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(57) Abstract: A method of tempering a glass sheet heated to a tempering temperature includes cooling the glass sheet at a first
heat transfer coefficient at a first quench station and cooling the glass sheet at a second heat transfer coefficient at a second quench
station downstream of the first quench station. The second heat transfer coefficient is greater than the first heat transfer coefficient.
In a multistage process of the invention, a plurality of quench stations could be used with each downstream quench station having a
larger heat transfer coefficient than the previous upstream quench station.
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APPARATUS AND METHOD FOR TEMPERING GLASS SHEETS

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] This invention relates generally to tempering glass sheets and, more
particularly, to tempering glass sheets using a multi-stage tempering process. '

2. Description of the Current Technology

[0002] It is known to temper glass sheets to increase the strength or breaking
resistance of the glass. Traditionally, this tempering is done either by chemical tempering or
thermal tempering. In chemical tempering, relatively small ions, such as sodium, are
replaced by larger ions, such as potassium, or smaller ions, such as lithium, are replaced by
larger ions, such as sodium and/or potassium. The crowding of the larger ions into the
spaces left by removal of the smaller jons produces a compression of the surface layers of
the glass. |
[0003] In thermally tempered glass, glass sheets are heated to an elevated
temperature above the glass strain point near the glass softening point and then are chilled
to cool the glass surface regions relatively rapidly while the inner regions of the glass cool at
a slower rate. This differential cooling results in a compressive stress in the glass surface
regions balanced by a tension stress in the interior of the glass: The resultant-tempered
glass has a much greater resistance to fracture than untempered glass. Also, in the event
that the tempered glass does fracture, its breakage pattern.is. significantly. different-than that -
of untempered glass. Tempered glass typically shatters into stall fragments which become
smaller as the temper increases. Because the glass breaks into small fragments, it is less
likely to cause injury due to laceration. Untempered glass typically fractures to form large
pieces having sharp edges.
[0004] In a conventional thermal tempering process, the heated glass sheet is
conveyed through a cooling chamber or “quench” in which the glass sheet is cooled rapidly
from an initial furnace exit temperature, typically in the range of 1160°F to 1300°F (627°C to
704°C), to a quench exit temperature, typically in the.range of 900°F to 950°F (482°C to
510°C), at which temperature the stresses (compression and tension) in the glass become
permanently set. The actual temperature ranges utilized in the process are glass
composition dependent. The glass viscosity, which is temperature dependent, along with
other glass physical properties are the determining factors for setting process requirements.
~ [0005] In U.S. Patent No. 4,913,720 to Gardon et al., glass sheets are tempered at a
first cooling station with a first rate of heat transfer and then moved to a second cooling
station to be cooled at a second rate of heat transfer, with the second rate of heat transfer
-1-
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being less than the first rate. The time is adjusted such that this process initially cools the
surface of the glass sheet below the strain point, leaving the center above the strain point,
after which the cooling rate is reduced. Thereafter, the second cooling rate cools both the
center and the surface below the strain point. This modified tempering process results in
tempered glass that mimics ion. exchange glass. That is, the center tension is low and
therefore the glass fractures into large pieces rather than small pieces as in conventionally
tempered glass. Such glass is particularly useful for aircraft windshields so that even in the
event of glass fracture, the pilot can more easily see through large pieces of broken glass
rather than very small pieces of broken glass produced by the conventional temperihg
process. The Gardon process results in glass sheets having a high surface compression but
a low center tension.

[0006] As a general rule, the higher the temper level, e.g., the higher the surface
compression and center tension, the stronger or more fracture resistant is the glass sheet.
Therefore, it would be advantageous to provide an apparatus and method for increasing the
temper level of glass sheets above the temper level available with conventional tempering
technigues. That is, to produce glass having relatively high surface compression as well as
high-center tension.  Such uses include weather resistant (hurricane and typhoon resistant)
windows, countertops or furniture surfaces, glass partitions (such as sporting partitions, e.g.,
hockey arena glass), stronger and/or lighter architectural, automobile or aircraft glass. For
example, current hurricane resistant glass is typically -formed from two sheets: of - heat
strengthened or annealed glass that is laminated together with polyvinylbutyral. The
polyvinylbutyral layer typically costs more than.the itwo.glass«sheets:svif-this. laminated
structure could be replaced by a single, highly tempered glass sheet, weight and cdst could
be reduced. However, current thermal tempering processes do not lend themselves to such
high tempering levels due to the processing methods used. Therefore, it would be
advantageous to provide an apparatus and/or method that could be utilized to provide more

highly tempered glass sheets than can be produced by conventional tempering processes.

SUMMARY OF THE INVENTION
[0007] A method of tempering.a glas,s‘.gheet_hgated;to a tempering temperature

comprises cooling the glass sheet at a first heat‘iransfer/ra’.ce; e.g., using a first heat fransfer
coefficient, at a first quench station, and cooling the glass sheet at a second heat transfer
rate, e.g., using a second heat transfer coefficient, at a second quench station downstream
of the first quench station in a continuous process. In a staged slower process, the two heat .
transfer rates could be applied one following the other in a single quench station. The
" second heat transfer rate is greater than the first heat transfer rate. For example, the first
heat transfer coefficient can be greater than the second heat transfer coefficient. In a
2.
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multistage process of the invéntion, a plurality of quench stations could be used with
downstream quench stations having larger heat transfer rates than the upstream quench
stations.

[0008] Another method of tempering a glass sheet heated o a tempering
temperature comprises providing a quench station having at least one movable nozzle,
transporting a heated glass shest into the quench station, and moving the at least one
nozzle from a first distance from the glass sheet to a second distance to vary the heat
transfer rate applied to the glass sheet. In one non-limiting embodiment, the first distance
can be greater than the second distance.

[0009] A ‘further method of tempering a glass sheet heated to a tempering
temperature comprises providing a quench station having at least one upper nozzle and at
least one lower nozzle, transporting a heated glass sheet into the quench station, and
moving the upper and/or lower nozzle from a first distance from the glass sheet to a second
distance to vary a heat transfer rate applied to the glass sheet. In one non-limiting

embodiment, the first distance can be greater than the second distance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The invention will be described with reference -to-the following drawing

figures, wherein like reference numbers identify like parts throughout.

[0011] Fig. 1 is'a side, schematic view of.a tempering device incorporating features
of the invention; .

[0012] Fig. 2 is a graph of surface-and:mid-thickness:temperatures and stresses for
a first conventional tempering process shown in Table 1; .
[0013] Fig. 3 is a graph of the permanent stress through the thickness for the
conventional tempering process in Fig. 2;

[0014] Fig. 4 is a graph of surface and mid-thickness temperatures and stresses for
a second conventional tempering process shown in Table 1;

[0015] Fig. 5 is a graph showing surface and mid-thickness temperatures and
stresses for a two-stage cooling process of the invention;

[0016] Fig. 6 is a_graph. showing. surface and mid-thickness temperatures and
stresses for a three-stage cooling process of the invention; and .

[0017] Fig. 7 is a graph of the permanent stresses through the glass thickness for
thé three stage cooling process of Fig. 6. ' '

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0018] As used herein, spatial or directional terms, such as “left”, “right”, “inner”,

“outer”, “above”, “below”, and the like, relate to the invention as it is shown in the drawing
: s



WO 2007/064458 PCT/US2006/043940

figures. However, it is to be understood that the invention can assume various alternative
orientations and, accordingly, such terms are not to be considered as limiting. Further, as
used herein, all numbers expressing dimensions, physical characteristics, processing
parameters, quantities of ingredients, reaction conditions, and the like, used in the
specification and claims are to be understood as being modified in all instances by the term
“about”. Accordingly, unless indicated to the contrary, the numerical values set forth in the
following specification and claims may vary depending upon the desired properties sought to
be obtained by the present invention. At the very least, and not as an attempt to limit the
application of the doctrine of equivalents to the scope of the claims, each numerical value
should at least be construed in light of the number of reported significant digits and by
applying ordinary rounding techniques. Moreover, all ranges disclosed herein are to be
understood to encompass the beginning and ending range values and any and all subranges
subsumed therein. For example, a stated range of “1 to 10" should be considered to include
any and all subranges between (and inclusive of) the minimum value of 1 and the maximum
value of 10; that is, all subranges beginning with a minimum value of 1 or more and ending
with @ maximum value of 10 or less, e.g.,, 1 to 3.3, 4.7 to 7.5, 5.5 to 10, and the like.
Additionally, all documents, such as but nof limited to issued patents and patent applications,
referred to herein are to be considered to be “incorporated by reference” in their entirety.

[0019] A non-limiting assembly for practicing the invention is shown in Fig. 1. The
assembly 10 includes a conventional furnace’12 in which glass, such as in the form of
individual glass sheets, is heated to a temperature above the glass transition temperature of
the glass. For example, in one non-limiting embodiment,-glass sheets .14 are heated to a
temperature above 1160°F (627°C). The glass is then conveyed from the furnace 12
through the quench 18 of the invention. Although not limiting in the present invention, the
glass can be conveyed on a separate conveyer 16 or over the surface of the bottom quench
stations on a cushion of cooling fluid, such as air. For example, U.S. Patent No. 3,223,501
discloses an apparatus having a plurality of spaced support zones. The quench 18 of the
invention comprises one or more quench stations. In the illustrated non-limiting
embodiment,'the quench 18 comprises a plurality, i.e., two or more, quench stations. The
illustrated non-limiting embodiment illustrates a first quench station 22, a second quench
station 24, and a third quench statlon 26. However it is to be understood that the quench 18
of the invention could contain any desxred numbered of quench stations. Each quench
station 22, 24, 26 comprises one or more cooling elements. Non-limiting examples of
conventional cooling elements include slots (U.S. Patent No. 4,046,543), nozzles or rosette
modules. In the illustrated non-limiting embodiment, each quench station 22, 24, 26 includes
a first or upper plenum 30a-30c which can be in the form of one or more nozzles directed
toward the top of the conveyor 16 (or, if no separate conveyor is present, toward the top of

4 4.
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the glass sheet 14). The nozzles are connected in any conventional manner, such as by
pipes or duct, to a source 32a-32c, respectively, of cooling fluid. In one non-limiting
embodiment, the cooling fluid comprises a gaseous fluid, such as air. Other cooling
materials could aléo be used, such as but hot limited to hydrophobic colloidal silica, a
conventional sublimation quench (such as one using carbon dioxide), or a liquid quench,
such as‘an oil quench or a liquid metal quench. -

[0020] Each quench station 22, 24, 26 can also include a second or lower cooling
element 34a-34c, such as a plenum or cooling nozzles, located below the conveyor 16 (i.e.,
directed toward the bottom of the glass sheet 14). The second cooling elements 34a-34c
are connected in any conventional manner, such as by pipes or ducts, to a second source
36a-36¢ of cooling fluid. In one non-limiting embodiment, the second source 36a-36¢ of
cooling fluid also comprises a cooling gas, such as air. As discussed above, other cooling
materials could also be used, such as but not limited to hydrophobic colloidal silica, a
conventional sublimation quench (such as using carbon dioxide), or a liquid quench, such as
an oil quench or a liquid metal quench. Quench stations 22, 24, 26 can be defined or
. separated in any conventional manner, such as by curtains or partitions 40 that extend
downwardly from the top of the quench 18 and upwardly from the bottom of the quench 18.
[0021] The quench stations 22, 24, 26 can also:include one or more positioning
devices 42a-42c such that the positions of the cooling elements 30a-30c, 34a-34c can be
“adjusted in the quench stations 22, 24, 26. For example, the positioning devices 42a-42¢c
can be any conventional mechanical device that can move one or both of the cooling
elements 30a-30c, 34a-34c towards:;or. away from.the conveyor:16 such that the distance of
the first cooling element 30a-30c and/or corresponding second cooling element 34a-34c
from the conveyor 16 can be adjusted. Additionally or alternatively, the fluid sources 32a-
32c, 36a-36¢ can be configured to supply different fluids to the first cooling element 30a-30c
or second cooling element 34a-34c, respectively, so as to provide different cooling rates at
each station. Additionally or alternatively, the fluid sources 32a-32c, 36a-36¢ can be
temperature regulated in any conventional manner to provide fluid of a predetermined
temperature to the cooling elements 30a-30c, 34a-34c, so as to provide different cooling
rates at each station. . . . ...

s

[0022] Operation of the ap;‘)ar.atas‘ Will now be deécribed.

[0023] Glass articles, such as glass sheets 14, are heated in the furnace 12 to a
temperature above the glass transition temperature of the giass. In one non-limiting
embodiment, the glass sheets are heated to a temperature above 1160°F (627°C).
However, as one of ordinary skill in the art will understand, the higher the temperature to
which the glass sheets are heated, the higher the resultant surface compression will be.

-5-
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[0024] The glass sheets 14 are transported into the quench 18 where they enter the
first quench station 22. The cooling fluid is directed from the first cooling element 30a and/or
second cooling element 34a toward the top and/or bottom of the glass sheet 14 to provide a
first heat transfer rate. For example, a first heat transfer coefficient (HTC) can be utilized in
the first quench station 22 for a first predetermined period of time.

[0025] The heat transfer coefficient is the proportionality constant between the heat
removal rate from the glass surface (Q) and the temperature difference between the glass
surface and the cooling fluid as it approaches the glass.

Q=HTCx (Tglass"' Thuid) * Crad (1
Q is the heat removal rate in Btu per hour square foot; HTC is the heat transfer coefficient in

Btu per hour square foot degree Fahrenheit; Tglass is the temperature of the glass at any

given point in time; Tpuiq is the cooling fluid temperature at a corresponding time; Qraq is
heat lost by radiation. Depending-upon the operational parameters, such as but not limited
to the temperature of the glass, (rad could be relatively smaller as compared to the other

heat transfer components.

[0026] During thermal tempering, the temper level (sUrface compression and center
tension) of the glass is directly related to the rate of heat removal from the glass when
cooling from a temperature above the glass transition temperature (Ty). As a general rule,
the higher the initial glass temperature above T, thé highérthe resultant temper level. The -
faster or higher the cooling rate the higher the temper level. An effective means of
increasing the temper level is to raise the HTC or detreads ‘T as discissed below. ~
[0027] The glass sheet 14 is then transported int&the second quench station 24
where the cooling elements 30b, 34b direct coolfng fluid toward the top and/or bottom of the
glass sheet 14 for a second predetermined period of time. However, in the second quench
station 24, the heat transfer rate is larger than the heat transfer rate of the first cooling
station 22. For example, the heat transfer coefficient utilized at the second cooling station
24 (i.e. second heat transfer coefficient) can be larger than the heat transfer coefficient
utilized at the first cooling station 22 (i.e. the first heat transfer coefficient). If additional
quench stations (such as the third quench étatiori 26) are préserit in the quench 18, the glass
sheet 14 will then be directed into these subseqUent.quencH stations, with each downstream
quench station having an equal or larger heat transfer rate than the adjacent upstream
quench station. For example, each downstream quench station can utilize an equal or larger
heat transfer coefficient than the adjacent upstream quench station. The glass sheet 14
then exits the quench 18 at a temperature low enough to set the permanent surface
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compression and center tension caused by the tempering process and can be further
cooled in any conventional manner to room temperature.

[0028] As will be appreciated by one skilled in the art, the heat transfer rate of the
various quench stations 22, 24, 26 can be adjusted in any conventional manner. For
example, this can be done by changing the temperature of the cooling fluid supplied to that
quench station to change the heat removal rate. One can also increase the HTC by
increasing the flow rate or velocity of the cooling fluid in the quench station, or decreasing
the distance between the cooling elements and the glass surface, or varying the speed of
the glass sheet through the quench station, just to name a few. For example, the first and
second cooling elements 30a, 34a in the first quench station 22 can be at a first distance
from the glass surface. The first and second cooling elements 30b, 34b at the second
quench station 24 can be at a second distance from the glass surface, with the second
distance being equal or less than the first distance. Alternatively, the fluid temperature can
be lower and/or the fluid velocity or flow rate can be higher in the second quench station 24
than the first cooling station 22 such that the heat removal rate applied to the glass sheet 14
in the second quench station 24 is larger than that in the first quench station 22. In one non-
limiting embodiment of the invention, the quench stations 22, 24, 26 are configured such that
the stress level (surface tension) of the glass sheets in the cooling stations does not exceed
10,000 pounds per square inch (psi), such as less than or equal to 8,000 psi, such as less
than or equal to 6,000 psi, such as less than or equal to 5,000 psi, such as less than or
equal to 4,800 psi, to reduce the potential for glass breakage.

[0029] ~ The invention can be practiced-in:the:following exemplary manner.. The heat
transfer rates of all of the quench stations 22, 24, 26 can initially be set at the same level.
For example, the initial heat transfer coefficients can all be the same at each of the quench
stations. The heated glass sheets 14 can then be transported through the quench 18. The
heat transfer rates at all of the quench stations 22, 24, 26 can be increased to the point
where the glass sheets 14 begin to break or crack. . Once this “defect point” has been
‘reached, the heat transfer rates at the quench stations 22, 24, 26 can be decreased until no
glass breakage is present. The first quench station 22 can remain at this first heat transfer
rate, e.g., utilizing the first heat transfer. coefficient.. Next, the heat transfer rate of the
second quench station 24 is increased until th‘e'poin’t where the glass sheets in the second
quench station 24 begin to break or crack. This can be done by utilizing a second heat
transfer coefficient that is larger than the first heat transfer coefficient. The heat transfer rate
of the second quench station 24 can then be decreased until no such breaking or cracking
occurs. For example, the second heat transfer coefficient can be decreased. This second
heat transfer rate at the second quench station 24 will be larger than the first heat transfer
rate at the first quench station 22. For example, the second heat transfer coefficient can be

-7-



WO 2007/064458 PCT/US2006/043940

larger than the first heat transfer coefficient.. In similar manner, the heat transfer rates at any
further quench stations can be adjusted accordingly, for example, by adjusting the heat
transfer coefficients at those stations. In one non-limiting embodiment, the glass sheet can
be cooled at successive quench stations downstream of the first quench station until the
glass center temperature is below the glass transition range or until the contribution of the
successive stations to the final surface compression is substantially zero.

[0030] The time that the glass sheets 14 remain in the various quench stations 22,
24, 26 can be adjusted, for example, based on the temperature of the glass. For example,
the higher the initial temperature of the glass sheet, the faster the glass sheet should be
conveyed from the first quench station 22 into the second quench station 24. Also, the
thinner the glass sheet, the faster the glass sheet should be transported from the first
qguench station 22 to the second quench station 24.

[0031] In one non-limiting embodiment, the cooling behavior of the glass sheet can
be estimated from the process parameters by using the heat transfer calculation capability of
the commercially available ANSYS finite element computer program commercially available
from ANSYS, Inc. of Canonsburg, Pennsylvania.

[0032] The present invention provides glass having a tempering level (surface
compression and center tension) significantly higher than that previously possible using
conventional thermal tempering processes. The glass made in accordance with the
invention can be utilized for various applications, such as those discussed above, e.g.,
security and/or shatter resistant glass.

[0033] ~ As can be appreciated.by one skilled-in.the art, during the tempering process,
the outside surfaces of the glass (including the edges) initially go into tension when cooling
begins in the quench. The higher the cooling rate the greater the tensile stress. This
tension stress, which is balanced by compression in the interior, begins to decay due to the
viscous strain of the glass. The higher the initial temperature of the glass going into the
quench the more rapidly this proceeds. When the initial surface tension stress produced by
the cooling exceeds the basic strength of the glass (nominally 4800 to 10,000 Psi), fracture
can occur. The propensity for breakage follows roughly a normal distribution with respect to
applied tensile stress. Fracture usually occurs at.a glass edge, which is weaker than the
surface and typically cools faster than the surface. This phenomenon limits the cooling rate
that can be applied in a conventional single stage quench system. The maximum practical
furnace exit temperature for the glass is determined by the method of supporting the weight
of the glass (tongs, rolls, fiuid film, etc.) and the final acceptable optical quality. The higher
the temperature, the lower the glass viscosity and the more the glass will deform with time
under its own weight, thus degrading the optical quality. Overall, for a given support method,

-8-
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the required glass quality and acceptable frequency of quench breakage determines the
allowable exit temperature and thus the final compressive stress level that can be produced.
[0034] For any given thickness of glass initially heated to a temperature above the
glass transition temperature range with a uniform cooling rate applied to its surfaces (typical
of a conventional single stage quench), the maximum final compressive stress level
produced in the glass surfaces reaches a plateau with increasing initial glass temperature. ’
As the cooling rate is increased, the plateau for glass compression stress level is reached at
ever increasing initial glass temperature levels. In order to produce high glass surface
compression stress levels from tempering, high quenching rates (i.e. high heat transfer
rates) and furnace exit temperatures are required. The present invention overcomes the
breakage and optical problems produced by conventional thermal tempering methods that
utilize relatively high exit temperatures, which are necessary for producing highly tempered
glass. With the present invention, a lower exit temperature can be used to achieve the same
level of compression stress. In one non-limiting embodiment, the present invention utilizes a
multi-stage quench system based on heat transfer level. An initial higher cooling rate étage
that produces a glass tension level just below the fracture limit for a given glass thickness
and quench entrance temperature level is followed by an even higher cooling rate stage that
imparts a large thermal gradient through the thickness of the glass, producing a high surface
compressive stress level without significant glass breakage or optical problems. These high
surface compression stress levels are not achievable with a single stage heat transfer level
quench system of the known art. due to glass breakage and optical quality problems.
[0035] In the above—déscribed. embodiment, a plurality of quench stations were used
in the practice of the invention. However, it is to be understood that the invention could also
be practiced using a single quench station having a plurality of regions of differing heat
transfer rates. This could be practiced in any conventional manner, such as but not limited
to having a quench station with one or more cooling elements, e.g. nozzles, above and/or
below a conveyor with the nozzles positioned at a decreasing distance from the conveyor in
a direction of glass travel. That is, the nozzles at the entrance end of the quench station are
farthér from the conveyor than the nozzles at the exit end of the conveyor. In one non-
limiting embodiment of the invention, the nozzles can be positioned along a predetermined
slope to provide a substantially: continuous heat removal rate gradient through the quench
station. In another non-limiting embodiment, the nozzles could be positioned in groups to
provide several cooling regions yielding a more step-wise heat removal rate gradient. In
_another non-limiting embodiment the nozzles could be at the same distance from the
conveyor along the quench station but the flow rate, fluid temperature, fluid type, etc., of the
nozzles can differ along the length of the quench station such that the nozzles nearer the
exit ehd of the quench station provide. a higher heat transfer rate than the nozzles near the
-9.
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entrance end. [n another non-limiting embodiment, the upper and/or lower nozzles can be
movable such that they are initially positioned at a first distance from the glass in the quench
station and then are moved inwardly, i.e. toward the upper and/or lower surface of the glass,
to vary, e.g., increase, the heat transfer rate. If desired, the nozzles couid be moved
outwardly to decrease the heat transfer rate.

[0036] Practice of the invention as described herein will produce the maximum
temper level possible for any given glass composition and thickness for any initial glass
quench entrance temperature level utilized by a tempering process. The final glass temper
level produced by this invention will be significantly higher than that produced by a
conventional single stage tempering process operating at a nominal glass quench heat

removal rate and entrance temperature level.

Example 1
[0037] Table 1 shows the cooling and tempering parameters calculated using the

ANSYS finite element analysis program commercially available from ANSYS,Inc., of
Canonsburg, Pennsylvania for a conventional process compared to those for processes
incorporating features of the invention. ’

-10-
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[0038] In Table 1, the “Initial Maximum Surface Tension” column notes the time after
quenching begins (time “0”, i.e. the time after the initial heat transfer rate is applied to the
heated glass sheet) that the glass reaches a predetermined maximum surface tension. In
the illustrated processes, the maximum surface tension was kept at or below about 4,800 psi
to minimize glass breakage. For example, Sample No. 3 reached a surface tension of 4,824
psi at 0.5 seconds after quenching began utilizing an initial heat transfer coefficient of 49.
The “Glass Temperature When Initial Maximum Surface Tension Occurs” notes the center
and surface temperatures of the glass sheet at the 0.5 second time. The “Second Heat
Transfer Coefficient” column notes the cumulative time (i.e. from time 0) when the second
heat transfer coefficient was initiated. In Sample No. 3, a second heat transfer coefficient of
169 was started at 1.75 seconds from time 0. The column “Surface Stress at 2™ Heat
Transfer Coefficient” notes the surface stress of the glass at the time the second heat
transfer coefficient was begun. The column “Second Maximum Surface Tension” notes the
cumulative time (i.e. from time 0) that the glass reached the maximum surface tension during
application of the second heat transfer coefficient. For example, Sample No. 3 reached a
surface tension of 4,719 at a cumulative time of 2 seconds (i.e. 2 seconds from time 0). The
column “Center/Surface Temperature at 2™ Heat Transfer Coefficient” notes the center and
surface temperatures of the glass sheet when the second heat transfer coefficient was
initiated. The columns utilized for the illustrated three stage quenching process conform to
the analysis discussed immediately above. |

[0039] As can be seen in Table 1, the first and second samples were tempered using
a conventional tempering process in which a uniform heat transfer-coefficient, either 33 or 49
Btu/hr/ft’/°F, were utilized for the entire quench cycle. However, by increasing the heat
transfer coefficient from 33 to 49 and increasing the initial temperature from 1182°F to
1266°F (the increase in temperature allows for a higher heat transfer coefficient without
glass breakage), the glass residual surface compression increased from -25,518 to -36,622
psi and the residual center tension increased from 9,672 to 12,348 psi. This represents a
change in surface compression of about 44% ((36,622 - 25,518)/25,518).

[0040] However, practicing the process of the present invention can dramatically
increase both the residual surface compression and the residual center tension produced in
the glass. As shown in Table 1, the third example illustrates a two-stage tempering process
of the present invention. In this sample, the glass at an initial temperature of 1266°F was
quenched using an initial heat fransfer coefficient of 49 Btu/hr/ft%/°F in a first cooling station
for 1.75 seconds and then transferred into a second cooling station having a second heat
transfer coefficient of 159 Btu/hr/ft2. While both the second and third samples were of the
same thickness (0.75 inch) and initial temperature (1266°F), the tempering process of the
present invention results in a residual surface compression of -60,547 psi and a residual
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center tension of 19,859 psi in the glass. This result represents an increase in glass surface
compression of 65% over that produced from the conventional tempering process of Sample
2, while not increasing the glass surface tension level above that produced by the
conventional tempering process, thereby retaining the same propensity for breakage as the
conventional tempering process.

[0041] Sample 4 is a comparative sample illustrating that the residual surface
compression and residual center tension can be further increased by adjusting to a third
even higher heat transfer coefficient at a later time in a third quench station. This result
represents an increase in glass surface compression of 93% ({[70863-36622)/36622} x
100%) over that provided by the conventional tempering process.

Example 2
[0042] Table 2 below illustrates the residual surface compression levels that can be

produced for various. glass sheet thicknesses with varying glass quench entrance
temperatures and heat transfer coefficients, while not exceeding a glass surface tension
level of 4,800.psi. These results were calculated utilizing the conventional ANSYS finite

- element program.
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[0043] In Table 2, the surface compression (SC) under the Initial Heat Transfer
Coefficient represents what the final éurface compression would be if the initial heat transfer
coefficient were used for the entire quench (i.e., what a conventional quench would yield).
The surface compression value under the Second Heat Transfer Coefficient represents the
surface compression resulting from the multistage quench of the invention. It appears from
Table 2 that as glass thickness increases and initial glass temperature increases, the effect
of the second cooling stage with a higher heat transfer coefficient is greater. In Table 2,
“% Increase” represents the percent increase in the surface compression due to (a) the
effects of increasing the initial temperature of the glass or (b) the combined effects of
increasing the initial temperature of the glass and the second cooling step at an increased
heat transfer rate (as reflected by a higher heat transfer coefficient), when compared to the
initial surface compression at the first initial glass temperature. For example, referring to the
0.07 inch sample in Table 2, the initial glass temperature was 1182°F and the glass had a
surface compression of -8753 psi. When the glass processing included a second cooling
-step at a higher heat transfer rate, the surface compression increased to -9229 psi, i.e. a
% Increase of 5.4% ({[9229-8753]/8753} x 100%). Furthermore, when the initial glass
temperature was increased to 1238°F, the glass had a surface compression of -14533 psi.
This represents a surface compression increase of 66% ({{14533-8753)/8753} x 100%) over
the surface compression of the glass at the first initial temperature and using a single stage
quench. Furthermore, when a second cooling step at a higher heat transfer rate is used, the
surface compression increased to -18237 psi, i.e. a surface compression increase of 108.4%
({[18237-8753)/8753} x 100%). Table 2 further includes the percent increase in surface
compression due to the second cooling step (indicated by “Mod % incr.”). More specifically
and referring to the example discussed above, the % Increase due to increased temperature
and second cooling step was 108.4% while the % Increase due only to an higher initial
temperature was 66%. As a result, the Mod % Incr. in the surface compression due to the
second cooling step was 42.3% (108.4%-66%).

Example 3
[0044] Table 3 illustrates the residual surface compression level that can be

produced for various glass sheet thicknesses with glass quench entrance temperatures of
1266°F and 1294°F using a three stage quench of the present invention while not exceeding
a glass surface tension of 4800 psi. These results were also calculated using the ANSYS
finite element program.

[0045] ~ It will be readily appreciated by those skilled in the art that modifications may
be made to the invention without departing from the concepts disclosed in the foregoing
description.  Accordingly, the particular embodiments described in detail herein are
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illustrative only and are not limiting to the scope of the invention, which is to be given the full
breadth of the appended claims and any and all equivalents thereof.
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What is claimed is:

1. A method of tempering a glass sheet heated to a tempering
temperature, comprising:

(a) cooling the glass sheet at a first heat transfer rate for a first period of
time; ‘

(b) cooling the glass sheet at a second heat transfer rate after step (a),

with the second heat transfer rate being greater than the first heat transfer rate.

2. The method of claim 1, including performing steps (a)‘and (b) in a
single quench station.

3. The method of claim 1, comprising:

cooling the glass sheet at the first heat transfer rate at a first quench station;
and

cooling the glass sheet at the second heat transfer rate at a second quench

station downstream of the first quench station.

4. The method of claim 1, further comprising:
cooling the glass sheet at successive quench stations until the glass center
temperature is below the glass transition range or until the contribution of the successive

stations to the final surface compression is substantially zero.

5. The method of claim 3, comprising:

utilizing a first heat transfer coefficient at the first quench station; and

utilizing a second heat transfer coefficient at the second quench station,

wherein the second heat transfer coefficient is greater than the first heat
transfer coefficient.

6. The method of claim 3, including:

initially setting the first and second heat transfer rates at substantially the
same value; ‘

passing heated glass sheets through the first and second quench stations
while increasing the first and second heat transfer rates until glass breakage occurs;

decreasing the first and second heat transfer rates until no breakage occurs;
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maintaining the first heat transfer rate in the first quench station while
increasing the heat transfer rate in the second quench station until glass breakage occurs;
and

decreasing the heat transfer rate in the second quench station until no glass

breakage occurs and defining this as the second heat transfer rate.

7. The method of claim 1, including maintaining a glass sheet surface
tension of less than 8000 psi during the tempering process.

8. The method of claim 1, including maintaining a glass sheet surface
tension of less than 4800 psi during the tempering process.

9. The method of claim 1, wherein the first and second heat removal
rates are adjusted by adjusting at least one of the temperature of a cooling fluid, a nozzle to

glass distance, fluid flow rate, fluid pressure, and type of cooling fluid.

10. A method of tempering a glass sheet heated to a tempering
temperature, comprising:

(@) cooling the glass sheet in a first quench station utilizing a first heat
transfer coefficient for a first period of time;

(b) cooling the glass sheet in a second quench station downstream of the
" first quench station utilizing a second heat transfer coefficient, with the second heat transfer

coefficient being greater than the first heat transfer coefficient.
11. The method of claim 10, wherein the first and second heat transfer
coefficients are adjusted by adjusting at least one of the temperature of a cooling fluid, a

nozzle to glass distance, fluid flow rate, fluid pressure, and type of cooling fluid.

12.  The method of claim 10, including maintaining a glass sheet surface
tension of less than 8000 psi during the tempering process.

13. A glass sheet made by the method of claim 1.
14. A glass sheet made by the method of claim 10.
15, A method of tempering a 'glass sheet heated to a tempering

temperature, comprising:
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providing a quench station having at least one movable nozzle;
transporting a heated glass sheet into the quench station; and
moving the at least one nozzle from a first distance from the glass sheet to a

second distance to vary a heat transfer rate applied to the glass sheet.

16. The method of claim 15, wherein the first distance is greater than the -
second distance.

17. A method of tempering a glass sheet heated to a tempering
temperature, comprising:

providing a quench station having at least one upper nozzle and at least one
lower nozzle;

transporting a heated glass sheet into the quench station; and

moving the upper and/or lower nozzle from a first distance from the glass

sheet to a second distance to vary a heat transfer rate applied to the glass sheet.

18.  The method of claim 17, wherein the first distance is greater than the -
second distance. ' t
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