apparent to those skilled in the art that various modifications and
variations can be made without departing from the spirit or scope of the invention. Since
modifications combinations, sub-combinations and variations of the disclosed embodiments
incorporating the spirit and substance of the invention may occur to persons skilled in the art,
the invention should be construed to include everything within the scope of the appended

claims and their equivalents.
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What is claimed is:

1. A transparent glass sheet comprising a surface compressive layer and an inner
layer adjacent to the surface compressive layer, wherein between 0°C and 300°C the
difference of the coefficient of thermal expansion of the inner layer and the surface
compressive layer is greater than 50x107°C™ and wherein the surface compressive layer

has a compressive stress of at least about 300 MPa.

2. The transparent glass sheet according to claim 1, wherein between 0°C and
300°C the ratio of the coefficient of thermal expansion of the inner layer to the surface

compressive layer is greater than 2.5.

3. The transparent glass sheet according to claim 1, wherein the transparent glass
sheet has a thickness and the inner layer has a thickness, and ratio of the thickness of the

inner layer to the thickness of the transparent glass sheet is at least about 0.8.

4. The transparent glass sheet according to claim 1, wherein the transparent glass

sheet has a thickness ranging from about 0.3 mm to about 3 mm.

5. The transparent glass sheet according to claim 1, wherein the softening point
of the surface compressive layer is at least 40°C below the softening point of the inner

layer.

6. The transparent glass sheet according to claim 1, wherein the ratio of the
viscosity of the surface compressive layer to the viscosity of the inner layer in the range

of the softening point of the inner layer + 200°C is from about 0.1 to about 0.9.

11
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the art, the invention should be construed to include everything within the
scope of the appended clains and their equivalents. Wat is clained is:
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wherein between 0C and 300C the ratio of the coefficient of thermal

expansi on0sfMeRes 3rmend (vay 8= 31 £R&osur f ace conpressive layer is greater
than 2.5. 3. The transparent glass sheet according to claiml, wherein the
transparent gl ass sheet has a thickness and the inner |ayer has a

thi ckness, and ratio of the thickness of the inner |layer to the thickness
of the trans par enthegranspara @dass plcchpcoording togdyin 8,0vigrein ghe spiface r anspar ent

gl ass sheet according to claim1l, wherein the transparent glass sheet has a
t hi cknesscomapgssig hyoms atsontially. fBemhBa®. about 3 nm

10. The transparent glass sheet according to claim 1, wherein the surface

compressive layer has a compressive stress of at least about 500 MPa.

11. The transparent glass sheet according to claim 1, wherein no layer of the

transparent glass sheet has been subjected to an in situ crystallization process.

12. The transparent glass sheet according to claim 1, wherein less than 10 ppm of

any layer in the glass sheet is in a crystalline state.

13. The transparent glass sheet according to claim 1, wherein no layer of the

transparent glass sheet has been subjected to an ion exchange process.

12



5. The transparent gl ass sheet according to claim1l1, wherein the softening
point of the surface conpressive layer is at |east 40C bel ow the softening
poi nt of wbeoiznesy41l ayer. 6. The transparent gl ass she®CTASCUN®#Y3gs t o
claiml1, wherein the ratio of the viscosity of the surface conpressive

| ayer to the viscosity of the inner layer in the range of the softening
point of the inner layer 200Cis fromabout 0.1 to about 0.9. WO

2012/ 005941PCT/ US2011/ 041316 7. The transparent gl ass sheet according to
claim1l1, wherein the inner |ayer conprises in weight percent on an oxide
basis: (i),50 < §i,02 <65 % (ii), 10 < Al.203 < .20, %, (i.ii) 0 < MJO < 5 %
(iv) 10 Mezo < ganewsnt@ﬁaés taggorging [ eligy 1yphe 0 bEeoEed g Bl T eant
one of B203, CaO, Zr02 and Fe203. 8. The transparent gl ass sheet according
to clai m 300°6Hbe &atie afifbe sepfiiciens of Grapmakaipersiony e@awp?aw@@ theysuilicg ht
percent on an oxide basis: (i) 65 < Si02 <75 % (ii) 7 <Al203 < 13 %
(iii) 5 <B2Opressidbladyr 1§ preptebthanGa0 <15 % (v) 0 < BaO < 5% (vi) 0 < M0 <
3% and (vii) 0 <Sr0 <5 % 9. The transparent glass sheet according to
claim8, wherein the surface conpressive |layer is essentially free of BaO
10. The transparent gl ass sheet according to claim11, wherein the surface

compr essi Yg | ayerrifiand FOMIES ShatPa ol AR o aift] 1\ AR%Lin BOAEn B aMPa. 1.

!
The transparent gl ass sheet "according to alm1l, erein no layer of the

transpar et gl .ass.sheet S begn.subigcted to an i itu crystallization
ot ocene. 0% AR TRIGRE sLPE RIS BLRELE SR uPhined B mir ST R e el

| ess than 1Q ppm of any layer in the glass sheet is in a crystalline state.
13. The t P4 5&?@1%’EesﬂV%1£aé’erslﬁ§éﬁiat%6%‘r%ixﬁ%$tQ)hcI aim1, wherein no |ayer of
the transparent gl ass sheet has been subjected to an ion exchange process.
12 WD 2012/ 005941PCT/ US2011/ 041316 14. The transparent gl ass sheet
according.to claim1l, wherein between 0C and 300C the ratio of the
coefficieh? of thEICHANSRAHH B&IsH phest 2qoREd g ipatlaimyl arhergn thedrangparapteglass
conpressive |layer is greater than 3. 15. The transparent gl ass sheet

accor di ngshest bdsai thicknespand diennmstlayse hagosd ¢higlowss, ahé raiofdfahetotad of t he
coefficient of thermal expansion of the inner |ayer and the surface

conpr essi thacknaysaif thsingeelay@rto thvathickbost Of He-tlanspaként gldse shideaizsyp drastrdbogl ass
sheet according to claim1l, wherein the transparent glass sheet has a

t hi cknessg@and the inner |ayer has a total thickness, and ratio of the total
t hi ckness of the inner layer to the thickness of the transparent gl ass
sheet is at |east about 0.9. 17. The transparent gl ass sheet according to
claim1l, wherein between 0OC and 300C the ratio of the coefficient of

thermal expansi onrftrdng@aremiR@lss kidteiccoflihd® Qainf RGeSANBERRSHh VeC hayer is
greater than 4. 18. The transparent gl ass sheet according to claiml,

wher ei n bgp e %Eioa(ﬁqh% 00 LibS d)qiﬂ{]efrﬁlﬁfs%gnﬁén bfe SR Ia.g&% ®he Qfrecler mal

expansi on of thé i1 nner Tayer an e surtace corrglressw ayer 1s greater
than 90x10-7C-1. 19. .The ter nspar ent gl ass sheet according to claim1,
wherein t KRG RY R §ﬂ§?841' ayer has a conpressive stress of at |east
about 700 MPa.

18. The transparent glass sheet according to claim 1, wherein between 0°C and
300°C the difference of the coefficient of thermal expansion of the inner layer and the

surface compressive layer is greater than 90x107°C™.

19. The transparent glass sheet according to claim 1, wherein the surface

compressive layer has a compressive stress of at least about 700 MPa.
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