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invention relates generally to nethods for measuring
iron oxide levels in glass, and particularly to
met hods for correlating the iron oxide levels in glass
wWith the oxidation state of that glass and further
associ ating the oxidation state of the glass with the
qual ity of the glass. TECHNI CALBACKGROUND [ 0003] One
of the major contributions to the manufacturing costs
of glass articles continues to be the presence of
defects in end-use glass articles. The presence of
these defects in the manufactured glass articles can
affect the suitability of the glass article for its
application. These defects may be classified as solid
in nature (e.g., unnelted raw materials, or other
refractory materials) or gaseous in nature (e.g.,
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FIELD OF THE INVENTION
[0002] The present invention relates generally to methods for measuring iron oxide
levels in glass, and particularly to methods for correlating the iron oxide levels in glass
with the oxidation state of that glass and further associating the oxidation state of the

glass with the quality of the glass.

TECHNICAL BACKGROUND

[0003] One of the major contributions to the manufacturing costs of glass articles
continues to be the presence of defects in end-use glass articles. The presence of these
defects in the manufactured glass articles can affect the suitability of the glass article
for its application. These defects may be classified as solid in nature (e.g., unmelted

raw materials, or other refractory materials) or gaseous in nature (e.g., bubbles or
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[0006] To attain such high quality levels in the glass substrate, very tight control must
be exercised over the entire glass manufacturing process. To minimize the occurrence
of solid inclusions, tight control over the raw materials, melting system, and operation

must be maintained. For gaseous inclusions, an additional level of control is
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SUMMARY OF THE INVENTION

[0008] One aspect of the present invention relates generally to the spectroscopic
detection of Fe(I) and Fe(Ill) in glass materials. Detected iron levels provide relative
oxidation states of the glass that are consistent with the quality of the glass.

[0009] The present invention provides accurate and sensitive methods for measuring

Fe(Il) and Fe(IM) using spectroscopic UV-Vis-spectroscopy. Transmission
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[0013] In another aspect of the present invention, the methods provide the type and
amount of fining agent necessary to optimize the quality of a glass material. In
particular, the methods can be used to identify an acceptable fining agent and oxidation
state of an acceptable fining agent for use with a particular glass material composition.

Other potential parameters that can be optimized in the production of a glass
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BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1 provides a graphical illustration of the components of the extinction
curve in accordance with the present invention.

[0018] Figure 2 provides a graphical representation of the reliability of using the
embodiments of the present invention for several glass samples, compared to actual
measurements on the samples using chemical analysis, for Fe(I) and Fe(I1I).

[0019] Figure 3 provides a plot of moles of Fe,0s against FeO. Note that samples had
varying concentrations of iron (250, 750 and 1500 ppm total Fe,Os).
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1s well known in the art. Each test composition, having a known and incrementally
varied amount of Fe(II) and Fe(III), for example, 250 ppm, 500 ppm, and 1500 ppm, is
prepared. The amount of each iron ion retained in each sample is checked for accuracy
using known chemical analysis procedﬁres, for example, total iron can be determined
using atomic absorption spectroscopy (AAS). A sample or samples of each glass
material, having the predetermined amount of each iron ion, is taken from the glass
composition and prepared for transmisséon experiments. The sample is obtained after

the glass composition has cooled and is in a finalized state for end use. In one



conposition and prepared for transm ssion experinents.

The sanple is obtained after the glass conposition has
woaoelsed3and is in a finalized state for end usecTiUs2004/020831

oneenbodi ment, sanples of glass for use in the

transm ssi on experinents are of a thickness and w dth

to provide accurate transnissi&n of light when an

|nput vvavel e I%th of ht i.s received, by the sanp
| FpREmER AbOs! ﬁSé pisusetip glegtraél§§115§5wlﬂxgeql@elpqs @;ﬁ olfa thickness

t Shdw il {o i16¥ide B 119 r@g&ﬁl@% &f hﬁt v&ffﬂgﬁ énrﬁg@ r\];iavg en%th of light is

i nches. e sanple e core-dr
netevedby ﬂled;amah: He pp&ﬂ:ﬂr&hﬁdbod]meﬁterthb lglast sample is from 1 to 2 cm

|
S bEa et dorgl b L el el ps cqppdriled fiom the
Wb RatbR8 296 QREbOPolidhed, %’r@ﬁ%ﬁy ﬂorh\bﬁfgxﬁlﬂgtely[ PR mhh in

transm ssion curve is prepared fromeach sanpl e having
athkllmvas iltrie an Visloned thetotherglassampleedimangensdre within the scope of

W% ]gth o@ | ight used in the preparation of the
SRERTEH 6" rve is typically from approxi mately 200

t @02$)08 thikmABdn T0Fe iPprRhaka l@loyn $4cR TP Ha®inkAhdWA iron ion
Measurenments are typically taken at every wavel ength,

agvacerirasiopr She rageyw! arvelepsth of lightsed in the grepeeation of the
pt? IR Inycu?\'}e % yﬂ]@lw er{l\é‘?%r%mmqtg ZOWV% %gsandtmore

ervals can pe-use he curve

I Iﬁafetaum fros J0Atta 1400 ALS . Méasbfe@@dﬂltsadis Wp@édll@'ﬁalbﬁl’uﬂ etdry
about 1110 nm i ndi cates the presence of Fe(ll
wieYedasth, rad wr%meéffrﬁblv @E%mndﬁteif\‘?éf‘r aB¢ gwst Pr@feaﬁaim At 1Gpm

Aglgewahg @{hglssgffelé %Lu?be ﬁ? he%ﬂ eEIF?at least three

sorption o I|ne n1n05|
Gmp@ﬂts APofSad Ebermﬁicﬁmnd radahhuV\l 1—10 18n tinidi citss thd prasade of Fe(Il),

of Non- Cr ne Solids, 38 and 39 (1980) 177-182:
NBPFAsiBF 3 hptiraadap Htjh%é‘?%%?no‘flﬁ@% §F3¥5. gresent n the sample
t$ANSIPS I £ rHat ﬁbgéggtéﬁl?gﬂr&ﬂe HPA Kealise E%m’ ﬁﬁﬂoélﬁ%ate Glasses,”

extinction data at measur e
fibB. Baanipbreand F.ahEnBsstwn, Jbatm! bENve€ry3&4lina S'Dh«bs 318@0d 39

n t..10 | nt |.s, provides 106 different
ﬂgbﬁbébgnué-yﬁﬁgﬁﬁg Sgﬁéﬁﬂﬁﬁiegwgwah of transnission
29]t PrcBikdrisAGdsi AN 8RR chch he i Q@Wbrteﬁ t6 B@iftibn data at each of
riefly, the formula T(l) 100(I-R)V e(l)t (formula 1)

ithe meashreduvayadengtes, fuaremple, m@qms@m dtg betyve§® 350 nm to 1400

Ref.er en ndex equal s .
BB R o o Bl e T i LB AR srtnctine i
Qﬁoﬁvﬁﬁlddﬁbfgfﬁnsﬂﬁsfoﬁ%& tefextin@idnldath ik &Rl Is@wnliathd £€ Briefly, the
c=linear function_of iron ions = n2 .*Fe(P)

rfarmde (TI(M) ¥ 106@rRoie e%@fonmda Aistused, krhownt aim;@tgydﬂo(l-R) is
SPGB BRI o bEioweas Fihbden aro approximated as
linear functions of the weight percents of the iron ions so that the € = linear function of
iron ions = my, *Fe(Il) + may *Fe(Ill) (formula 2). Using the known values of iron in
each glass composition, a calculated extinction coefficient is determined for each
wavelength by taking the sum of the values times the appropriate coefficients (see
Examples below for more detail) That calculated extinction coefficient is then used to
calculate a standardized transmission curve between the tested wavelengths, for

example 350 nm to 1400 nm.



wavel engt h by taking the sumof the values tines the

appropriate coefficients (see Exanples bel ow for nore
wdeb@id}74That cal cul ated extinction coeffici enPCraskiven20831

used to cal cul ate a standardi zed transm ssion curve

between the tested wavel engths, for exanple 350 nmto

1400 nm [ 0030] The steps i sted above can be extended

to determ ne an unknown val ue of iron ion fr

s awapb The ptepsiasiedoyR Calabeextpp%eéﬁﬁ determging &Rélﬁlmqwdue ofiron
(]

P iAo ATRADleld OhlRIRCIAN MRAAONNS KREHS 0Bl o LW kohidbsition

t havlmg ars eukniow nay athiesyfl sy 1dna,vfm:exard§ﬂe aksamle fréve askaanghl & glass
uf ficient. thickness, a th to. support
| elrialt e L ity SES A% Mfoaits e Sample e B shsfigient

”ﬁﬁ(ﬁ&h@@cﬁnﬁ%@ﬁh th 3BFOrOicHBYS ARG Ton dd. RABIRhRsiohtBFPe is
350 nmto 1400 nm "and converted to an extinction

curegsyredulor agarfgeofwaselengibe ver e}analhe esas 37 @umds t1#0@ tinp and

Cgoglfvfg:ig(h@n ! 1 elg(?1 %tg(gf%&%@: glsib ?.% ﬁ gaxtj] I’%’?ﬁl d%tsgred r6X’[11’lC’[101’1
CONEREIEAIAS taBBlaCdrOFaveldngth em&dabi fra@tdd ok bR bthfdardized, ie.,
measured curve for the unknown iron i on concentration

ckitoyg: rqhivndiope@itratiee clyaesiethen pebiragsd dipmy B Ipwuredet@rve for

a‘thg 5%'10%9[? ron. %élu(i%ncenm%oﬁ ?ﬁllvgu 3"%1 \éﬂlfelf %r ﬁ% glfgu (Wo gurves

O a single nu erca

t previtigs aresidualSudee’s Ihe eesidial ailuede afierédaid e sighmedto a
on the data to find the Fe(ll) and Fe(l11) val ues that

gitoele gumpprcaigdhe s ofithesqgisar eSuccesspyesitqraiiqns g ehen s
L P OB BSOS o

Sk gquargs” o JhantaststdpXe glpicaily petfermdd tyea progedna it déS successive
such, the val ues of 'rontjon concentr tion for a gl ass
w

A9 oY ATRRATSR BITAAHELS: (i SR SO F B XCR Pk other
t el pregiRlse AsHORB He Ml Habn H)ﬂcléﬁlti cflt?dn' B3R %fasg Rterial are

conponents of thé extinction curve and
pteyebged &oinsths rensmissiofrdapafient thaTsmendel | d I | ne is the

C@ﬁgﬁr‘?d bl et e peto el e el SR e above
c&RtE1dIsBERA iEFiguRE 1| The GHIEY Enef i e ﬁi@@‘sufe%l(éxltﬂlc@&{jcurve for a

(Il I% cal culated fromthe Sol ver program The other
tsmlpém averg akeowhealibordstihomdtefIIHf Thiehdrt-dashed linpds the

esul.t fromthe in I d
VATHASE Sl et Froah P st s T afieL e Spyer
pﬂr@gﬂaﬁﬁ STHNRher@Hb @uples wad e Swo E&HBElentsbrahdbeked igdthat result
enbodi nent of the present invention, the glass
niiere thenphtafitheyFe(dl) and Fe(Ill) values. The gap between the broken line and
solid line provides the residual values.
[0032] In a preferred embodiment of the present invention, the glass material having an
unknown value of Fe(Il) and Fe(III) is ultra fine/ultra pure glass, for example, Corning
incorporated code 1737 and Eagle 2000™ glass. Since ultra fine/ultra pure glass is
manufactured in thin sheets, typically not sufficient in thickness to obtain transmission
data, a sample must be prepared for optical transmission study. Manufactured sheets of
ultra fine/ultra pure glass are scored into approximate 1 inch by 1 inch squares. Each

square is cleaned using a solution of detergent in DI water, followed by rinsing and air

drying. The cleaning takes place in a class 1000 clean room. The cleaned 1 inch by 1



unknown val ue of Fe(ll) and Fe(lll) is ultra

fine/ultra pure glass, for exanple, Corning

woneropsnat ed code 1737 and Eagl e 2000(tm gl aBeT/USR(WM8820831
ultra fine/ultra pure glass is manufactured in thin
sheets, typically not sufficient in thickness to

obtain transm ssion data, a safple nust be prepared

for optical transnission study. Manufactured sheets of
Ungly glassi squargs fetaskipbing ssomatesk endick stagks (approximaiely 14

%ﬁpertg ¥ a?eldewﬁelje%ﬁar B¥edis iag}?%éﬁﬂd{a ®57 ﬁl%k?q Baf1esthk is held
cl eaned using a sol ution etergent in Dl "water,
ftogdiloanedinigya dlamng.i The adgds af thedtagk should iench danddeg ot aikle or
place in a clas 000 cl ean roam  The cl eaned i nch
B§eeiyIAg Hlegpa%@lgilaéw&tﬁsifénwaw% EFSHRE o TP QFW&W&F@SW that

méﬂags@ﬁeﬁ gﬁéggtoﬁ)ﬁgﬂ I8 BBY&h ¥ncldhortte &hée tl%tr&@tr)ﬁﬂrimize% light

e eac I's approximately 0.7 mmthick). Eac _
statkinigsvivelrdeaswgd twithy tha $T\Y imsmsctinphotdneten diggbisghannig the iron

stack should forma fl e.or side.for .receivin )
HBCRIRBRE g R G e R bR Ry iy measwing
RES G Ssi SNSIEE §labdber bhEn g FI8le bR HaFeRhLhb Bndpdrfaling the
contact with one another and thereby m nimzes |ight

sstegs e desegbothahoviee Tdisrie af partipuletignportance where the iron level

UV- Vi s- spect rophotonet er,. ., hi ~thi s nner,. t ' k.on

iR G S AR TR bsteh A PRAG gl g ER, 4P

qeéRiaionest thy glasshiel yhipBagub iad @nd-ieer! forrsahpls] Omanifattiger of
| ass over a range of rel evant wavel engt hs and

Pormng the steps as described above. This 'is of
ﬂg&:ﬂ Cll‘ﬂeafbtobg&%fhto@g] & Bguge %o 'clgﬁgﬂn#g\ﬂ’]?é amounts of other metallic
asurenents can be nade I medi ately follow ng
AomdinGt d1683 nadteridie Fgt essnplé, theatepanaithai’ cafi be heedgb alstermine the
for shipment _to an end-user, for exanple, a
(FRREAOAEH RSS! B4ngaRess in p 6o3RIF: ¥here 2B GOk degplops around

@rrigt%gvin? BavagtatQ A %B@MOA @ﬁngxagaupge%nafeas%.her

Ic1ons in a glass mater . For exanple, the
gb0343 Tiet dpecisoscapicdlly measdradaraiebe conagetratives, or other metallic ion

DB Rl O, DO BUTRT B BLaPTIal 30 ik RSO e Blsve
Frutapratie 3t bR udiRNGRASHAY i U @ROEFnantiB 034didcHitgons. In

ect roscopl cal Yy ryeasur ed iron’i pn con(;ent rati _ons, or .
gehenal, menedsitiefirdativorrygat eendenmationf fgem arendenetowrs glass material,

038P AT R kg

t her nodynami ¢ consi gy, et EaFsOM Ogeiiethiilla 32 neasure of
rel ati ve oxygen concentration fromiron levels in a

gl ass material, can be calculated by using the
equi | i bri um constiesft= FeQld OpbliHeglilngforgtath on: 2Fe203
= 4FeO + @2 (formula 3)

[0035] Inserting a typical temperature used during the production of glass, 1400°C, the
equilibrium constant reduces to 5.51 x 10°. In this way the above equation can be
solved for the oxygen partial pressure as follows:

pO;, = Keq*[Fe,03]*/[FeO]" (formula 5)

log(pO7) =log(Keq) + lo g([Fep031Y [FeO1") (formula 6)

log(pOy,) = log([Fe,05]%/[Fe0]*) — 5.26 (formula 7)



Keq = [FeQ 4*[0 2]/[Fe20 3]2 (formula 4) [0035]
Inserting a typical tenperature visedduring the

wonrowwosi4on of gl ass, 14000C, the equili brium eomaisaoi/020831
reduces to 5.51 x 10 6. In this way the above equation
can be solved for the oxygen partial pressure as
folloms pq 2 = Keq [Fe2CB]2/UEeCj4 (formula 5) | og(pg
b q gﬂFeZGﬂﬂ& q4) (formula 6) . . .
| Q@gqN tha |f@rq{1{rp%9g§3f @H q:tgla ent, 13;012 gxxcipopqﬂﬂejé ation” is used in
790[‘1991%6/] r&h@i fhah JX(P([G %Uﬁﬂ%s’e% B@ir?n 3%9% gBE‘st matenal likely
iron oxi concentration” 1I's use ornmul a
t ﬁmﬂnws Henryox Leie, thaotala doyiceéntiSiineeart heated om acﬂmtd'ebyl Hlennan

ass materi al kel ol I.o s Law, .the r. .
AR RN PR AP RS SmE b Ay BBy AR (e iron oxide
afhibMiek ¥n® 86 the GhteRIRncefrafitih, formula 7 represents
an approxi mation of the 1ron oxide activities and not

t 1883 Achsisuchcimnmerenrtadiners of [lEa8Fenngventish, thenelotiee partial
ﬁggﬁsg{éqnefnﬁ{xgg%hlﬁlgae srsgs%%glaeﬁ ﬂ%t%%%}l&ggggtngsgﬁ&%éﬁ? §pectroscoplcally

datAurdNeslaPYoricBSeition s B thBews RO kRS altb Eainiwa NMEXFI4£Hot meant
mol ar concentrations of the two iron oxides into

foerNlée  expist §girs, Mratherdarreddpr it sage ex adether a sample, in
%tlt}i 1 to otlﬂ aé%%l&&fon t%‘;@%ﬂg%/ nqgce alE g{mﬁ{o s\f& d"éa pges having

er a s I on |on

Jtass 16wd1e6f @ygeallths b ane@t’ﬁBﬁﬂéVeﬂ%ﬁ oSSﬂg‘Gﬂ iﬁﬁa @Bt‘g;*, ﬁhgtenals end
known | evels of oxygen, has an_ acceptable | evel of
dé@?g dhisrip Aetgrgingd & seamesitent §m@r¥epaugew erpitke quality of glass, i.e., the

qua e{inof‘ﬁ stér Sg{y‘:%l%é;l’g IHSEP& m (%/usbﬁ{g]ﬁ%ﬁia}ci‘&uaht%control

e’nu ers rn
gha:hsds fos bhftext ¢aaint yndetagsdnio niedreltsive pagiahpotaside qfiatyigey as
%ttrol met ho gs for blister count and related to the

Aped the mefads of fhe 1’6?336&139‘&%‘05‘5 det er m ned
';[?Rg!ﬂl ﬁlﬂﬁlm%%ve azttﬁla 1@55%?@5‘? O)Jyg&? Bid s eEtQQ»%@ILlcall

y, the relative pa tral pressure of xygen can
biellsped tusmgchpamaiclyethals| mqmametslrsng thehdasslwowposition are changed

CHangRe s PrEatnS HbP oGy T Fef et PRV EAGA FoRGve o
GRBAGRARRL SRl yBafedcInA $het SR rﬁ’itelnﬁg &bt ¥earg1E, Gclﬁé on

the oxygen level in the glass material. For exanple
tdf&c’efrefn@est mﬁﬁbffe@st typeajarfdfcem@ﬁnontsgamyf &mingoagentstcaphe followed as

tes n agent s ca be f ol d.as to t hei

R PR R T R ST g B
r@ﬁlﬁfdﬁrﬁént the cepeeRbRdMaBMhony beareddiess 4 ﬁﬁmgf‘ageﬂfcan be followed
antinony or arsenic as a fini % agent can be foll owed
and optimized by varying the amount, oxidation state, and timing of the addition. In
another embodiment, the effect of melting temperature on the partial pressure of
oxygen in the glass is followed using the spectroscopic methods of the present
invention. The ability to follow individual parameters relevant to manufacturing a
glass composition allows both quality and cost to be optimized in the final glass
material product for an end-use.
[0039] Finally, Infrared (IR) transmission curves can be prepared to determine the
dissolved water content of a glass material either independently or at the same time as

the iron ion levels are spectromically determined. The measurement of the dissolved

water content in a sample provides an independent indicator of the relative oxygen



and optim zed by varying the anount, oxidation state,

and timng of the addition. In another enbodi nent, the
wehbwsmn3ai nmelting tenperature on the partial PCEISN08/020831

of oxygen in the glass is followed using the

spectroscopi ¢ nethods of the present invention. The

ability to follow individual pﬁ&aneters relevant to

manuf acturing a gl ass conposit | n al | OVVSég ﬂﬁaual éﬁ

alsyeldn dhe tprgehalagpipisriglddy goatre F|3W§ng9 &fateg the greater

pﬁl%%‘im{ K a0 G YRE: fo{) 39d asFBu@)%iés Xnto i él%serﬁat@ﬁﬁ)
transm ssion curves tan be prepared to detefm ne the

d[0940] Didolwed emtec i ghiss mbtedabiaass absdrptiomtegaint dfepproximately

i ndependently or at the sane ti as the.iron_ion )
éwp H}Oecr%%ep@‘? Eﬁ%%’f{ygﬁvgfiar&@tdé? ﬁ@&enfrﬂéonrﬁé)&gl SHéRem) is

I e provides an
éel{oigtre} éﬁtﬁ a}réglgca tg:ilrmo %%@Fg?ﬂag(@%eag@ygenl evel in

the target gl ass mgperH-allod(They/Dispptfermilad) anount of

dissolved water, the greater the anount of avail able
i/l gen for release as bubbles into,the

e Tapey Tefpry dor Ble traosmispedt agf e fop- §@@§Omwsw) and
n?sio%flegg)t%%l?{r st ﬁ%ﬁ %ﬁbyg‘fa'p{gﬁ?( BB £Anén3 &0t 3 at 348 8ple
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cthedkiness efndmf. OH) i s cal cul ated on a gl ass sanple
using the follow ng equation: POH= x 1log(T

3845/ T357q) (f I wh 13845 ref . to the. :

¢ PR RS Mo WasBodhming ity e ns BB Cig PaiBtign vtk or
aﬁﬁeﬂ@xﬁz& Jrefeh®ntién E(Hﬁeﬁt[ ﬁﬂ)ﬁrﬂeﬁa‘éﬂnﬁ{h’u@hs #&bdddcietvdlin other

OH peak transm ssion) at a saegﬁ e thickness of x mm

[ a@hqqlmm of itlsspeseatiinpantion. deteatissohigt ivatercigtermenation prov1des a
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R e Tt S AP Db S BRERE R B o i
obNEhssFRARE T B¥paredfusiah® FRSEHmPRRALT ®evelhend water levels as
di ssol ved wat er determ nation provi des a second

i Aeplidningicagfs.a gl ass material's possible quality. In
sone enbodinents a matrix of glass quality is prepared
usi ng the gl ass conpositi on}? evel s and wat er

| evel s as quality indicator LES [0042] The

invention will b e further clarified thefoII
eJMHB] e inrangian apll bpfeiica sty n@ydmh%%ﬁpwrtgs@sagm pich ae

aﬁl%vﬁfeﬁ b@/%a}) SHifRdeHoRSnd ¥ dot HﬂendWﬁﬁlﬂg.

EXAMPLE 1
PREPARATION OF EXPERIMENTAL GLASS MELTS HAVING KNOWN COMPOSITIONS
Experimental Design: A series of experimental glass melts were formulated
having known quantities of several test variables. Boroaluminosilicate glass, the glass
used in most AMLCD devices, was used as a substrate for the addition of each of the
independent test variables. Two base boroaluminosilicate glass types were used in the

2000mM - 31ass was fined with

experiment, Corning code 1737, and Corning Code Eagle
either arsenic (F) or antimony (G) as is well known in the art. Test variables included
the following:

- MnO (0, 0.5, or 1.0 weight % expressed as MnO,);



PREPARATI ON OF EXPERI MENTAL GLASS MELTS HAVI NG KNOVWN
COVPOSI TI ONS Experinental Design: A series of

woxperiosant al gl ass nelts were fornul at ed havi RGTAISEMM/020831
quantities of several test variables.
Boroal um nosilicate glass, the glass used in nost
AMLCD devi ces, was used as a sldbstrate for the
addi tion of each of the independent test varia

bl es.
Two base HsEr@aPuiiOneis} 100¢atts pey mykor (DM pyreeighisgpragsed as
tEpéaOexperi ment, Corning code 1737, and Corni ng Code
aél & 2000(tm. dass was fined with either arsenic
(F) or amhdsonye(Chmass Csdevet37FK NBMG, iBagteffe°rdF tor ERgRf*O™G);
vari abl es included the following. - MO (0, 0.5, or
1.0 wei gi¥xidgtonprieis Slow (atbppbnzedium feathipgk figh ggrater Ba, Sror

1 t i L] P b i ght d
AL Ry Bl ot BRI T 57 T1557G, Eagie
.(2 8 g? E) f) gﬁtyag;eEﬁgl(lie Zl?fhﬁﬁﬁbl)ﬂﬂz(e‘)i, faﬁco@&l_ ﬁmi g'tnowitﬁtéqﬂiicg(eb Oomere

, i.um (nothi ng), itrate - Ba, Sr or
NEEpAEd tsigy heilgie 195 &% ;%Pé é@%@%gaﬁm )aalg eighlgel) njqlfs gyere used to
TG ER0G (96 AR 8510 ML cqg by n T

G besgthegbiowhg cade: ei ghteen melts were used to study
the Eagl e 2000(tm F and G based gl asses.. Each gl ass

mel t i s -e@elsttas(s Mo Pransdpyenading; AghieRdH: | owi ng
code: - FRLISk 1&’[%&%{]]\/1&-1{) gir\éa?{% 4 DVhidERs N or

high MhO; - seco neans” | ow,
medi um -aohirdletthr fRearG3slass typer A’ glest meansmasesicdime sind “G” glass

type: "E" gl ass s, arsenic fined and "G'. gl ass,,
s ABHEIONS o TP dear SO8USS PF3R gheals ASs ank Syramggas Sb:0s
Ragfathodnbsoeans Sh2G8 for Eagle 2000(tn) gl ass; -
fourt Iettgr (L, M H neans |low, nedium or high
oxi dat i erofrtaletion(L, MytHI mepnsdow nintdiai, othigh oxation (carbon,
Pr e{aar atian: Each experinental glass nelt fornulation
RG] @it lor six hours at 16500C in 500 cc plati num

cruci bl g?zagnﬁem% BEN: 1BacB NPGAERN AERNEE10FRSA1aHOH was
ach [t was

to avoi d cross contam nati on. gl ass ne

"mpltéd folr ik hopeuatd @509 m 500l cepldtimuakepeibics @sd ataled with a Vycor®

? ll?fggg Igl(:)ags 1?otd tZ %g&g'croigtctoriltgr%ir\ﬁa%gg. ]%gc?ll gegssorxg‘l‘i \r)lviag népt{cglly” poured
into > 1cm thick patties and annealed at 725°C. Patties were cooled overnight in the
annealer. Four 1.5 inch diameter discs were core-drilled from each patty, two were
polished to 10 mm thickness, and two were polished to 3 mm thickness.

Each glass patty was chemically analyzed for total iron using Atomic
Absorption Spectroscopy (AAS), total manganese using AAS, and As,O3 and Sb,03
using two forms of plasma spectroscopy, ICP and DCP. The iron oxidation states,
Fe(+3),03 and Fe(+2)0, were determined using Electron Paramagnetic Resonance
(EPR) (Fe(+3)) and colorimetry (Fe(+2)). Note that iron oxidation states were only
analyzed on the glass patties without manganese added, i.e., 20 of the 1737 series and
18 of the EaglezoooTM series.

Results: These results illustrate that a series of eighty-one experimental glass

melts were prepared for further testing having known, i.e., measured, values for total

iron, manganese, As,0s, and SbyOs3. Transmission measurements were then performed
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presence of Fe(+2) and the UV cutoff location indicates the amount of Fe(+3) present

within each glass sample. For glass samples containing manganese, an absorption peak
at about 430 nm develops that increases with manganese concentration.

The 3 mm thick polished discs were used to obtain infrared (IR) transmission
curves, including the dissolved water absorption region (3800-3100 cm™), using a
Fourier Transform Infrared Spectrometer (FTIR). Relative linear hydroxyl
concentration coefficient (a.k.a. fox) was calculated for each glass sample using the
following equation:

Bon=x"10g(Tss45/T3570)

where T3345 refers to the transmission at 3845 cm-1 (non-OH absorbing region) and
T3s70 refers to the transmission at 3570 cm-1 (OH-peak transmission) at a sample
thickness of x mm.

Note that transmission measurements were also performed on a series of low
iron containing production glasses using a UV-VIS-NIR spectrophotometer. These

| samples, production melted sheet glass, were cleaned and one-inch square, 0.7 mm

thick, glass sheets were stacked and measured by edge illumination, as a means for
increasing the path length to obtain measurable Fe(II) and Fe(III) absorption (see

below).
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val'ues times the appropriate
a@efﬁdlmtsama&talfgﬂatﬁsby Weveﬂaigthul Attﬁaﬂ exxihctiat ¢urve is calculated using
Cn%%%glalcvla ues for%e(ﬁ)agnhd I\M?ﬁ?)l tnal extmgtyo%t clzucx)'xrf]e is subtracted from the
measured curve. The difference between the measured and trial curve is termed the
“residuals.” The residuals are squared and then summed to a single number termed the
“sum of the squares.” Using “Solver” in Excel, or other like software, successive
iterations are made toward Fe(Il) and Fe(IH) values that give the minimum “sum of the
squares” result.

Results: Referring to Figure 1, a graphical illustration of the components of
the extinction curves is provided. The solid line is the measured extinction curve for
one of the experimental glass samples (LMGM). The short-dashed line shows the
calculated extinction curve from the Fe(Il) and Fe(IIl) values resultant from Solver.

The other two extinction curves are the two components of the dotted line that result

from the input of the Fe(Il) and Fe(III) values. The gap between the dotted line and the
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converted to a ratio SPUF centrations
(AP&RLS sdeihp Fohthebydss @drtial pressure and taking the log of both sides gives:
PO, = (Keq) * [Fe,05]%[Fe0]"
Log (PO,) = Log[Keq] + Log ([Fe;031%/[Fe0]*) = Log([Fe,03]*/[Fe0]") — 5.26

Thus, a measure of the oxygen partial pressure for any glass sample is obtained by

substituting into the last equation the molar concentrations of the two oxides of iron. It
is recognized that equilibrium equations use activities of the reactants, not their
“concentrations.” In concentrated solutions, which obey Rauolt’s law (that the activity
is equal to the concentration), the mole fraction is a good measure of activity.
However, dilute solutions more likely obey Henry’s law (that the activity is
proportional to the concentration). In Henrian solutions, the activity is related to the

molar concentration by a constant, the Henrian activity coefficient. As such, the above
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be used as an i9gic:ptY,00f= 33/ Y &t [Fe,@f*/@ebihi ng
agent in a glass sanple. For exanple: 2Fe28 = 4FeO +
@ Keq = [Fed #As0sb200pFe5dx3P2 = Fegd[X[Fe®lb at
14000C And consi dering anti nony and arseni c equati ons:
Sh2B + 2 = Sh2C6

Experimental and production glasses from Example 1 or 2 (10 mm thick
polished discs for experimental glasses and 0.7 mm thick, one inch-by-one inch
squares, for production glass) were measured for iron concentrations as discussed in
Example 2 and data converted to FeO and Fe,O3 concentrations (molar ppm), as above.

Results: Figure 3 provides a plot of moles of Fe,O3 against FeO, where each
tested glass sample is placed on the graph according to the sample’s Fe;O3 and FeO
concentrations. Grid lines on the graph represent total Fe,Os (ppm by weight). Each
grid line runs from the upper left to the lower right. Note that the experimental glasses
were designed to vary greatly in total iron.

A second set of gridlines (oxygen isobars) is the set of two curved lines
running more or less perpendicular to the total iron lines, from the origin up and to the
right. These gridlines depict the calculated change in oxygen partial pressure as the
FeO/Fe,O; ratio changes. The oxygen isobar grjdlines provide an understanding that a

shift in the FeO/Fe, 04 ratio changes the oxygen partial pressure, and that the change
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glass having production glass dimensions. Sheets were scored into 1 inch by 1 inch

squares, cleaned, and stacked into 1 cm thick stacks (approximately 14 sheets). Stacks
were held together using a clamp. Spectroscopic measurements and calculations were

similar to those illustrated in Examples 1-3.

Results:

The data illustrate that consistent and useful data is obtained using the methods of the
present invention, again indicating the utility of the present invention with regard to
production type glass. The approach is valid whether measurements are done on bulk
glass or thin sheets. Also, it can be seen that the model is effective over a large range

of iron concentrations.



(2). Arsenic appears to dom nate the oxidation state

of the glass sanples whereas the antinony has a nuch
weonslsles74ef fect. (3). The ratio of FeO to Fe2 BCTAS2(08/020831

nodi fi ed by changi ng the experinental conditions of

t he gl ass. EXAMPLE 4 OXYGEN LEVELS OF PRODUCTI ON GLASS

CAN BE SPECTROSCOPI CALLY FOLLQRED Experi nent al Design

d ass co ositions were prepared and formed intq thin

SIRB43]STt vt ll:rr: eprarentie hese ﬁlﬁll%meth@ P dlat H&W%g}nodlﬁcatlons and
PG S0 A RS e ) SRS RERE Ry Ok and

t d@bpekoﬁﬂha @K&nﬁ@p prious 1trBt1ﬁﬂe§tdeﬁ4th$dThe p=pent Stv@okisn wevee the

hel d t ogether using a_.cla Spectr, p
readifeeinngead xadettons ofithit Iﬁgﬁﬂ&l%nr@@?me&ﬁow Vifhs ghe scope of

1{hF é}%ernﬁ%@gla Qﬁaﬁ{&lr@ itslemts Resul ts: The data

rate t at consi stent and useful data is obtained
usi ng the nmethods of the present invention, again
indicating the utility of the present invention wth
regard to production type glass. The approach is valid
whet her neasurenents are done on bul k glass or thin
sheets. Also, it can be seen that the nodel is
effective over a large range of iron
concentrations.[0043] It will be apparent to those
skilled in the art that various nodifications and
variations can be nmade to the present invention
wi t hout departing fromthe spirit and scope of the
invention. Thus it is intended that the present
i nvention cover the nodifications and vari ations of
this invention provided they come within the scope of
the appended clains and their equival ents. CLAI M5 What
is clained is: 1. A nethod for determning the partia
pressure of oxygen in a glass material conprising:
measuring the optical transm ssion of the glass
material using a plurality of wavel engths of |ight
appropriate for detecting FeO and Fe2 3 content;



converting each neasured optical transm ssion
perfornmed on the glass material to an extinction
woaedsfaogi4ent ; and converting the entirety of tReT/US2004/020831

extinction coefficient data to a ratio of [Fe2q

3]2/[Fed 4 content in the glass material, wherein the

ratio of [Fe2q 3]2/[Fe(d 4 is @Boportional to the

partial pressure of oxygen in the glass nmaterial. 2.

The nethod of claim1, wher&fl measuring of the

Oﬁﬁmfgkﬂ£ﬁ£@§ﬁ1SSIOn of the glass material is at three
nore 1 nterval s between wavel engths of approxi mately

350 nmA anethdd 0 datermiBingTthe pakiahpdswufe of @iygen in aplessainaterial

the neasuring of the optical transm ssion of the glass

NBo@ristdg:1 S at 10 nminterval s between the wavel engths

of approXxi mately 350 nmand 1400 nm 4. The nethod of

claim t e

il ¢ o erP R Bl e AR PRL b AulptsTneferisl psing plypality of

furt her C onwavesﬁgﬂstca”diglhnq)paomiam fr |db§ectﬂ!ig Fd:ﬁ) anéﬁezélss:ontent

of the ultra- pure/ultr -flne Iass mat er & o[énan ol

edge fENVRRAGFAFHECRHES ]iC&]a AP RS OHHG gn theyglass materia

met hod of C!oaillrgxﬂnctmo%fﬁblérﬁealﬁdge is approximtely 1

cmthick.6. A nmethod for quantifying a change in

oper at a:mng'ertmjgdhct ¢rgimstyfod thet dxémpm@d@mﬂi’lcomt optago glrafzsof

Lrtglt ﬁgl gl fir @2@812/ [}%P] é%&%{tll%n e z%la Ertsai %%é Aheron tl?e ra%o of

spect r oscopfreab] ¥/ [res e lsProhdttondl @ hatpafia@brebétRedf oxygen in the
3]2/[Feq 4[ in Jthe fl]rstrpg}%ass rmterlplal ufsjl ng a

plurality oflassaveteddlgt hs bet ween 350 pm and 1400 nm
converting the ratio of [Fe2q 3]2/[Fe into a
relative partial pressure of oxygen in the first glass

Mt er i Thé nphRRF chgn d, $aeeithe hassurimt dithabptital Mghsaission of the
second set of operating conditions; spectroscopically

dgtcl?sr 1%11@1’19195 ENGrdeqkl 'n%r@ fntb8i %et%&e%ﬁ [\xl:eﬁgen gthb Bf ﬁﬂiﬁommately 350
con

ass material using a plurality of wavel engths
betmegg ééo nm and 1400 nm converting the ratio of
ﬁ eC] 4 into a relative partial pressure of
oxygen in the second glass material; and

3. The method of claim 1, wherein the measuring of the optical transmission of the
glass material is at 10 nm intervals between the wavelengths of approximately 350 nm

and 1400 nm.

4. The method 6f claim 1, wherein the glass material is ultra-pure/ultra-fine glass
material and the method further comprises stacking a plurality of thin sheets of the
ultra-pure/ultra-fine glass material to form an edge for measuring the optical

transmission.

5. The method of claim 4, wherein the edge is approximately 1 cm thick.



conparing the partial pressure of oxygen in the first
glass material to the partial pressure of oxygen in
woOherspesand gl ass material, wherein the conpar PEDMS2004/020831
provi des direction for making a change to the first or
second operating conditions. 7. The nethod of claim6,
wherein the operating condi ti cds conprise addition of

a fining ag 8. A nethod for neasuring._an oxidation

s¢-ate firng O%fomaalﬁ{fwgﬂi qhangy inppeHag cotitigNsdar theinspduction of
| & eparing a plurality of production

g%gﬁgs lglg{érrg les Sﬁ]%: he production gl ass; stacking the

pl ur al preyarafg zpﬁxsd glasd mateghlasmgsafipt &3 of opgratng aadéions;
| east one cut e e.of the stack; ri tica
LT o TR R A e A SRR R T S L el o Bl i lass

by shi ni ng ﬁaﬁéﬁ!ﬁﬁsﬁ%& gluszhtji/ b%ﬁv@ﬁ&"t&%e‘t@&& 359'nm and 1400 nm;
detecting FeO and Fe cont ent thr ough the cut edge

of t hecavading teworatieof [FﬁgOe]a/éﬂe@ae agaredaoyt partial pressure of oxygen
transm ssi on e production glass to an
B Fi<C i ol

extinction ¥ >converting the entirety of

t he exprepatiposccORf gllagsl Biterislalsmhgl OseBoriddet Of éﬁer:ﬂtﬁ% dInditions;
12Z[FeQ 4 content in the production glass materia

wher ei spe@th@caplpdlm@etfmémqgm@va[lﬁéqﬂpz‘{)s] /;BFQS%)]O i ﬂ)@n@a‘vond glass

to the oxidatjon state tr of
sheet of pro terlnll%s% lu]rahtt fx#hv sq%tw% PRI mgnd 1400 nm;

wher ei ¢bnivBeingtthd Res Tof {IﬂﬁOQ aﬁ{Fé{d]@ entoh rélBgvepREH préssure of oxygen
approximately 1 cmthick. 10. The nethod of claim?9,

wher ei n t heindls sesapd giass Balssehatd al |y f1 at . 11. The
met hod, %pa?llng't g@ l?a]%"tléﬁfgyt aCkI% éﬁ"%%g%ﬁ% ih R fntsF %ﬁéﬁ?ﬂo Qe partial

at | east ‘oneco tion ss sanple

i s measur edpragsuidlofruxypert mrﬂzalses;ohéglmsematehal wehveedie tigtdosparison
of approximately 350 nm and 1400 nm 12, nmet hod for .
assi gni ng aPr@V‘Q%g ifgetien fo melgnga G‘Nhre {8t QrsecqmdQpgrating
on the partighiRnessure of oxygen in the glass

material, the nethod conprising: measuring optical

transm ssion of the glass material using three or nore

7. The method of claim 6, wherein the operating conditions comprise addition of a

fining agent.

8. A method for measuring an oxidation state in an ultra-pure/ultra-fine sheet of
production glass comprising:
preparing a plurality of production glass samples from the production glass; \
stacking the plurality of production glass samples to provide at least one cut
edge of the stack;
measuring the optical transmission of the stacked production glass samples by
shining a wavelength of light appropriate for detecting FeO and Fe;O;
content through the cut edge of the stack;
converting each measured optical transmission performed on the production
glass to an extinction coefficient; and
converting the entirety of the extinction coefficient data to a ratio of

[Fe,03]%/ [FeO]” content in the production glass material, wherein the



wavel engt hs of |ight between 200 nm and 3000 nm
converting each neasured optical transm ssion

woeodsoosad on the glass material to an extinct POWUS2004/020831
coefficient; converting the entirety of the extinction
coefficient data to a ratio of [Fe2q 3]2/[FeQ 4
content in the glass material 25wherein the rati o of

Fe2q 3]12/[FeQ 4 is tional to the partia .
Lresgur]e o][rag%; %ZQ%E ﬁp@]gpsdggqugpléqd t%lp% %ﬁon state in the ultra-

assi gni ng the. RSt dBEerd rod&?:ﬂ%ﬁ ]aQ0) 1ts partial

pressure of oxygen, to a use, wheré&in each use can
dhl y b"éhqcmnebhodieﬂc@imﬁswhﬁbmthah@eMV»nmgutengasﬁti:msmcb@b

PRSP pve! of oxvgen

10. The method of claim 9, wherein the cut edge is substantially flat.

11. The method of claim 8, wherein the optical transmission of at least one of the
stacked production glass samples is measured at 10 nm intervals between the

wavelengths of approximately 350 nm and 1400 nm.

12. A method for assigning a glass material to an appropriate use based on the
partial pressure of oxygen in the glass material, the method comprising:
measuring optical transmission of the glass material using three or more
wavelengths of light between 200 nm and 3000 nm;
converting each measured optical transmission performed on the glass material
to an extinction coefficient;
converting the entirety of the extinction coefficient data to a ratio of
[Fe,Os]/[F ¢0]” content in the glass material, wherein the ratio of
[Fe;zO3]2/[FeO]4 is proportional to the partial pressure of oxygen in the
glass material; and
assigning the glass material, based on its partial pressure of oxygen, to a use,
wherein each use can only be provided glass materials having an

associated upper threshold level of oxygen.



