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SUMMARY

A typical soft glass (Kimble Type R-6) containing
63.0 welght per cent S10p, 15.5 welght per cent Na,0, 11.5
welght per cent MgO, BaO, Ca0O, and 5.0 welght per cent minor
oxides was chosen as the base glass. Several techniqgues
were used to exchange K'1 and/or Li*l ions for Na*tl ions
near the surface of glass rods. Depending on the tempera-
ture used, relative to the strain point of the glass, both

+l for Natl and x¥t1 for Natl can result in the formation

Li
of a compresslve layer on the surface of the glass., Since
glass always breaks in tension, this layer of compressive
forces will substantially increase the net effective strength
of the glass.

L Natl ion exchange, a variety of 1lithium

For Li+
salts were used, and the effects of time, temperature, and
surface condition were studied, using both molten salt baths
and spraying techniques. In all cases where measurable

Li+1

- Na+1 ion exchange took place, severe surface cracklng
and decomposition resulted. Thus no net strength increases
were possible.

The hbest results were obtained using ktl - Natl ion
exchange. The optimum temperature for treatment was deter-

mined to be about 75OOF. Leaching glass rods 1n molten KN03

salt baths at this temperature resulted 1n strength 1ncreases



of as much as 167 per cent for four hours of heat treatment.
Spraying saturated aqueous solutions of KNO3 on the surface
of rods followed by heat treatment above the melting point
of the salt at TBOOF., gave strength lncreases up to 100
per cent over the "as recelved" rods.

Techniques gilving signiflcant strength increases were
considered for possible incorporation intoc existing produc-

tion line facilities.



CHAPTER I

INTRODUCTION

Glass, defined as an inorganic material that has
been produced by fuslon and subsequent coollng, the fused
mass becoming rigid without crystallization, is one of the
most 1lmportant products of the ceramic industry today. Its
use as a bullding material, as a contalner product, and as
an ornamental material 1is 1increasing year by year. The need
for improved methods of strengthening glass becomes more
and more critical as the requilrements and speciflcations
set by 1Industry, sclence, and everyday life become more
demanding.

The purpose of thls study 1s to explore the chemlcal
strengthening achieved by alkali 1on diffuslon between the

Sodium+1

ions found 1in a typlcal soda-1lime glass and other
specles of monovalent alkali lons brought into contact with
the surface of such glass durlng heat treatment. The effects
of tempertture, time, and species and concenftration of
foreign alkall ions were investigated. The more promlsing
techniques of strengthening soda-lime glass found were

investigated as to possible 1ncorporation 1n existing

production line facilities.



CHAPTER IT

REVIEW OF THE LITERATURE

Introduction

Glass has a combination of deslrable properties which
constltute a unique asset for many modern-day needs when
compared to other available materials (1). These include:

1) Transparency

Hardness

2)
3) Good durability
4) Low cost

5) Relative light weight
6) Ease of forming

7) Nondeformability.

One drawback in using glass for many appllications, however,
is 1ts lack of strength.

The low strength of glass 1s caused by the inabillity
to be plastically deformed at low temperatures. Since there
is no plastic flow at ambient temperatures, there can be no
ductile elongation to dissipate stresses or graln boundaries
to stop crack propagation (2). A minute surface flaw,
under relatively low stresses, can 1lnltlate cracks which

propagate to failure. In metals and other crystalline solilds,

plastic flow takes place due to lmperfections 1n the crystal



lattice causing slip and twinnlng. Since glass 1is a non-
crystalline solid, no such long range lattlce defects occur.
Once the elastic 1imit has been exceeded, glass will break
with no measurable sign of plastic flow. Stress-strain
curves shown in Figure 1 are typlcal of a crystalline solild,
such as metal, and a non-crystalline solid such as glass
(3).

From studies (1) of inter-atomic forces, backed up
by strengths obtalned on fibers drawn under almost ideal
laboratory conditlons, an 1lntrinsic strength of about two
million pounds per square inch 1s possible for glass;
however, surface flaws markedly reduce this strength, often
to less than one per cent of this wvalue,.

Surface flaws 1n glass are caused In several ways:

1) A critical gradient in temperature when a
glass 1s cooled in the soft state during
molding, annealing, and/or tempering.

2) Surfaces in contact with dies, molds, and
extruders during fabricatlon.

3) Abrasion.

4) The effects of moist air, water, gases,
and chemicals in contact with the surfaces
of the glass.

Several techniques for Increasing the strength of
glass will be covered in the following discussion. The most

promising appears to be ion exchange, whereby monovalent,
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alkall lons present in the glass are replaced by other
monovalent, alkalli lons having a different atomic size.
Under certain conditlons this will result in the formatilon
of compresslve forces on the surface of the glass. Several
methods of obtaining ion exchange wlll be discussed along

with the theory and structural analysis of exchange mechan-

isms.
Techniques and Properties of Ion Exchange
The several methods of strengthening glass depend on
one of two mechanisms (1), First, surface flaws may be

removed from the glass. Thils 1In itself 1s useless unless
the surface is then protected from further abrasion and/or
contact with the atmosphere.

In the second method, compressive forces are induced
in the surface of the glass. When ordinary glass cools,
the surface cools first since it 1s in direct contact wlth
the surrounding air at lower temperature._ As it rapidly
cools, 1t solidifies and forms a shell around the uncooled
glass Inside. It also contracts and plastically deforms the
hot interior. Later, as the inside glass cools, i1t shrinks,
thus putting compressive forces on the surface. This con-
dition results, to some extent, when glass of any composi-
tion cools. In ordinary applications, glass never breaks
in compression, but always in tension. Therefore, in order

to cause fallure in glass having a surface layer in



compression, enough force must be applied to not only exceed
the elastlc 1limit of the bulk glass, but also to overcome
the compressive forces on the surface. If the thickness of
the compressive surface layer or the magnitude of the com-
pressive forces in the layer can be increased, the glass can
be greatly strengthened. As long as this layer of compres-
slve forces is not penetrated by scratching, abrasion, or
reaction with the environment, the glass remains strong.
Several techniques are avallable to achieve a layer
of compressive forces on the surface. They differ 1in feasi-
bility of application and in maximum strength increase pos-
sible. (Articles having sharp re-entrant angles cannot be
physically tempered slnce these sharp angles will serve as
weak spots, but they can be chemically tempered. Also,
physical tempering produces strength increases limited to
about 25,000 pounds per square Inch, while chemlcal strength-
ening can yleld increases of well over 100,000 pounds per
square inch [4].) These strengthening techniques range
from thermal temperilng, based solely on heat treatment and
cooling rate for the bulk glass, to chemlcal treatment 1in
which the compeosition of the surface layer 1s altered. This
may be done by coating the bulk glass with a second glass
composition having a lower coefficient of thermal expansion.
On cooling, even under almost equilibrium conditions, the
bulk glass will contract more than the surface layer,

therefore putting the surface in compression. Of course



the thickness of the secondary glass coatling and the compos-
itional differences between the bulk and surface glass can
be used to control both the thickness and magnitude of the
compressive layer.

Another way of obtalnlng strength increases for two-
phase glasses such as the boroslllcates, 1nvolves the
selective etching away of one phase to the desired depth.
Additional heat treatment to collapse the etched portion
and fi1ll the volds leaves the bulk glass unchanged but
leaves the surface defliclent with respect to one of the two
phases. In the case of two-phase borosllicate glasses,
etching removes the boron-rich phase from the surface.

After heat treatment, the boron-rich bulk glass has a higher
coefficlent of thermal expansion than the silica-rich surface
layer. On coollng, compressive forces wlll bulld up at the
surface due to the difference 1In thermal expansion of the
different compositions of glass.

A third method results from changing the composition
of the glass surface by exchanglng catlions contalned in the
bulk glass with other lons having a different lonlc size or
surface to charge ratio. Thls 1s one of the newer and more
promising ways of strengthening glass.

In "ion stuffing" or lon exchange, foreign ilons,
havirg a different lonic radlus from the lons present in the
base glass, are diffused into the surface of the glass. If

the foreign ions have a larger lonlc radius than the alkalil



lons present in the base glass and 1f the diffuslon process
takes place at a temperature below the strain ponnt of the
glass, as they diffuse into the glass surface, they replace
smaller lons and are crowded into the existing silicate
framework. This crowding of the lonlc slites in the glass,
as shown in Figure 2, puts compressive forces in the area

of exchange. In order to be an effectlve way of strengthen-
ing glass, "ion stuffing" must proceed to a sufficient

depth so that abrasion or minute surface cracks wlll not
penetrate the compressive layer.

The straln polnt of glass 1s defined as the tempera-
ture at which the viscosity of the glass is 1014-5 poises.
Below this temperature, readjustment of the silicon-oxygen
structure 1s very sluggish. Above the strain point for a
particular glass composition, the speed at which readjustment
proceeds, and therefore at which the glass reaches struc-
tural equilibrium, becomes significant.

If the forelgn ions have a smaller 1lonic radlus than
the lons present in the base glass and the diffusion is
carried out above the strain point of the glass, the sllicate
structure is allowed to readjust and ac commodate the smaller
ions without allowing stresses to be set up in the layer of
exchange., In effect this simply changes the composition of
the surface layer. In the case of monovalent alkali ion
exchange, the replacement of one alkall specles by another

alkall species having a smaller ilonic radius will, in general,
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produce a glass having a lower coefficient of thermal
expansion. On cooling the glass from above the strain point
the interior, large lon rich glass, will contract more than
the smaller ion rich surface, again creating a layer of
compressive forces on the surface.

In the case where Li+1 is exchanged for Natl in the
base glass by lmmersion 1n molten lithium salts above the
straln polnt of the glass, further heat treatment can also
be employed to crystallize very low thermal expansion,
transparent eycryptite crystals on the surface, placing 1t
under very high compressive stress (2).

Crystallization of glasses by controlled heat treat-
ment to form a fine graln structure can also increase
strength (2). A nucleating agent is employed to create many
small nuclei leading to numerous, filne-grained crystals.
These composites may be transparent, and yet crystalline
enough to stop crack propagation at graln boundaries. The
crystallized glasses, also known as glass-ceramics, can be
further strengthened by chemical 1on exchange treatments,
and these have been shown to possess strengths above 200,000
pounds per gsquare inch even after abrasion and with less
variability than with ordinary glass. These glass-ceramlcs
can be made transparent, translucent, or opaque in selected
spectral regions, by proper choice of crystal size and com-

position.



dl:

Besides greatly 1lncreaslng the strength of glass
articles, lon exchange also gives another benefit. It has
been reported (5) that the chemical durability of glass,
having undergone ilon exchange, is in many cases, better than
that of the base glass. It has been suggested that the
leachablility of ilon-exchanged alkall oxide-alumina-silica
glasses decreases due to compressive stresses at the sur-

face,

Structural Analysis of the Ton Exchange Mechanism

According to Kistler (6), sllicate glasses consist
of an irregular network of silicon and oxygen atoms with
very strong and highly directed bonds. Within the structure
of this network may also occur certain other atoms such as
aluminum which contrast with the silicon atoms in being
trivalent and probably possessing bonds whlch are less
strongly directed. Embedded in and surrounded by thils very
strong and elastic network are monovalent and divalent ions
which represent polnts of mechanlcal weakness in the struc-
ture and the possibllity of internal movement, either by
migration under the influence of an electrical potential or
by diffusion.

At any temperature below the annealling temperature,
it is unlikely that a diffusion of atoms in the network
structure of silicon, oxygen, and aluminum will take place

raplidly enough to produce an equilibrium structure in an
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observable time, unless the glass devitrifies. Divalent
metallic ions are not known to diffuse at such temperatures,
therefore, diffuslion in glass 1s restricted to monovalent
metallic ions (6).

Even though diffusion of silicon, oxygen and alumi-
num ions 1s greatly restricted below the anneiling point,
for temperatures above the strain polnt and approaching the
annealing polnt, internal stresses wilthin the glass are
fairly rapidly relieved. Thils 1s accomplished as the angles
between adjoining silicon-oxygen tetrahedral units sharing
a common oxygen atom change without disrupting the individu-
al silicon-oxygen bonds.

Whenn a glass cools from its melt, each alkali ion
finds 1tself encased In a silicate network that conforms to
its ionic diameter (6). Any diffusion of these ions must
be over strong potential barriers, placed on 1t by the sur-
rounding network ions and electroneutrality requlres that,
except for a very few lons per unit volume, each cavity
vacated by an ion must shortly be filled by another ion of
the same electric charge. Below the strain polnt, 1f the
only ions present near the vacated site are of a different
species, the network will have to stretch 1f the ion 1s
larger, or be put under tension 1f the ion is smaller,

Above the strain point, the network will readjust to an

equilibrium state as diffusion takes place.
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Since one ion cannot move 1into a new position until
the ion ahead of 1t has moved out, the mobllity of an ion
must be strongly dependent on the other lons 1in the glass
(6). Therefore, both the composition of the glass and the
foreign alkalil ions Introduced 1nto the structure of this
glass, effect the rate of diffusion. If a specimen of
glass 1s placed 1n a mixture of monovalent metallic ions,
the diffusion of one of these lon species must depend on the
others present. One lon species will always diffuse prefer-
entially.

At high lon concentratlons, the paths of diffusion
into the glass may become saturated at or near the surface
of the glass. When saturatlon cccurs, any lncrease in the
number of avallable foreign lons will have 1little or no
effect on the rate of diffusion (6).

Since the rate of diffuslon is dependent, up to a
certalin point, on the concentration of the foreign alkalil
ions available, it 1s desirable that an excess of these lons
be present at all times. Because of thls, molten salt baths
are often used. Since monovalent lons are always desired
and the salts must melt below the strain point of the glass,
nitrate salts are usually employed. These salts are melted
and the temperature is stabilized to maintalin the molten
state. Melting points for the alkall nitrates range from

507°F. for 1lithium nitrate to 633°F. for potassium nitrate

(7).
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The rate of diffusion 1s also effected by tempera-
ture; however, there are restrictlons on the temperatures
which can be used (8). Since the success of ioniec diffusion
strength increases depends on the 1lncrease of compressive
forces in the surface layer of the glass, the temperatures
used must be below the annealing temperatures of the par-
ticular base glass where large lons are to be exchanged for
smaller lons. If the temperature reaches the annealing
range, the forces set up will be almost immediately relieved
by a reordering of the network structure. This places a
restriction on the melting point of the salt bath. In the
case of small lons belng exchanged for larger ions 1n the
base glass, the melting point of the salt does not pose
such a problem.

When nitrate salt baths are used, the upper limit of
temperatures is also set by the thermal stablllity of the
salt (8). The thermal decomposition of alkali nitrates
above a certain temperature causes chemical attack to the
glass surface.

Since the rate of diffusion approxlmately follows
Fick's Diffusion Law (6), (doubling the depth of diffusion
requires a four fold increase in time), the thickness 1is
greatly dictated by time. However, since the layer must be
thick enough to protect the glass from abrasion, some type
of compromise must be made. It is generally accepted (6),

that a thickness of fifty microns is a minimum.



15

Strengthening by lon exchange can be carried out on
ordinary soda-lime glass, using potassium salts. In this
process, potassium ions (lonic radius 1.33 &) replace sodium
ions (ionic radius 0.98 &) in the base glass. It has been
generally concluded (6) that the time for diffusion 1s too
long to be practical for typical industrial applications.
Time can be decreased by Increasling temperature, but a
point of diminishing returns results. As at higher temper-
atures, the silicate structure readjusts faster to relieve
stresses.

Fortunately, 1lon diffusion 1n other glasses is much
higher than in the socda-lime sysfems. The introductlon of
alumina greatly speeds up the diffusion process (6). No
entirely satisfactory explanation for this has been offered,
but Burggraaf and Cornelissen (9) have pointed out that it
may have something to do with the well-known effect of alu-
mina in decreasing the number of non-bridging oxygen ions
in the network.

Exchanging (6) sodium (ionic radius 0.98 R}) for
lithium (ionic radius 0.68 i) ions is much more effective
than exchanging potassium (ionic radius 1.33 ﬁ) for sodium
(ionic radius 0.98 ﬂ). This is due to the small lonic sizes
involved in the sodium for 1lithium exchange.

The potassium ion occuples a volume so much larger
(about 2.5 times as large) than the sodium ion that if a

portion of the sodium lons iIn a soda-lime glass are replaced
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by potassium, a noticeable expansion should occur. Similar-
ly, i1f 1lithium replaces sodium (lithium has one-third the
volume of sodium), a significant contraction should take
place. It is anticipated, then, that exposing a soda-lime
glass to a melt of either potassium or lithium salt at a
temperature where diffusion can take place should produce
very large stresses between the surface of the glass and
the interior. Compressive strength of glass 1s much greater
than tensile strength and 1t can be anticipated that expos-
ure of a soda-1lime glass to a potassium salt bath does not
destroy a glass as rapldly as exposure to lithium 1lons.
Dipping glass into a lithium nitrate melt for only a few
minutes produces a dense white matte surface which micro-
scoplc examination shows to be covered by innumerable
cracks (10).

Because of cracks on the initial glass surface,

+1 for

micro- and macrodiscontinulities, the exchange of L1
Na+l in the glass surface does not proceed homogeneously
over the contact phase between glass and melt. Channels
and depressions may form in the glass, and in thils manner
the process of diffusion is enhanced. The formation of
depressions causes an 1Increase In the surface area of the
glass. On cooling, the glass develops a rough surface with
cuts and cohesion cracks (11).

It has been found (1) that the Li*l for Na'l ion

exchange takes place so rapidly that there 1s no problem



1T

in obtalning suffliclent compression layer depths in a
reasonable amount of time. For example (4), at 400°C., the
rate of Natl - 11t! exchange 1s about ten times greater than
that of Kt1 - Na+1 exchange. Therefore, 1n order to obtain
adequate depth of exchange, an article made of soda-alumilna-
silica glass must be treated in the molten potassium nitrate
at temperatures 100-15000. higher than the corresponding
lithla-alumina-sllica glass which 1s treated 1n molten
sodlum nitrate.

The rapld diffusion of Na'l for ILi*tl and the resulting
strength 1ncrease, although easily achieved in the labora-
fory is limited by economic factors for commercial applica-
tion, except for specialty products, due to the high cost of

lithiuvm raw materials relative to sodium batch components.
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CHAPTER III

PROCEDURE

Introduction

A typical commercilally available container type
glass (Kimble Type R-6") having the composition listed in
Table 1, was chosen as a base glass for all experimental
work. Samples of this glass were treated by several differ-
ent lonic exchange methods using both lithium and potassium
salts, The following sections will include a description
of pre-exchange sample preparation, techniques involving
both leaching in molten salt baths and the spraying of
aqueous solutions on the surface of glass samples, strength
determinations, diffusion studies, and the influence of

surface condition on strength.

Pre-Exchange Sample Preparation

As shown in Table 1, type R-6 glass contains approxi-
mately 16 weight per cent of exchangeable, monovalent, al-
kali ions. Some thermal properties of this glass are listed

in Table 2.

*A superior soda-lime glass for laboratory ware, containers
and tubing where chemical durability requirements are not
strict. Complies with Federal Specification DD-G-541 for
Type II glass.
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Table 1. Composition of Kimble Flint Glass (Type R-6)

Constituent % of Composition
5105 68.0%
B0, 1.5%
A1,0q 3.0%
BaO 2,0%
Ca0 5.5%
Mg O L.0%
Na,0 15.5%
K0 0.5%

Table 2. Physical Properties of Kimble Flint Glass (Type

R-6)
Property Temperature (°F.)
Strain Point 900°
Annealing Point g70”

Softening Point 1290°
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In order to insure maximum possible uniformity, a
large quantity of this glass 1n four foot canes, approxi-
mately five millimeters in diameter from g gingle lot
was used throughout the experiment. The canes were cut
into six inch test specimens and using an oxy-acetylene
torch a bead was formed at one end of each rod by which
they could be suspended inside a furnace during treatment.
Both plain rods and rods with a bead were tested to see if
the nonuniform heating used to form the bead had any affect
on the strength. It was determined that 1ntense heating of
one end of each rod, although causing severe stresses to be
set up in the immediate area, had no measurable effect on
modulus of rupture values determined from three point
loading applied near the center of the rod.

The condition of the surface has a signifiicant effect
on the measured strengths of rods broken in this manner.
For any strengthening process to be of practical importance
(1), 1t 1s necessary that the resulting strength be retained
during service of the article. For this reason, test rods
are usually subjected to scratch or tumble abrasion to sim-
ulate actual "in use" conditions prior to determining the
strength. Strength values thus obtalned are usually lower
than those for unabraded samples but with less spread
between the individual values than for unabraded samples.
What is more important is that these strength values more

nearly reflect the glass strength during later use where



21

abrasion 1s almost certain to occur. The majority of rods
tested in thils investigation were not subjected to such
standard abrasion, but no speclal precautions were made in
handling the rods either before or after treatment. It can
therefore be assumed that the rods were subjected to normal
abrasion through contact with adjacent rods and apparatus,
and through contact with the atmosphere, water, and handling,

Ne effort was made to improve the glass surface prior
to treatment for the majorlty of rods. It is assumed that
if any of the techniques discussed in this paper were incor-
porated into production line facilities, treatment would be
given to rods soon after fabrication and which had virgin
surfaces. This might change the magnitude of strength
increases reported here, but 1t should not seriously alter
ay trends noted.

A sample group of 25 "as received" rods was broken
using three point loading on an Instron Unilversal Test
Machine and the modulus of rupture was determined for each
rod. This group served as a standard for comparlson wlth

later groups of treated rods.

Molten Salt Baths

Followling examples found in the llterature, a variety
of treatments were tried in which sample groups of rods were
leached in molten salt baths. Rods were suspended by thelr

head from a 304 stainless steel place which had holes drilled
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In it and submerged in a one liter stalnless steel beaker
contalining the molten salt bath. The rods were leached at
severaltemperatures for varyling lengths of time in a variety
of potassium and 1llthlum salts. In some cases, surface
attach was so rapid and severe that tests were discontinued
after a short period of time. In other cases, strength
increases were noted and tests were continued up to as long
as 15 hours. The salt bath compositions and experimental
conditions for these experiments are summarlzed in Table 3.
A detailled discussion of the particular temperatures, times
of leaching, and the particular salts used will be found in
the results section. Some properties (7) of the various
salts used are given in Table 4.

An electric globar furnace was used throughout the
experiment. A chromel-alumel thermocouple was connected to
a Leeds and Northrup strip-chart recorder for continuous
temperature monitoring. The thermocouple was sealed inside
a borosilicate glass tube to protect 1t from the salt vapors.
The recorder was checked periodically with a potentiometer
to insure accurate temperature measurement., The furnace
reached equilibrium quickly and the temperature remained
essentially constant + IOOF. over 1ndeflinite periods of
time.

During all experiments, the beaker was first filled
with salt crystals and heated untlil melting took place.

Additional salt was then added to f11l1 the beaker to within
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one inch of the top. In all cases, the molten salt was
allowed to reach equllibrium before immersion of the glass
rods.

After leaching, the glass rods were removed from the
furnace and allowed to air cool. Warm tap water was used
to remove salts adhering to the rods. The rods were then
rinsed in distilled water and allowed to dry before

testing.

Spraying Techniques

During later stages of the research, saturated
agueous solutions of several salts were sprayed on the
surface of rods preheated to approximately 300°F. in a
small electric furnace. Agaln the rods were suspended from
a stainless steel plate and rotated as a fine mist of the
salt solution impinged on the surface. On hitting the hot
surface of the rods, the water instantly evaporated, leaving
a continuous coating of the salt adhering to the rods.

The coated rods were heat treated at temperatures
above the melting polints of the varlous salt coatings.
Table 5 summarizes the temperatures, heat treating tlmes,
and various salts used in these experiments.

After heat treatment, the rods were removed from the
furnace and cleaned using the procedure outlined in the

molten salt bath section.
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Determination of Strength

A1l rods were broken on an Instron Universal Testing
Machilne using a three point loading jig at a crosshead
speed of 0.5 cm. per minute and the modulus of rupture

calculated using the followlng equation:

8PL
M.R, = 1
#D3 ( )
where:
.R. = Mecdulus of Rupture in pounds per square inch.

Breaking load 1n pounds.

Length of span in inches.

U & 9=

Diameter of the rod at the point of fracture.
Rod diameters were measured with standard micrometers
measuring to + 0.0001 inches. An attempt was made to
measure all rods exactly at the point of fracture; however,
on fracture, some rods broke in many small pleces and the
exact point of breakage was difficult to determine. Several
of the "as received" rods were measured at several points
and the diameter did not vary more than 0.0005 inches on
any one rod. Therefore, for rods not measurable exactly at
the break, the error introduced was probably small.
Although all rods were broken 1in the same manner
throughout the experiment, the technique.used did not meet
the ASTM requirements relating to span length and loading

rate. Since relative strength increases or decreases were
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all that was desired, thls does not pose any serlous pro-
blem. The reader should keep 1n mind, however, that the
values tabulated in the data should be related to the "as
received" standards and not to absolute values for the
fgrength of thls type glass which might be avallable 1n the

llterature.

Diffusion Studiles

Flame photometry was used to trace the extent of 1ion
exchange for those technlques which produced substantial
increases in the modulus of rupture. In thls experiment,
treated rods were etched in a 12% hydrofluoric acid solution,
The depth of the sample removed was determined for each rod
by measuring the diameter before etching and noting the
welght of the materlal removed. By removing successive
layers of rod and examining for Natl and 1itl of K+l, it

was possible to determine the depth to which exchange was

achieved.

Industrial Applications

Throughout the experimental work the primary objective
was to develop a technique which could be adapted easlly
and inexpensively into existing production line facilities.
As stated in the literature, 1t was soop verified that the
expense and time involved in strengthening soda-lime glass
by replacing the Natl in the surface layer with K'! would

be prohibitive for the majority of high volume production
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involving this type of glass. Considerable effort was

therefore spent 1n 1nvestigating possible technlques for

it lon exchange above the strain point of the glass.
After investing considerable time in experimental

techniques for Li+1

ion exchange, and gaining only extremely
limited success, attention was agaln focused on K1 ion
exchange. The technique of spraying rods with agueous
solutions of potassium salts was a result of this. Although
all rods examined earlier in the experiment were sprayed
after preheating to 300°F., an investigation was made to
determine the maximum allowable preheat temperature to see
if this technique could be applied to objects cooled 1n a
lehr.

A limited effort was also made to look at strength
increases possible using this technigue on a glass having a
virgin surface. Glass rods were treated for three minutes
in a solution of 42 per cent by volume of HF, 50 per cent
by volume HpSOy, and 8 per cent by volume H50. After
removal from the etching solution, some of the rods were
rinsed in distilled water and immediately tested for modulus
of rupture determination with a minimum of handling. Another
group of rods was rinsed, preheated to the maximum allowable
temperature, and sprayed with a saturated solution of potas-
sium nitrate. These rods were then heat treated under

conditions of temperature and time which gave maximum

strength Increases, as determined through earlier
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experlimentation.

After heat treatment, half of the rods were tested
for modulus of rupture. The remaining half, along with an
equal number of "as receilved" rods were abraded for thirty
seconds by rolling the rods over a piece of glass coated
wlth 120 grit silicon carblde. The two groups were then
broken and the modulus of rupture determined. This was used
to determine the magnitude of residual strength increase for

the group of rods having undergone potassium+1 lon diffusion.
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CHAPTER IV
RESULTS AND DISCUSSION

The primary objectlive of this research was to study
methods of strengthening a typical soda-lime glass through
the exchange of monovalent, alkall ions at or near the

1 apg 1atl

surface of the glass. The exchange of both K
for the Na'tl present 1n the soda-llme glass compositlion was
investligated using primarily two techniques. The first of
these involved leaching the glass rods 1n a variety of
molten potassium and 1lithium salt baths. Also, saturated
aqueous solutions of several salts were sprayed on the
surface of rods and the rods were heat treated above the
melting points of these salts. The effect of these treat-
ments on the strength of glass rods was evaluated by three
polint modulus of rupture determination. A discussion of
techniques and results will follow.

The combined results of these studles were used in
conslidering the potential of 1lon exchange as a means of

strengthening soda-~lime glass articles 1n existing produc-

tion 1line facilities.
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ITon Exchange Using Molten Salt Baths

Initially, a sample group of twenty-five "as received"
rods was broken and the modulus of rupture was determined
for each rod. These results are listed in Appendix A. The
average modulus of rupture for thils group of rods was 21,600
pounds per square inch. This value was used throughout the
lnvestigation as a basis on which to compare treated rods.
(It should be noted that this value does not agree with
values found in the literature for thls type of glass. This
is due to the fact that ASTM procedures were noft followed
in breaking the rods. Reference 1s made to the procedure
section where the technique for breaking rods is discussed.)

Potassium Ton Exchange

The first series of experiments was run using pure

molten potassium nitrate (KNO.,) as the salt bath. Sample

3)
groups of approximately 20 rods each were leached from two
hours to twelve hours in baths at 675°F., 825°F., and 1000°F.
The average modulus of rupture for each of these combinations
is given in Table 6 and is shown graphically in Figure 3.
Tabulated data for the individual rods in each group 1is

given in Appendix B, Table 12.

The rods leached in KNO, at 6750F. became stronger

3
with increasing leachling time, up to the maximum tested
time (12 hours). This increase 1in strength was most rapid
during the initial four hours and then slowed down.

Assuming that for relatively thin surface layers, the
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lncrease in strength 1s directly proportional to the thick-
ness of the layer of kt1l 1on exchange, then according to
Fick's Law of Diffusion, 1n order to double the strength
Increase the leaching time would have to be multiplied by a
factor of four. From Table 6, it can be seen that the
strength increased about 11,000 pounds per square inch for
the two hour period from two to four hours of leachlng at
675°F. The increase in strength durilng the next eight hour
period was about 14,000 pounds per square inch. When the
magnltude of the calculated standard deviation of these
measurements 1s taken into account, the above assumption
(that strength increase is directly proportional to the
thickness of exchange as explained by the Fick model)
gives a reasonable estimate of the relation between strength
increase and time, at least durlng early stages of the dif-
fusion process.

Table 6 shows that the rods leached in KNO, at 825°F. |
underwent a large strength increase of about 33,000 pounds
per square inch during the first two hours. However, at
four hours the strength had leveled off and was decreased
slightly thereafter. This is probably the result of two
independent effects. At this elevated temperature, approach-
Ing the straln polnt of the glass, compressive forces built
up at the surface of the glass are certainly golng to be
gradually relieved by a reorientation of bond angles within

the glass structure. Eventually an equllibrium will be






