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[57] ABSTRACT 

Chemically-strengthenable silver halide-containing 
lithium boroaluminosilicate glass compositions having 
physical and chemical characteristics required for 
sheet drawing processes and exhibiting excellent pho­
tochromic properties after heat treatment, and also 
strengthened photochromic drawn sheet glass articles 
provided therefrom, are described. 

9 Claims, No Drawings 

Petitioner Ex 1013 001



1 
4,018,965 

2 

PHOTOCHROMIC SHEET GLASS COMPOSITIONS 
AND ARTICLES 

BACKGROUND OF THE INVENTION 

crease the silver halide content thereof in the manner 
described by Stookey in U.S. Pat. No. 3,449,103. How­
ever, this expedient requires that the glass be rapidly 
quenched from the melt in order to avoid haze in the 

5 glass due to macroscopic silver halide crystal forma-
The present invention is in the field of photochromic tion. Pressing and rolling are processes which provide 

glass and specifically relates to photochromic glass relatively rapid quenching of the glass below silver 
compositions which are both chemically strengthena- halide crystallization temperatures; however, these 
ble and suitable for use in the manufacture of photo- processes do not normally provide glass articles or glass 
chromic sheet glass by direct drawing from a melt. 1 o sheet of optical surface quality because of surface 

The basic patent in the field of photochromic glass, marking by the mold or roller surfaces utilized to 
U.S. Pat. No. 3,208,860 to Armistead and Stookey, quench the glass. 
discloses a broad range of silicate glass compositions Drawing processes are known which comprise direct 
exhibiting reversible phototropic properties. These formation of glass sheet from a melt, and in most of 
glasses are rendered reversibly phototropic through the 15 these processes the gb.ss sheet surfaces are not con-
inclusion of specified quantities of silver halide in the tacted by mold or roller surfaces until after the glass 
glass composition, and through appropriate heat treat- has cooled sufficiently to resist surface marking. The 
ment of the glass after forming to cause the precipita- widely known sheet draw processes include the Col-
tion and growth of silver halide crystallites in the glass. bum process, the Fourcault process, and the Pittsburgh 
These crystallites are small enough to be invisible, yet 20 Plate or Pennvemon process. These processes utilize 
are darkenable under the action of light to reduce the rollers to draw the sheet up from a glass melt; but can 
light transmitting capabilities of the glass. Upon shield- provide glass of near-optical quality and without sur-
ing from light, the crystallites fade to the colorless face marks in thicknesses on the order of about 1.5 
state, restoring the original light transmission charac- millimeters. The downdraw sheet-forming processes 
teristics of the glass. In photochromic glasses these 25 described in U.S. Pat. Nos. 3,338,696 and 3,682,609 to 
darkening and fading cycles may be repeated indefi- Dockerty are particularly suitable for providing thin, 
nitely without fatigue. lightweight sheet of controlled uniform thickness and 

A major use for photochromic glasses exhibiting optical quality at relatively low viscosities. German 
reversible darkening under the action of visible light Patentschift 2,125,232 describes attempts to provide 
has been in the manufacture of photochromic ophthal- 30 photochromic glass of conventional composition utiliz-
mic lenses. U.S. Pat. No. 3,197,296 to Eppler and ing forming methods of this type. 
Stookey, for example, describes a family of refractive Unfortunately, these known sheet drawing processes 
index-corrected silicate glasses comprising silver ha- do not provide the rapid quenching action of conven-
lides which are useful for prescription lenses. These tional pressing procedures, presenting an uncertainty 
glasses exhibit, in conventional 2 mm thicknesses, pho- 35 regarding the feasibility of producing haze-free highly-
tochromic properties sufficiently developed for pre- darkenable silver halide photochromic glass therefrom. 
scription ophthalmic applications, and have refractive Moreover, all of these processes involve holding sub-
index characteristics compatible with conventional lens stantial volumes of glass at rather low temperatures to 
grinding procedures. obtain useful sheet forming viscosities in the 104-106 

Ophthalmic lens manufacture normally comprises 40 poise range. These volumes of glass are also required to 
the pressing of glass lens blanks of optical quality from be in prolonged contact with the refractory metals or 
a melt followed by grinding and polishing of the lens ceramics utilized as the means for forming the drawn 
blanks to specified prescriptions. It will be appreciated sheet. Such processes impose severe constraints .. on 
that the manufacture of non-prescription photochro- glass composition because of the formidable liquidus 
mic glass lenses, e.g., sunglass lenses, in large quantity 45 and glass stability problems associated with the han-
by processes requiring grinding and polishing is not dling and processing of glass at relatively low tempera-
only expensive but also wasteful of material. For these tures and high viscosities. 
reasons it would be desirable to provide less costly These problems are further aggravated by the fact 
means for producing photochromic glass sheet for that the attainment of the required degree of streng-
lenses or other applications. It would be particularly 50 thenability in silicate glasses of the normal type require 
desirable to provide means for producing such sheet in the inclusion in the glass of some minimum quantities 
large quantities and in a surface and bulk quality suffi- of exchangeable alkali ions. In the case of the photo-
cient for optical use. The sheet could then be inexpen- chromic glasses herein described, the presence of lith-
sively sagged to curvatures required for lenses, wind- ium oxide is required. Unfortunately, the presence of 
shields, or other sheet glass configurations. 55 lithium has a detrimental effect on low temperature 

Minimum requirements of photochromic glass sheet glass stability, particularly in tlhe presence of refractory 
for applications such as described would be high opti- ceramic surfaces. 
cal quality, good chemical durability, and high strength Therefore, in order to be useful for the manufacture 
and good photochromic darkenability even in moder- of lightweight photochromic glass sheet of optical qual-
ate thickness. If the sheet is to be suitable for light- 60 ity utilizing conventional drawing processes, a glass 
weight sunglass lenses, it must also be chemically composition must exhibit specified chemical and physi-
strengthenable in order to meet FDA requirements for cal properties in addition to tlhe aforementioned prop-
eyeglass lens safety. Federal safety requirements can- erties of optical clarity, chemical durability, chemical 
not be routinely met in lightweight glass sheet of mod- strengthenability and good photochromic darkening in 
erate thickness ( 1.3-1.7 millimeters) in the absence of 65 low or moderate thicknesses. In particular, the glass 
tempering, or by utilizing air tempering processes. must exhibit high viscosity at the liquidus and excellent 

One method of improving the darkenability of photo- stability against devitrification at forming viscosities 
chromic glasses for thin sheet applications is to in- despite prolonged contact with refractory metal and 
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ceramic materials presently available for use as forming sistance to surface crystal growth in contact with plati-
means in sheet draw processes. num at temperatures corresponding to glass viscosities 

In tenns of specific constraints relating to glass prop- in the 104-106 poise range. The growth of a crystalline 
erties for these processes, a glass composition must layer not exceeding IO microns in thickness at a glass-
exhibit a viscosity at its liquidus temperature of at least 5 platinum interface over a 30-day interval at these vis-
about 104 and preferably about 105 poises, and it must cosities is deemed good resistance to crystal growth. 
exhibit excellent long tenn stability against devitrifica- These glasses also have excellent chemical durability, 
tion and interfacial crystallization in contact with re- meaning for the purpose of the present description that 
fractory metals and ceramics such as platinum, mullite, the glass exhibits no visible surface film formation fol-
sillimanite, and high density alumina-containing refrac- JO lowing a to-minute exposure to 10% aqueous HCI. 
tories used to contain or fonn molten glass. This stabil- Glasses within the above-described composition re-
ity must be maintained down to temperatures in the gion are chemically strengthenable to an unabraded 
range corresponding to glass viscosities of 10~-106 modulus of rupture strength of about 45,000 psi with a 
poises, which are the viscosities at which the glass is depth of ion-exchanged layer of at least 3.5 mils as 
nonnally fonned. 15 detennined by conventional stress layer examination 

In addition, the glass provided must be one which is techniques utilizing, for example, a polarizing micro-
chemically strengthenable to an unabraded modulus of scope with a Babinet compensator. These strength and 
rupture strength of at least 45,000 psi and a depth of compression layer characteristics are obtainable 
compression layer of at least 3.5 mils utilizing known through conventional sodium-for-lithium salt bath ion-
ion-exchange strengthening processes. This combina- 20 exchange processes at nonnal ion-exchange tempera-
tion of properties is required to enable the glass to tures (300°--450° C.), the surface compression being 
routinely meet Federal safety requirements. Finally, generated by the substitution into the glass of larger 
the photochromic properties of the glass must be such sodium ions for smaller lithium ions. The recited physi-
that the glass exhibits, in thickness not exceeding about cal properties permit glass sheet of 1.3-1. 7 millimeters 
1.7 millimeters, a luminous transmittance in the dark- 25 thickness to pass Government impact tests for eyeglass 
ened or activated state (darkened luminous transmit- lens safety. 
tance) of not more than about 25%, and a fading rate Finally, glasses within the above-described composi-
such that the glass exhibits a faded luminous transmit- tion region typically provide an excellent combination 
tance at least 1.5 times. the darkened luminous trans- of photochromic properties following heat treatment in 
mittance in a 5-minute fading interval. 30 accordance with conventional practice. These proper-

In addition, it is required for most sunglass applica- ties include, in glass sheet not exceeding about 1. 7 
tions that these darkening and fading characteristics be millimeters in thickness, a darkened luminous transmit-
obtained in glasses exhibiting a luminous transmittance tance not exceeding 25% and a fading rate such that 
in the clear or unactivated state ( clear luminous trans- the glass exhibits a faded luminous transmittance at 
mittance) of at least about 60%, typically in the range 35 least 1.5 times the darkened luminous transmittance 
of about 60-92%. after a 5-minute fading interval from the darkened 

SUMMARY OF THE INVENTION 
state. For the purpose of the present description the 
luminous transmittance of the glass is the value Y de-

We have now discovered a region of glass composi- fined in tenns of the 1931 C.I.E. trichromatic colori-
tions which can be used in processes for fonning drawn 40 metric system, utilizing the light source Illuminant C. 
sheet, and which yet provides haze-free optical quality, This colorimetric system and light source are described 
good chemical durability, chemical strengthenability, by A. C. Hardy in the Handbook of Colorimetry, Tech-
and photochromic properties which are sufficiently nology Press, M.I.T., Cambridge, Mass. (1936). Also 
developed to be useful in thin sheet fonn. Broadly, for the purpose of this description, the darkened state 
glass compositions in accordance with the present in- 45 may be obtained by exposure of the glass to direct, 
vention consist essentially, in weight percent on the nonnally incident sunlight for 30 minutes, and the clear 
oxide basis as calculated from the batch, of about or unactivated state may be obtained by overnight ( 8 

• 54-60% SiO2 , 7-15% Al2 O3 , 10-25% B2 O3 , 0.5--4.0% hour) fading of the glass in the absence oflight. 
Li2 O, 3.5-15% N~O, 0-10% K2 O, 6-16% total of Li2 O Preferably, glass to be utilized for sunglass lens appli-
+ Na2 O + K20, 0-3.0% PbO, 0.1-1.0% Ag, 0.1-1.0% 50 cations will additionally have a clear luminous trans-
Cl, 0-3.0% Br, 0.008-0.12% CuO, and 0-2.5% F. The mittance of at least about 60%, and this value can 
glass may optionally additionally contain colorant ox- readily be achieved in combination with the other re-
ides selected in the indicated proportions from the quired photochromic properties in the composition 
group consisting of 0-1 % total of transition metal oxide region hereinabove described. However, darker glasses 
colorants and 0-5% total of rare earth oxide colorants. 55 having unactivated luminous transmittances of less 

Glasses provided from the above-described composi- than 60% can also be routinely obtained within the 
tions exhibit viscosities of at least about 104 poises at described composition region if maximum or near max-
the liquidus temperature thereof, a liquidus-viscosity imum concentrations of the prescribed colorants are 
relationship which pennits fonning by direct sheet employed. 
drawing from the melt. 60 Glasses of the above-described composition ar~ uti-

Glasses of these compositions also exhibit long-tenn lized in accordance with the method of the invention 
stability against devitrification in contact with platinum which comprises an improved process for the manufac-
at temperatures corresponding to glass viscosities in the ture of drawn photochromic glass sheet, wherein glass 
range of 104 -106 poises, and can thus be drawn from of the aforesaid composition is melted, adjusted in 
the melt at those viscosities using platinum or platinum- 65 temperature to a viscosity of 104

- 108 poises, and then 
clad drawbars, downdraw pipes, or other sheet forming drawn past refractory fonning means at viscosities in 
means to provide glass sheet of optical quality. By long the 104-106 poise range to fonn potentially photochro-
tenn stability against devitrification is meant good re- mic glass sheet. By potentially photochromic glass 
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sheet is meant glass sheet comprising silver halides and 
activators such as copper oxide which can be rendered 
photochromic through an appropriate heat treatment 
subsequent to forming. The refractory forming means 
may be a submerged drawbar, an overflow downdraw 
forming trough, termed a fusion pipe, or other known 
forming means utilized for forming glass sheet by up­
draw or downdraw processes from molten glass. 

Observance of the above-described composition and 
process limitations, together with the use of supple­
mental heat treatments and strengthening processes 
utilizing conventional time-temperature schedules, per­
mits the production in accordance with the invention of 
chemically strengthened photochromic drawn sheet 
glass articles having the strength characteristics and 
photochromic properties above set forth. These prop­
erties are particularly useful, for example, in the pro­
duction of thin, lightweight, photochromic eyeglass or 
sunglass lenses or similar high strength articles for opti­
cal applications. 

DETAILED DESCRIPTION 

the required combination of properties. Thus while 
alkaline earth, bivalent and other multivalent metal 
oxides, such as BaO, CaO, SrO, MgO and ZnO can be 
present in very minor quantities, they offer no proper-

s ties advantages and generally increases the liquidus and 
reduce the long-term stability of the glass. Minor 
amounts of the alkali metal oxides Cs2O and Rb2O may 
be present but tend to detract from the strengthenabil­
ity of the composition. 

Io Zirconia and titania should be specifically avoided 
due to their known tendency to nucleate spodumene 
crystallization.' As little as 0.8% zirconia will promote 
zircon crystallization at temperatures in the forming 
range. 

t 5 Polyvalent cations such as Sn, Sb and As may be 
added to the composition, for example, as minor quan­
tities of SnO2, Sb2O3 , and As2O3 • Such additions may be 
useful in modifying the characteristics of the glass melt, 
particularly in regard to oxidation state. 

20 Glass compositions within the scope of the present 
invention may be compounded of conventional glass 
batch constituents in proportions which will yield the 

Since the photochromic, chemical and physical prop- specified oxide constituents in the required amounts at 
erties provided in drawn sheet glass articles provided in temperatures utilized for melting the glass. Melting 
accordance with the invention are complex functions 25 may be carried out in accordance with conventional 
of the oxide constituents of the glass composition, ob- optical glass melting practice in pots, tanks, crucibles, 
servance of the composition limitations above set forth or other melting units at temperatures in the 
is critical in order to obtain the combination of proper- 1200°-1550° C. range. 
ties required. Molten glass of the composition set forth may be 

As previously noted, the presence of controlled 30 formed by any conventional means such as pressing, 
quantities of lithium ·oxide in the glass is required for rolling, blowing, spinning or the like. However, the 
achieving the specified modulus of rupture strength of glass is sufficiently stable that it may also be formed 
45,000 psi and depth of compression layer of 3.5 mils. into sheet by direct drawing from the melt, at least 
The use of less than 0.5% of Li2O by weight produces where platinum or other refractory metal-based draw-
glass which cannot be consistently strengthened to 35 bars, downdraw troughs, or o1ther forming means are 
these values, while the use of more than 4% Li2O has utilized. 
detrimental effects on glass stability against platinum at Glass sheet or other articles formed as described may 
I 04

- I 06 poise viscosities, and can produce haze in the then be heat treated in accordance with thermal sched-
glass. The required strength and depth of layer values ules conventional for photochromic glasses in order to 
are not obtainable in the absence of lithia using, for 40 develop the specified photochromic properties therein. 
example, a potassium-for-sodium ion exchange treat- Suitable heat treatments comprise exposure of the glass 
ment to strengthen the glass. sheet to temperatures in the range of 580°-750° C. for 

Control over the concentration of the other alkali times ranging from a few seconds to 2 hours. To main-
metals is required because of the effect thereof on glass tain the requires optical surface quality, the glass ni.ay 
strengthening and photochromic properties. If less than 45 be supported in a manner effective to prevent surface 
the specified levels of soda ad potash are used, streng- marking, e.g., by edge support means. 
thenability and photochromic dark_enability are re- Finally, the phototochromic glass articles may be 
duced. Excess total alkali content reduces the fading subjected to conve!'}tional chemical strengthening 
rate of the glass below the required levels, whereas treatments in, for example, a molten sodium salt bath 
excess potash detracts from the chemical strengthena- so such as NaNO3 or a mixed NaNOafKNO3 bath contain-
bility of the glass. ing 30% or more NaNO3• The required strength and 

The presence of Al2O3 and 820 3 in the glass counters depth of compression layer may be obtained with these 
the effect of alkali on the fading rate; thus glasses con- glasses by immersion in molten salt, for example, at 
taining less than the specified quantities of these con- temperatures of about 300°-450° C. for times of about 
stituents will exhibit inferior photochromic properties. 55 4-24 hours. 
However, the use of more than about 25% 820 3 by The best combination of photochromic and physical 
weight reduces the chemical durability of the glass properties utilizing conventional heat treating and 
below the required levels. The use of more than 15% strengthening processes as above described are found 
alumina by weight substantially decreases glass stability with a preferred group of glasses having compositions 
against devitrification, with the excess alumina tending 60 consisting essentially, in weight percent on the oxide 
to combine with the lithium in tne composition to pro- basis as calculated from the batch, of about 
duce spodumene (Li2O·Al2O3·4SiO2 ) crystals. 57.1-65.3% SiO2, 9.6-13.9% Al2O3, 12.02-22.0% 

The presence of lead oxide in some quantity is help- 8 20 3 , 1.0-3.5% Li2O, 3.7-12.0% Na2O, 0--5.8% K2O, 
ful to provide the required combination of photochro- 6-15% total of Li2O + N¾O + K2O, a ratio of Li2O 
mic properties in the glass. 65 content to Na2O + K20 content not exceeding about 

Theadditionofminorquantitiesofunspecifiedcon- 2:3, 0.7-3.0% PbO, 0.1-1.0% Ag, 0.15-1.0% Cl, 
stituents to the glass is permissible but is generally 0-3.0% Br, 0-2.5% F, 0.008-0..12% CuO, 0-1.0% total 
avoided because of the possibility of interfering with of transition metal oxides selected in the indicated 
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proportions from the group consisting of 0-0.5% CoO, 
0. 1 % NiO, and 0-0% Cr 20 3, and 0-5 .0% total of rare 
earth metal oxides selected from the group consisting 
of Er2Oa, Pr2O3, Ho2Od, and Nd2O3• 

Specific examples of preferred glass compositions 5 
meeting the above limitations are set forth in Table I 
below. The concentrations of constituents are set forth 
in parts by weight on the oxide basis as calculated from 
the glass batch, except that the halogens and silver are 
reported on an elemental basis in accordance with Io 

SiO2 59.5 
B2O,, 17.3 
Al2O3 11.6 
Na2O 5.8 
Li2O 2.0 
K2O 
PbO 2.2 
F .27 
Ag .25 
Cl .30 
Br .25 
CuO .018 
CoO .14 
NiO .13 
v. 74.7 
Y,, 22.0 
y, .• 37.7 

luminous transmittance of the glass (Y 0), the darkened 
luminous transmittance of the glass ( Y /)), and the lumi­
nous transmittance of the darkened glass after a 5-
minute fading interval (YF5). For purposes of repro­
ducibility in measurement, the darkened glasses were 
all provided by exposure of the glass. to two 15 watt 
black-light blue florescent UV lamp bulbs at a distance 
of 3¾ inches for a 20-minute interval, to approximately 
the darkening produced by exposure to direct sunlight 
as hereinabove described. 

TABLE I 

2 3 4 5 6 

59.5 59.5 58.1 60.9 57.1 
17.0 17.7 17.3 15.8 17.0 
11.6 11.6 13.4 11.9 13.1 
7.6 5.8 5.6 5.9 7.6 
2.8 3.0 2.9 3.0 2.8 

2.1 2.2 2.2 2.3 2.1 
.27 .27 .27 .27 
.22 .22 .22 .22 .22 
.30 .48 .47 .49 .30 
.20 .15 .48 .II .35 
.018 .018 .018 .026 .018 

91.1 90.8 91.8 91.6 
21.0 22.0 22.7 21.9 
37.6 42.1 38.8 40.0 

conventional practice, 30 We have previously described the difficulties with 
AJJ • of the preferred glasses above described, includ- respect to glass stability presented by the use of lithium 

ing the examples of Table I below, have viscosities at oxide in the present glasses. Nevertheless, we have 
the liquidus of at least I 05 poises, as well as excellent found that the presence of lithium oxide is required to 
chemical durability characterized· by stability in aque- achieve the required glass strengths and depths of com-
ous acidic solutions as hereinabove described. These 35 pression layer, since a sodium-for-lithium ion-exchange 
glasses also exhibit long term stability against devitrifi- process must be utilized to achieve these properties. 
cation characterized by resistance to crystallization in Table II below illustrates glass compositions outside the 
contact with platinum at viscosities in the· I 04- I 06 poise scope of the present invention and shows the difficul-
range, as above defined. When heat treated according ties encountered when strengthening by a potassium-
to conventional schedules to develop photochromic 40 for-sodium ion exchange process is attempted. Compo-
properties, all glasses have darkened luminous trans- sitions are set forth in parts by weight on the oxide basis 
mittances not exceeding about 25% and fading charac- as calculated from the batch, except for the halogens 
teristics such that the glasses exhibit a faded luminous and silver which are reported on the conventional ele-
transmittance at least 1.5 times the darkened luminous mental basis. 
transmittance within a 5-minute fading interval. These 45 The ion-exchange strengthening processes employed 
glasses also exhibit clear luminous transmittances comprised immersion of the samples in molten KN03 
greater than 60%. salt baths at temperatures in the range of 300°-450° C. 

All of the preferred glasses are ion-exchange streng- for times in the range of 2-24 hours in accordance with 
thenable to a modulus of rupture strength of at least known proceclures. It will be observed that none of the 
45,000 psi and a depth of compression layer at least 3.5 50 compositions shown in Table II was strengthenable to 
mils utilizing conventional ion-exchange strengthening provide the combination of 45,000 psi strength and 3.5 
treatments. mil depth of layer which is required to enable 1.3-1. 7 

Table I includes photochromic property data where millimeter glass sheet to routinely pass eyeglass impact 
reported on individual samples, including the clear safety requirements. 

TABLE II 

A B C D E F G 

SiO2 63.1 58.3 69.9 56.8 60.6 60.6 58.0 
B2O3 17.9 22.1 10.0 21.5 17.4 18.5 18.9 
Al2O3 9.4 9.7 8.8 9.4 10.3 9.4 9.2 
Na2O 9.6 9.9 4.6 4.9 6.3 10.5 10.3· 
u.o 
K2O 6.7 7.4 4.9 1.0 1.2 
PbO 1.5 
F .22 .22 .22 .22 1.2 1.2 
Ag 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Cl 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Br 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
CuO 0.02 0.02 0.02 0.02 O.Q2 0.02 0.02 
Strength {MOR-psi) 34,000 46,000 32,000 33,000 33,000 51,000 50,000 
Depth of Compression 
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TABLE II-continued 

A B C D E F G 

Layer (mils) 1.4 1.4 3.5 2.5 3.0 2.0 2.0 

Although lithium oxide in some minimum concentra- for continuous sheet drawing processes because the 
tion is required to obtain sheet glass with useful chemi- relative instability of the glass would, under normal 
cal strengthenability characteristics, the hereinde- conditions, eventually lead to devitrification and the 
scribed maximum concentration limitations for this 10 formation of crystalline defects or stones in the drawn 
constituent must also be observed in order to obtain the glass. 

TABLE III 

H J K L M N 0 p 

Si02 63.3 58.6 61.4 58.5 55.5 55.9 54.5 59.1 58.6 
B2O3 18.0 22.1 6.7 4.7 16.1 16.2 16.2 17.2 17.0 
Al20 3 9.4 9.7 15.3 18.9 8.9 9.0 10.6 11.5 11.4 
Na,O 4.9 5.0 8.4 10.0 1.8 1.9 1.9 5.8 5.8 
Li2O 4.3 4.5 2.6 2.7 2.7 2.0 1.9 
K20 3.3 3.2 
PbO 0.5 0.5 5.0 5.7 5.4 2.3 2.3 
MgO 2.9 2.8 2.1 
BaO 6.6 8.3 8.4 
Zr02 2.2 
CaO 2.9 
F .22 .22 .22 .22 .22 .22 .22 .22 .22 
Ag 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Cl 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Br 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
CuO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

The photochromic properties of the drawn sheet are 
30 of course affected within limits by the thermal treat­

ment utilized to develop these properties in the glass. 
However, these properties are also critically dependent 
on the composition of the glass. Compositional varia-

glass stability required for sheet drawing applications. 
Moreover, relative fr_eedom from alkaline earth metal 
oxides and other non-essential oxides such as ZnO, 
TiO2 and Zr02 is desirable in order to preserve the 
stability and resistance to devitrification of the glass. In 
fact, glasses which are essentially free of CaO, BaO, 
SrO, MgO, ZnO, TiO2, and Zr02 are preferred for use 35 
in the invention. 

tions affecting these properties include not only varia­
tions in the concentrations of the photochromic con­
stituents silver, the halogens, and copper oxide, but 
also variations in alkali metal oxide, silica, and 820 3, 
and PbO concentrations. • 

Table IV below sets forth further examples of glass 
compositions outside the scope of the present invention 
which exhibit insufficient photochromic darkening or 
poor fading characteristics attributable to composi­
tional variations beyond the limitations herein de­
scribed. The concentrations of the glass constituents 
are set forth in parts by weiglht on the oxide basis as 
calculated from the bath for each glass, except for 
silver and the halogens which are reported on an ele­
mental basis. The observed insufficiencies in photo­
chromic behavior noted for each glass are also re-

Table III below sets forth further glass compositions 
outside the scope of the present invention which con­
firm the effects of excessive non-essential oxide con­
centrations or excessive lithium oxide concentrations 40 
on the physical-chemical properties of the resulting 
glass. The common feature of all of these glasses is 
insufficient low temperature glass stability, character­
ized in each case by a liquidus temperature substan­
tially above the I 05 poise viscosity temperature of the 45 
glass, in most cases above the l 04 poise viscosity tem­
perature of the glass. Also, all of these glasses exhibit 
poor long-term stability in contact with alumina-con­
taining refractories at temperaturess in the forming 
range. Compositions are set forth in parts by weight on 50 ported, and are with reference to the specific darkening 

and fading requirements hereinabove set forth. the oxide basis as calculated from the batch, except for 

Q 

SiO2 58.4 
B2Oa 17.3 
Al2O3 11.3 
Na,O 8.8 
u.o 1.9 
PbO 2.2 
F .22 
Ag .I 
Cl .I 
Br .05 
CuO .005 
Photochromic poor darkening, 
Properties fading 

silver and the halogens which are reported on an ele­
mental basis. These compositions would not be utilized 

TABLE IV 
R s T u 

55.2 67.8 63.0 51.2 
16.1 14.1 18.4 20.0 
10.5 9.3 12.0 13.0 
13.9 4.6 3..2 10.2 
2.4 2.4 2.1 2.3 
2.0 1.8 2.3 2.5 

.20 .22 .22 .22 

.20 .20 .20 .20 

.30 .30 .30 .30 

.15 .15 .15 .15 

.02 .02 .02 .02 

poor fading poor darkening poor darkening poor fading 

The optional addition of the above-described transi­
tion and rare earth metal oxide colorants to the glass 
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compositions of the present invention is useful to pro- stable for use in combination with alumina or alumina-
vide some light attenuation and coloration in the faded containing refractories. Hence glass compositions 
state, usually for cosmetic purposes, and also to pro- which are particularly preferred in accordance with the 
vide some coloration and attenuation in the darkened present invention are those exhibiting long-term stabil-
state: However, care must be exercised in the selection 5 'ity, as hereinabove defined, even in contact with alumi-
of colorants to be incorporated into photochromic na-containing refractories at glass viscosities in the 
glasses because the effectiveness of some multivalent 104- 106 poise range. Such glass compositions consist 
colorants depends strongly upon the oxidation state of essentially, in weight percent on the oxide basis as 
the glass, and because some colorants absorb in the calculated from the batch, of about 57.1-65.3% SiO2, 
ultraviolet and thus reduce the darkening capabilities 10 9.6-13.9% Al

2

O
3

, 12.0-22.0% B2O3

, 1.0-3.5% Li2O, 
of the glass. For these reasons, the foregoing transition 3.7-12.0% N~O, 0-5.8% K2O, 6-15% Li2O + N~O + 
metal and rare earth metal oxide colorants are pre- K20, a ratio of Li2O content to N~O + K20 content not 
ferred. However; minor quantities of additional colloi- exceeding about 1 :3, 0. 7-3.0% PbO, 0.1-1.0% Ag, 
dal or ionic colorants such as uranium, cadmium sul- 0.15-1.0% Cl, 0-3.0% Br, 0-2.5% F, 0.008-0.12% 
fide, cadmium sulfide, cadmium selenide, metallic gold 15 CuO, 0-1.0% total of transition metal oxide colorants 
or the like can be added provided such additions do not selected in the indicated proportion from the group 
detrimentally affect the photochromic properties of the consisting of 0-0.5% CoO, 0-1.0% NiO, and 0-1.0% 
glass. Cr 20

3

, and 0-5.0% total of rare earth metal oxide col-
Table V below sets forth examples of tinted glass orants selected from the group consisting of Er2O3

, 

compositions provided in accordance with the inven- 20 Pr2O3

, Ho2O3 

and Nd2O3

. Glasses within the broad 
tion, illustrating the u~ of some of the preferred color- scope of the present invention but outside these de-
ants and the colors induced thereby in the composi- fined limitations are not sufficiently stable with time for 
tions of the invention. Only the concentrations of the use with alumina-containing overflow downdraw form-
colorants, in parts by weight, are set forth, the remain- ing members of the kind described above. 
der of each glass consisting of 59.2 parts Si02, 17.2 25 Examples of glasses suitable for use in combination 
parts 820 3, 11.6 parts Al2O3, 8.7 parts N~O, 1.5 parts with alumina-containing refractory downdraw fusion 
Li2O, 2.3 parts PbO and minor concentrations of pho- pipes or troughs in the production of photochromic 
tochromic constituents by weight. drawn sheet glass articles in accordance with the inven-

TABLE V 
7 8 9 10 II 12 13 14 15 

CoO 0.03 0.04 0.02 0.ot 
NiO 0.04 0.03 0.11 0.15 0.17 
Cr2O3 0.01 
Er2O3 0.5 
Pr,O3 0.5 
Nd1O3 0.5 
Tint blue-gray blue green-brown brown yellow-brown green light pink light green light blue 

The highest quality drawn glass sheet produced from 
40 

tion are set forth in Table VI below. The compositions 
glass compositions provided in accordance with the of the glasses are reported in parts by weight on the 
present invention is obtained utilizing downdraw sheet oxide basis as calculated from the batch except for 
forming apparatus such as described in U.S. Pat. No. silver and the halogens which are conventionally re-
3,338,696 to Dockerty. The use of apparatus of this ported on an elemental basis. All of the glasses set forth 
type, particularly in combination .with the sheet thick- 5 in Table VI exhibit long-term stability against devitrifi­
ness control means and methods described in U.S. Pat. 4 cation in contact with alumina-containing refractories 
No. 3,682,609 to Dockerty, permits the production of at glass viscosities in the 104 -106 poise range, as evi-
glass sheet of optical quality and uniform thickness denced in each case by a crystallization layer less than 
which is especially suited to the production of photo- 10 microns in depth at a glass-refractory interface even 
chromic drawn sheet glass articles, such as sunglass 

50 
after 30 days at a temperature corresponding to the l 05 

lenses, having the properties hereinabove described. poise viscosity temperature of the glass. 
However, these processes also place the highest de- Also shown in Table VI are the modulus of rupture 

mands on the physical-chemical properties of the glass strengths and compression layer depths observed after 
because of the extreme glass stability required for sue- ion-exchange strengthening of the glasses when deter-
cessful drawing in accordance with these methods. mined on individual samples, these properties being 
Stability is particularly critical where the downdraw 55 produced by a 16-hour treatment in a molten salt bath 
forming member, referred to as a fusion pipe or trough, of 60% NaNO3 and 40% KN03 at 390° C. 
is composed of an alumina-containing refractory ce- Also shown in Table VI are the photochromic prop-
ramie such as sillimanite or dense alumina. erties of the glasses, including the clear luminous trans-

Glasses within the preferred compositional limita-
60 

mittance (Y 0), the darkened luminous transmittance 
tions hereinabove set forth, such as the glass composi- (Y,,), and the faded luminous transmittancce (:Y f's), 
tions shown in Table I, exhibit long-term stability obtained according to the procedures utilized in gener-
against platinum but in some cases are not sufficiently ating the data set forth in Table I. 

16 

59.9 
17.4 
11.7 

17 

59.5 
17.6 
11.6 

18 

59.5 
17.3 
11.7 

TABLE VI 

19 

59.2 
17.2 
11.6 

20 

58.6 
17.0 
11.4 

21 

58.0 
16.9 
11.3 

22 

58.8 
17.2 
11.4 
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TABLE VI-continued 

16 17 18 19 20 21 22 

Na,O 6.7 7.7 7.7 · 8.7 9.5 3.8 6.4 
u,o 2.0 2.0 1.5 1.5 I.I 1.8 1.9 
K20 5.8 2.0 
PbO 2.3 2.2 2.3 2.3 2.3 2.3 2.3 
F .27 .22 .20 .20 .27 .27 .27 
Ag .25 .23 .25 .25 .25 .24 .24 
Cl .30 .37 .30 .30 .30 .30 .30 
Br .26 .15 .26 .26 .26 .26 .26 
CuO .018 .025 .014 .014 .018 .018 .018 
CoO .014 .026 .014 .014 .014 .014 
NiO .13 .041 .13 .13 .13 .13 
Y. 73.1 74.5 73.4 73.0 70.4 90.0 71.5 
y/J 19.1 22.0 22.2 23.1 18.5 24.8 15.0 
Yn, 34.2 38.0 39.8 40.2 30.5 40.6 25.1 
Strength (MOR-psi) 50,800 59,100 47,800 52,100 50,200 53,900 
Depth of CompreMion 
Layer (mils) 5.3 3.8 4.3 4.0 3.5 4.2 

percentage points to a luminous transmittance of about 
The invention may be further understood from the 20 38.4% in a 5-minute fading interval. 

following illustrative example describing the produc- From the foregoing example, which is merely illustra-
tion of strengthened photochromic drawn sheet glass tive of the various compositions and procedures which 
articles in accordance therewith. may be employed in accordance with the present in-

EXAMPLE 
vention, the effectiveness of our compositions in pro-

25 viding strengthened photochromic drawn sheet glass 
A glass batch is compounded and melted in a batch articles exhibiting the required properties for optical 

melter at a temperature on the order of about 1400° C. and other applications is readi[y apparent. 
to provide a molten glass having a composition, in parts We claim: 
by weight as calculated from the bath, of about 58.1 1. A chemically-strengthened photochromic drawn 
parts SiO2, 16.9 pa~ BiO3, 11.3 parts Al2O3, 3.8 parts 30 sheet glass article formed of a glass having a composi-
N~O, 5.8 parts K20, 1.8 parts Li2O, 0.24 parts Ag, tion consisting essentially, in weight percent as calcu-
0.30 parts Cl, 0.26 parts Br, 0.27 parts F, and 0.ot8 lated from the batch, of about 54-66% SiO2, 7-15% 
parts C-w by weight. A12O3, 10-25% B2O3, 0.5-4.0% Li2O, 3.5-15% Na2O, 

The molten glass is fed into a refractory overflow 0-10% K2O, 6-16% total of Li2O + N~O + K2O, 
downdrawfusionpipeataviscosityofabout 104 poises 35 0-3.0% PbO, 0.1-1.0% Ag, 0.1-1.0% Cl, 0-3.0% Br, 
and is delivered from the pipe as drawn glass sheet 0-2.5% F, 0.008-0.16% CuO, 0-1.0% total of transi-
about 1.5 millimeters in thickness. This drawn sheet is tion metal oxide colorants, and 0-5.0% total of rare 
cooled below the glass softening temperature and sepa- earth metal oxide colorants, said composition provid-
rated into sections of glass sheet from which small ing a glass having a viscosity at the liquidus tempera-
samples of drawn sheet glass are cut. 40 ture thereof of at least about I 04 poises, said article 

The drawn sheet glass articles prepared as described having excellent chemical durability, an unabraded 
are then subjected to a heat treatment to develop the modulus of rupture strength of at least about 45,000 
photochromic properties thereof. The beat treatment psi, and a compressively-stressed surface layer at l~ast 
comprises heating the articles in a lehr, supporting the abou~ 3.5 mils in thickness, and said glass being haze-
article in a manner to prevent surface damage, at a rate 45 free and having, in a thickness not exceeding 1 .7 milli-
of about 600° C. per hour to a temperature of 630° C., meters, a darkened luminous transmittance not exceed-
holding the articles at this temperature for ½ hour, ing about 25%, a clear luminous transmittance of at 
cooling the articles at a rate of about 600° C. to a tern- least about 60%, and a fading rate such that the glass 
perature at least below 350° C. per hour, and finally exhibits a faded luminous transmittance at least about 
removing the articles from the lehr. 50 1.5 times the darkened luminous transmittance after a 

The photochromic drawn sheet glass articles pre- 5-minute fading interval from the darkened state. 
pared as described are then subjected to an ion-ex- 2. A phofochromic drawn sheet glass article accord-
change strengthening treatment comprising immersion ing to claim 1 having a thickness in the range of about 
in a molten NaN03 bath at a temperature of 390° C. for 1 .3-1. 7 millimeters. 
16 hours. After treatment the samples are removed 55 3. A photochromic drawn sheet glass article accord-
from the salt bath, cooled, washed to remove excess ing to claim 2 having a clear luminous transmittance in 
salt, and tested for strength and photochromic proper- the range of about 60-92%. 
ties. The unabraded modulus of rupture strengths of 4. A photochromic drawn sheet glass article accord-
the articles averages about 50,200 psi with depths of ing to claim 3 which is an optical lens. 
surface compression being about 3.5 mils. 60 5. A photochromic drawn sheet glass article accord-

The faded luminous transmittance (Y) of a typical ing to claim 4 having a composition consisting essen-
1.5 mm thick photochromic drawn sheet glass article tially, in weight percent as calculated from ihe batch, of 
produced as above described is about 90.9%. When about 57.1-65.3% SiO

2

, 9.6-13.9% Al
2

O
3

, 12.0-22.0% 
darkened by a 20-minute exposure to a pair of 15 watt B2O3, 1.0-3.5% Li2O, 3.7-12.0 Na2O, 0-5.8% K20, 
black-light blue fluorescent UV lamp bulbs spaced a 65 6-15% total of Li

2

O + N~O + K
2

O, a ratio of Li
2

O 
distance of about 3¾ inches from the glass sheet, • a content to Na2O + K2O content not exceeding about 
darkened luminous transmittance of about 22.8% is 2:3, 0.7-3.0% PbO, 0.1-1.0% Ag, 0.15-1.0% Cl, 
obtained. The darkened glass typically fades about 15.6 0-3.0% Br, 0-2.5% F, 0.008-0.12% CuO, 0-1.0% total 
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of transition metal oxide colorants seiected in the indi­
cated proportion from the group coqsisting of 0-0.5% 
CoO, 0-1.0% NiO and 0-1.0% Cr2O3, and 0-5.0% total 
of rare earth metal oxide colorants selected from the 
group consisting of Er2O3, Pr

2

0
3

, ·tfOi03 and Nd
2

0
3

, 5 • 

said composition providing a glass having a viscosity at 
the liquidus temperature thereof Qf at least about I 05 

poises. 
6. A photochromic sheet glass article according to 

claim 5 wherein the ratio of the Li2O content to the Io 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

N~O + K2O content does not exceed about I :3. 
7. A photochromic drawn sheet glass article accord­

ing to claim 5 having a thickness in the range of about 
1.3-1.7 millimeters. 

8. A photochromic drawn sheet glass article accord­
ing to claim 7 which is an optical lens. 

9. A photochromic drawn sheet glass article accord­
ing to claim 8 which has a clear luminous transmittance 
in the range of about 60-92%. 

* * * * * 
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