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SUMMARY

Recently there have been developed numerous processes for the manu-
facture of lightweight ceramic aggregate block, which possesses an ex-
tremely low coefficient of thermal expansion. Therefore, glazes covering
these blocks must also have a low coefficient of thermal expansion or
high elasticity, or both.

The purpose of this research was to investigate Young's modulus
and the coefficient of thermal expansion of glasses in the composition
ranges generally employed in fast-fire glazing. Since it would be impos-
sible to examine all possible glaze components in one project, this
work covers only the common variation in the R203 and H02 groups.

The regions of glaze composition studied were:

1 PbO 0 - 0.375 8203 1.0 - 2,0 5102

0 - 0,200 h120 0 - 0,200 T102

3

0 - 0.200 ZrO2

The glass compositions used for determining the properties of
interest were chosen by use of factorial designs. Two designs were
employed for each of the properties to be investigated, Young's modulus
and the linear coefficient of thermal expansion. Thermal expansion
measurements were made by use of the quartz tube dilatometer method.
The temperature vs. cumulative expansion data was analyzed by the
method of Linear Regression to obtain the coefficient. Young's modulus

measurements were made by use of a sonic technique to determine the



velocity of sound through a fiber drawn from a melt of the desired
composition. Values of the modulus were found by multiplying the
square of the velocity of sound through the fiber by the density of
the glass.

In the composition regions investigated, coefficient of thermal
expansion for many of the glasses were somewhat lower than predicted
using classical data. Zirconia, alumina, and silica reduce coefficient
of expansion, while titania and boron have little effect. In the region

of composition:

1 PbO 0 - 0.375 8203 1.0 - 2.0 5102

the multiple regression equation that fit the collected data most

satisfactorily was:

a =13.48 x 107° - 210 x 107 X, - 2.92 x 1070 X,, + 6.36
x 1077 X X,
where: Xl = equiv. 8203 X2 = equiv, 5102
a = coefficient of thermal expansion in in./in./°C,

In the region of composition:

1 PbO 0 - 0.250 8203 1,0 - 2,0 5102

0 - 0.200 A120 0 - 0.200 ‘TiO2

3

0 - 0,200 ZrO2

the equation that fit the collected data best was:



xi

a = 11.89 x 107° 4 0.55 x 1078 X, - 1.80 x 10”0 X, = 4.75

x 10”"0%. +0.04 x 1670 X, - 7.97 x 107° % - 0,03

3 4 5
x 107/%X,
where: Xl = equiv. 3203 X2 = equiv. S:'LO2
X3 = equiv., A1203 X, = equiv. T102
X5 = equiv, Zr02

a = coefficient of thermal expansion in in./in./°C,

Young's moduli for all the glass compositions studied were
somewhat lower than most other glasses used in glazing work. This fact
accounts for the low scratch resistance of high lead glasses, and also
accounts for their being somewhat more elastic due to being less brittle.

In the recion of composition:

1 PbO 0 = 0.375 820 1.0 - 2438102

3

the best regression equation developed for Young's modulus was:

2
E = 186 + 224 Xl + 346 X2 - 106 X2
where: Xl = equiv., B203 X2 = equiv. SiO2

E = Young's modulus in Kilobars

In the region of composition:

1 PbO 0 - 0.350 8203 1.0 - 2.0 8102

0 - 0.200 Al 03 0 - 0.200 TiO

2 2

0 - 0.200 ZrO2

the regression equation that fits the data most accurately was:



xii

= Q
E = 4.68 + 236 Xl + 182 X2 + 308 X3 + 101 X, + 126 X5 + 94 X3X5
where: Xl = equiv. B2O3 X2 = equiv. 8102
X3 = equiv. A1203 X4 = equiv. T102
X5 = equiv. ZrO2
E = Young's modulus in Kilobars



CHAPTER I
INTRODUCT ION

In recent years numerous processes for the manufacture of low-
thermal-expansion lightweight ceramic aggregates have been developed.
Shapes made of these aggregates are particularly adaptable to fast-
fire glazing due to their low coefficient of thermal expansion. Linear
coefficient of expansion of some lightweight aggregate blocks is as low
as 2.5 x 107° in./in./°C. According to classical data, commercial type
glazes with low melting constituents are virtually impossible to develop
with a coefficient of expansion lower than 7.0 x 10-6 in./in./°C. 1f a
glaze with an expansion this great is applied over a composition of low
expansion, crazing should result. Yet glazes have been developed which
do not craze when applied over these compositions.,

There seem to be three logical answers to this non-crazing phe-
nomenon. First, available data is not applicable in the regions of com-
position used for fast-fire glazing. Second, if glazes possess an
exceptionally low Young's modulus, a fairly large difference in expan-
sion between body and glaze might be tolerated. Finally, some combination
of the first two answers may be responsible.

The purpose of this research was to investigate Young's modulus
and the coefficient of thermal expansion in the composition ranges gener-
ally employed in fast-fire glazing. To investigate all the possible ingre-

dients in fast-fire glazes would be well beyond the scope of this



investigation. Therefore, this work covers only common variations in the
R203 and RO2 groups for glazes. The RO group was held constant at one
equivalent of lead oxide.

The concepts of statistical experimental design have been used in
setting up the mode of attack on the problem. Results have been tabulated
and interpreted with the help of various statistical techniques. Finally,
the collected data were used to develop equations for the calculation of

Young's modulus and the coefficient of thermal expansion within the range

of compositions studied.



CHAPTER 1I

LITERATURE SURVEY

Recently numerous processes for the manufacture of lightweight
ceramic aggregates have been developed. These products are lightweight
due to bloating of the raw clay, shale, volcanic ash, or slag used.

This is usually accomplished in a rotary furnace into which the aggregate
former is introduced. Bloating is caused by the violent evolution of
gases contained in the clay or materials added to the clay which produce
gas. One of the most common gas-producing reactions is the reduction of
iron oxide to the ferrous state. Other important gas formers are the
carbonates, sulfates, and organic additions sometimes added to the bloat-
ing mix such as wheat flour and starches. Bloating is caused by the large
amounts of gas evolved during heating.

Generally speaking, all ceramic aggregates have one thing in com-
mon. They are lightweight because of the large amount of open space
contained in their structure. This property of lightness in weight makes
these substances ideal for structural clay products, especially bricks,
building blocks, and curtain walls. Not only would these materials
lighten building loads on other components, but also would permit larger
pieces to be handled.

Structural clay products manufacturers have realized these advan-
tages, and many of them are now experimenting with the production of
lightweight ceramic building materials. Aggregates, in general, cannot

be formed into various shapes without the addition of some sort of binder.



The most common bonding material is clay. Good results are obtained

using a composition of about 50 per cent clay plus 50 per cent aggregate
by volume. Compacting methods generally used are dry pressing and vibra-
tory compaction. Recently some experiments have been performed on extru-
ding clay bonded lightweight block with only fair success due to the
abrasive nature of the grain. The difficulty in using such a high per-
centage of clay is that a large portion of the lightness is lost. Several
other bonding methods are being tried, among which is a process using
relatively small amounts of bentonite. Other partially successful binders
have been sodium silicate, rasorite (sodium borate), and lead monosilicate.

When a bonded lightweight aggregate block is heated it shows a
remarkably low coefficient of thermal expansion. This is apparently due
to the fact that the individual grains, having a large proportion of
internal open space to solid material, have room to expand themselves
and into other grains without materially increasing the length of the whole
body during heating. Consequently, lightweight aggregate bodies have good
thermal shock resistance.

Manufacturers, noting that a glazed block would bring a high pre-
mium, have been anxious to find glazes to apply over these compositions.
Also, due to the good thermal shock resistance of the bodies, it has been
felt that these materials would present an ideal application for a fast-
fire glazing process. In the past few years a great deal of research time
has been expended in this pursuit by glaze manufacturers.

The desirable properties of glazes for structural clay products
are numerous. The glaze should be craze free, to prevent moisture from

entering the block, and also, for appearance sake. It should withstand



repeated freezing and thawings. It should be resistant to scratching,
and tough enough to resist punctures. Acid resistance should be high
enough to withstand many years of exposure to the atmosphere. Detergent
resistance should be good enough to withstand repeated cleanings. The
glaze should add to the beauty of the product it is covering. The color
should be uniform and the degree of gloss, whether matte or high gloss,
should be consistent.

Generally speaking, fast-fire glazes should mature at a low temper-
ature. The low temperature condition is important, because the lower the
temperature the faster the body and glaze can be brought up to this
temperature. It is well known that body and glaze need not exactly
match in coefficient of expansion for the production of a craze free
product. This is due to the fact that an interfacial layer is built up
between the glaze and the body during conventional slow firing, and the
mismatch in expansion between adjacent microscopic layers is not nearly
as great as if the absolute difference between body and glaze were con-
sidered. In fast-firing, however, there is no time for interfacial layers
to develop.

Furthermore, in order to obtain a satisfactory fit between a glaze
and a body, it is desirable to have the glaze be in a condition of com-
pression. This is necessary, in that crazing is caused by tensil stresses
developed in the glaze. However, if the glaze is put under too high a com=
pressive stress, a defect known as "shivering" or failure under compressive
stresses takes place. Even when compressive stress has been developed,
delayed crazing failures may occur. Silicate bodies tend to increase in

volume because of moisture expansion. Expansion of the body decreases the



compression of the glaze and transforms the stress into tension, and
after sufficient time the ware tends to craze. Thus, in order to pre-
vent crazing, it is desirable to have substantial initial compressive
stress.

The term "fast-firing" may be defined as a process whereby a
ceramic product with applied glaze is matured at temperatures generally
between BOO°C. and 1050°C., in a cycle ranging from one hour to four
hours. Fast-fire coatings are not new, as there are available years of
experience involving glass enamels which are fired through lehrs in
cycles ranging from 15 minutes to 1-1/2 hours, and porcelain enamels
which are fired through furnaces in cycles ranging from 5 to 15 minutes.
However, fast-fire glazes covering low coefficient of thermal expansion
bodies is an area in which relatively little work has been done until
recently.

During conventional firing of glazes there is a long period of time
for the glaze to adjust itself to the various conditions that present
themselves. In fast-firing this time element is lacking, and the applied
glaze has to have various special features built into it. It is in this
field that fast-firing has borrowed heavily from glass enamels and porce-
lain enamels.

During rapid-firing the components of the glaze do not have time to
migrate and react with one another. Also, any gases given off by the raw
materials during firing, such as water vapor and carbon dioxide, would
cause holes or bubbles in the glaze surface which would not have time to
heal during the short firing period. For these reasons, it is deemed neces-

sary to frit fast-fire glaze compositions. The faster the firing schedule,



the higher the percentage of frit required. In fact, for very rapid
fire glazes, five minutes to one hour, it is deemed necessary to

have nearly 100 per cent frit. This means that only extremely small
amounts of clay can be added to the frit.

With slow firing cycles it is possible to cover up many faults
in poor glaze application. Most glazes achieve a certain degree of
fluidity during the firing cycle, and tend to level themselves, pro-
ducing a smooth coat. As the firing cycle is decreased the available
time to complete this process is reduced. It turns out that the glaze
surface retains all spraying defects. For this reason special attention
must be given to the spray medium of the glaze.

Many special organics must be added to the glaze to improve spray-
ability. Also, due to lack of clay in the glaze suspension, different
suspending mediums must be found for the frits which are unusually heavy
due to the large amounts of lead oxide usually contained. Finally, spec-
ial organic additions must be found to enhance the green strength of the
glazes due to the lack of clay which usually performs this function.

As was stated earlier, the coefficient of expansion of lightweight
aggregate bodies is quite low. On some of these bodies the linear expan-
sion is as low as 2.5 x 10°° in./in./°C. When a glaze is applied over a
body the coefficients of expansion of the adjoining layers must be equal,
or stresses will be developed. Under these conditions the stresses are
the same as if the sample were allowed to expand freely and then compressed
back to its original size by an applied restraining force. The stress
required is proportional to the elasticity of the material and the elastic

strain, which is equal to the product of the thermal expansion and temperature



change. For a perfectly elastic rod restrained in only one direction,
¢ = Ea(T' - To) (1)

where o 1is the stress in psi, E 1is the modulus of elasticity, a the
linear expansion coefficient, To the initial temperature, and T' the
new temperature level.

On heating, stresses resulting from restraints are compressive,
since the body tends to expand against the restraining member. On cool-
ing, similar tensile stresses can result. Tensile stresses are developed
in a glaze by firing on an underlying body of smaller thermal expansion
coefficient than the glaze, and tensile stresses in a glaze are the cause
of crazing.

The expansion coefficient of a glaze depends mainly on the network
structure. Since the individual atoms in the structure are held by a
balance of attractive and repulsive forces, the addition of thermal energy
to the structure upsets the balance, and an increase in length is noted.
This increase in length may be expressed as the coefficient of linear
expansion, or expansivity which is defined as the ratio of the change in
length per degree C. to the length at zero degrees C. 1If desired, this
figure can be expressed as the coefficient of volume expansion, which is
to a first approximation equal to three times the linear coefficient of
expansion. Both types of expressions are used in the literature, and
great care must be used in specifying which one is referred to. The units
generally used for expressing the linear expansion are in./in./°C.

According to Morey (42) the coefficient of expansion is roughly an

additive property of a glass. Over the range in which the expansion is



approximately a linear function of temperature, the coefficient of expan-
sion of a complete glaze may be calculated on the assumption of additivity

by means of the equation.

a =ap; +ap,t .. tap (2)

in which a is the linear coefficient of expansion, Pys Poseeesp, 2Te
the percentages by weight of the various components, and 315 8p90e0sdy

are the constants for various oxides commonly employed in glazes. In
Table 1 are assembled the factors for the calculation of the coefficient

of expansion proposed by several authors. The work of Winkelman and

Schott (61) is classic in this field. The factors proposed by English ard
Turner (23) are considered among the most reliable. They are based largely
on trisilicate glasses. Gilard and Dubrul (27) discussed the calculation
of the coefficient of expansion from the composition, and proposed a set

of factors of the type
a x 10° = (ax + bxz) (3)

in which x represents the percentage by weight of a given constituent,
and a and b are empirical factors. The tables presented by Bryant (10)
are of help in obtaining factors for expansion not listed elsewhere.

The other important factor in determining the craze resistance of
a glaze is the modulus of elasticity. The property by which a glass regains
its original dimensions, after being strained by the action of an applied
force, is called elasticity. A substance is said to be elastic when on
being left free, it recovers wholly or partially from a deformation,

Glass is an elastic substance at ordinary temperatures, according to this
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Table 1. Factors for Calculation of Linear Coefficient

]
of Thermal Expansion in in./in./°C.

Winkelmann English

Material and Shott and Turner Bryant
SiO2 2,67 0.50 2.67
B2O3 0.33 -6.53
Na20 33.33 41.63
K20 28.33 39.00
Mg0 0.33 4.50
Ca0 16.67 16.30
Zn0 6.00 7.00 7,00
Ba0 10.00 14.00
Pb0 10.00 10.60
A1203 16.67 1.40 16.67
Zr0, 7.00
TiO2 13.33

definition, if the applied force is not held for too long a period. This
elastic extension of a material corresponds to uniformly increasing the
separation between the atoms of the structure. As a result, elastic exten-
sion is related directly to the forces between atoms and the structure
energy. Many more or less satisfactory correlations between lattice

energy and elastic modulii have been proposed and work quite well for

#*
Factors shown have been multiplied by 108,
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materials with the same structure and bond type. Generally speaking,
crystals with low thermal expansion have a high modulus of elasticity.
Hooke's law states that stress is proportional to a strain.
Throughout the region in which Hooke's law applies, the material is per-
fectly elastic by definition, and the limit beyond which the strain is
no longer proportional to the deforming stress is called the elastic
limit. The breaking point of glass has been found at the elastic limit.
The constant of proportionality for each type of stress is a character-
istic property. The behavior under stress is described by the elastic
moduli, each of which represents the ratio of a stress to a strain. The
specification of the strains resulting from a system of stresses applied
to an elastic substance requires in the most general case the specification
of 21 elastic constants. However, if the material is isotropic the num-
ber of constants is reduced to two. Commonly used modulii are the modulus
of rigidity, or bulk modulus, Kj; and the modulus of extension in ten-
sion, or Young's modulus, E. Young's modulus can be expressed in terms
of the other above named moduli by the equation:

OKR
K + R (4)

The unit generally used to express Young's modulus of glasses is the
kilobar, which is equal to 10° dyne cm2.

The classic work on the determination of the elastic constants
of glasses was done by Winkelmann and Schott (61). The results of their
experiments are the chief source of information as to the magnitude of

Young's modulus for many types of glass. Their work is supplemented by
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the work of Staubel (55), who determined the value of Poisson's ratio

for a number of the same glasses. Clark and Turner (14) studied the
effect of systematic changes in composition on the properties of a series
of glasses. However, on the whole only a relatively small amount of reli-
able work has been done on the elastic constants of glass, and almost none
on the compositions for low temperature glaze work.

Since the linear coefficient of expansion of a typical lightweight
aggregate block is around 2.5 x 10“6 ina/ina/°C,, a glaze having a linear
coefficient of expansion as low or lower than this is needed if compres-
sion of the glaze is to be maintained and crazing avoided. However, it
is well known that the glaze does not have to actually have as low a
coefficient of expansion as the body to remain craze free. The differ-
ence in expansion between glaze and body is commonly known as mismatch.
It is generally accepted that the mismatch can be as large as 1.0 x 10“’6
or even slightly larger., This is most probably due to the fact that
glazes can stand a small amount of tensile stress, and also that glazes
are somewhat elastic and have some give.

When any combination of glaze materials is used to make a low
temperature glaze for a lightweight aggregate body, it can be seen from
the data in Table 1 that it will produce a glaze having a linear coef=-
ficient of expansion in the neighborhood of 7.0 x 10"6. This is clearly
above the region where the glaze should fit the body. Recent experiments
have shown that a craze-free glaze can be made for lightweight aggregate
blocks incorporating most all the attributes of a good structural clay pro-
ducts glaze. The question that has not been answered is, how is this pos=

sible in the light of current glaze theory? It seems that this question



13

has many possible answers.

First, existing coefficient of expansion data is not entirely
applicable for the compositions used for fast-fire glazes. The existing
data was obtained for glasses of quite different proportions than those
used in fast-fire glazing. It is also known that existing data is not
exact, and many deviations from the listed values occur. Also, the pub-
lished data does not entirely agree even among itself, as seen in Table
1. Thus, in the compositions of interest in fast-fire glazing, the lin-
ear coefficient of expansion of the glaze may be lower than expected.

Second, it would seem reasonable to expect that glazes having a
lower modulus of elasticity could withstand a greater mismatch in expan-
sion between glaze and body without crazing. Existing data on this phase
of the problem is very sparse, and furthermore, there is no data in the
particular regions of interest to fast-fire glazing. This is tied in
with the other possible answer to the paradox, in that possibly a greater
mismatch between body and glaze can be tolerated than is usually thought
possible.

Fast-fire glazes generally start with a lead boro-silicate as the
basic glass., Silica is the primary glass former. In general, an increase
of silica in a glass will raise melting temperature, decrease fluidity of
the melt, increase the resistance of the matured glaze to solution by
water and to chemical attack, lower the coefficient of expansion, and
increase the hardness and strength. Boron is used in fast-fire glazes
because it is easily fusible and miscible in most silicate fusions; it
lowers the coefficient of expansion of some glasses to a certain extent,
is a moderately active flux, does not crystallize from fusions, and also

tends to hinder the crystallization process of other compounds, thereby
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preventing devitrification. Boron lowers the chemical durability of a
glaze very rapidly as it is increased. Lead oxide is the primary flux

in fast-fire glazes. Lead, when added to a glaze, increases the bril-
liancy of the glaze, lowers the coefficient of expansion as compared to
the alkaline fluxes, increases elasticity of a glaze, and decreases the
viscosity of the melt. The use of lead compounds in glazes have some
disadvantages, such as the poisonous nature of lead compounds, the lower-
ing of acid resistance when used in large quantities, and the lowering of
abrasion resistance.

In addition to lead, the RO group of fast-fire glazes may contain
small amounts of lithium oxide, sodium oxide, potassium oxide, magnesium
oxide, calcium oxide, stron:ium oxide, barium oxide, zinc oxide, sodium
fluoride, and calcium fluoride. Generally, it has been found that the
alkalies increase the expansion of the glaze materially. However, they
are excellent fluxes, and in some cases small amounts of these materials
can be tolerated. Of this group, lithium probably increases the expansion
the least, and is therefore preferable, but it materially increases the
cost of the frit. The alkaline earths are frequently used in fast-fire
glazes, and each imparts its own specific properties. Calcium increases
abrasion resistance and decreases thermal expansion, while increasing
tensile strength. It is a poor flux in low temperature glazes. Strontium
is generally considered a mild flux and generally increases the fluidity
of the melt. It has a little higher coefficient of thermal expansion
than the other alkaline earths. Magnesium lowers the coefficient of
expansion of a melt to a much greater degree than any other base, but its

use in a low temperature glaze is limited due to its refractory nature.
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Barium is a more vigorous flux than the other alkaline earths. It has a
moderate coefficient of expansion. Zinc oxide has the greatest effect of
any of the usual basic glaze components excepting calcia and magnesia in
increasing the elasticity of a glaze. It is second only to magnesia in
its power to lower the coefficient of expansion of the melt. With the
exception of calcia it ranks first in increasing the strength. The alka-
line fluorides are good fluxes and sometimes their inclusion in a low
temperature glaze is desirable, but they have a marked effect in reducing

the durability of a glaze.

The R203 group of a fast-fire glaze may be found to contain borom
and aluminum oxides. The effect of boron has already been discussed.
Alumina increases the hardness and other mechanical properties of a glaze,
also its resistance to chemical action, including weathering. It has also
been found useful in correcting crazing in some glazes. Alumina additions
to a glaze increase refractoriness and viscosity.

Finally, the RO2 group may contain silica, titanium, and zirconium.
The functions of silica is a fast-fire glaze have already been explained.
Titania acts somewhat similarly to silicon in the physical properties it
imparts, and it also has a tendency to produce opacity in glazes, as it
is only slightly soluble in the melts. The coefficient of thermal expan-
sion is midway in the list of common oxides. The major value of titania
in a lead glaze is its ability to improve acid resistance of the glaze.
Zirconia is now used as the prime opacifier in almost all glazes. There
are indications that zirconium oxide and other zirconium compounds mater-

ially lower the coefficient of expansion of glazes. Zirconia is a refrac-

tory compound and increases the melting temperature of the glass. It is



only slightly soluble in the melt, crystalizzing out as zirconium sili-
cate which produces the opacity in glazes. Zirconia is essential to

the production of glazes having good alkali resistance.

16
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CHAPTER III

INSTRUMENTATION AND EQUIPMENT

Glass Smelting

Glass smelting was done in a small cruciblé furnace. This furnace
was quite simple in design, containing a graphite core susceptor with
insulation around it. A fireclay crucible containing the powdered mater-
ials to be smelted was placed into the graphite susceptor. Actual smelt-
ing was done in the fireclay crucible. Heat was supplied to the melting
crucible from the graphite, which was heated by induction heating through
the use of an Ajax six kilowatt converter.

The six kilowatt converter is a frequency changer designed to con-
vert 60 cycle line current to high frequency current of approximately
30,000 cycles. The frequency range delivered by the converter varies from
about 20,000 to 40,000 cycles, depending on the size of the furnace con-
nected to the converter, and the load in the furnace.

The converter consists essentially of a high voltage transformer,

a mercury arc spark gap, capacitors and an induction coil. The spark gap
contains an electrode, a pool of mercury, and a means of controlling the
level of the mercury in a manner which will allow the mercury pool level
to be adjusted from a position where the electrode touches the mercury to
a position with a space of about 5/16 in. between the tip of the electrode
and the mercury pool. The capacitors are charged by the high voltage

transformer until they have sufficient charge to cause a breakdown or arc
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to occur between the mercury pool and the electrode. When the break-
down occurs, a high frequency current flows through the inductor coil.
The high frequency current flowing in the inductor coil is not a uniform
sine wave current, but is a series of damped oscillations. These oscil-
lations occur three to five times during each half cycle of the 60 cycle
input voltage. The frequency of the oscillations depends upon the load
conditions in the inductor coil. The inductor coil is fabricated from
high-conductivity copper tubing which serves as a medium for the cooling
water as well as the electrical conductor. The coil used in this case
had a six in. inside diameter.

In the furnace used, heating was accomplished by the alternating
magnetic field flux inducing circulating currents in the graphite susceptor,
which acts as a big resistor. This heat is in turn transferred to the
fire clay crucible by the heat transfer processes of conduction and
radiation. The raw materials are heated and melted in the crucible. A

section drawing of the furnace is shown in Figure 1.

Fiber Drawing Apparatus

A glass fiber drawing apparatus was constructed for this work.
The fiber was drawn through platinum bushings and wound on a plexiglas
drum. The melting of the glass was accomplished in a platinum crucible,
0.040 in. wall thickness, which had three bushings in the bottom. Bushing
openings were 0.035, 0.045, and 0.100 in. in diameter respectively. The
two largest holes were kept plugged except during draining of the cruci-
ble at the conclusion of a run. The crucible was contained in a bubbled

alumina and fused silica refractory combination. Heat was generated in



19

| — —

REFRACTORY/ - FIRE CLAY
COVER ~ CRUCIBLE

INDUCTION —s-
colL

FUSED SILICA——= —— GRAPHITE

SUSCEPTOR

KAOWOOL —

—— LAMPBLACK

Figure 1. Section View of Induction Crucible Furnace.
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the crucible by use of induction heating using the generator previously
described. Temperature control was by a platinum-platinum rhodium thermo-
couple welded to the crucible. The couple was connected to a Wheelco .
program control. The signal from the control was used to operate an on-off
contact installed in the induction generator. When the crucible reached
the desired temperature, the contact was electrically broken and the
generator turned off. When crucible temperature dropped 11°C., the con-
tact closed electrically and the generator turned on again. Thus any
desired temperature could be held +11°C. As the glass reached the proper
drawing temperature, a bead of molted glass formed on the outside of the
bushing. This bead was pulled away from the crucible with a platinum
wire, pulling a fiber along with it. The fiber was attached to a five in.
diameter plexiglas drum with a piece of tape. The drum was eight in. long
and had aluminum hubs on the end to prevent the fiber from slipping off
the drum. It was rotated at a constant rate of between 30 and 140 rpm,
depending on the glass composition by a speed controlled Dayton gearhead
motor. A reciprocating mechanism was used to move a graphite thread
guide along the drum, winding the fiber on the drum evenly. The mechanism
was run by another Dayton gearhead motor and motor controller. The motor
was attached to an eight in. diameter brass disk. As the disk revolved,
it moved a brass rod back and forth in front of the plexiglas drum.
Attached to this rod was a graphite thread guide. Figure 2 is a photo-

graph of this equipment.

Thermal Expansion Measurement Equipment

There are several accepted methods of measuring the coefficient of
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thermal expansion. The most popular among these are the interferometer
method, the quartz-tube dilatometer, and a method employing the degree
of curvature of a thin double thread of glass commonly used in Europe.
The method chosen for these experiments was the quartz-tube dilaletometric
type, because of its ease of operation. The apparatus was of commercial
origin and manufactured by Gaertner Scientific Corporation. A photograph
of the apparatus is shown in Figure 3.

The Quartz-Tube Dilatometer is used to measure the linear coeffi-
cient of expansion of specimens up to 1/2 in, in diameter and from 2 to
3 in. long. It is designed to permit observations at temperatures up to
1000°C. The dilatometer holding the specimen and measuring its change
consists of two tubes and a dial gage, thus eliminating the use of view-
ing apparatus as is required by the interferometer method. The two tubes
are made of fused quartz, one fitting within the other. The outer tube
is 14 in. long, has an inside diameter of 11/16 in., and is closed at
its lower end. Near the lower end of the tube, a portion of its side,
three in. long, is cut away to form a window through which the specimen
is placed in position for test. The inner tube, both ends of which are
closed, is three in. shorter than the outer tube and 5/8 in. outside
diameter, so as to fit snugly without binding inside the outer tube. The
dial gage indicator is a commercial type of high precision gage, calibrated
to read 0.0001 in. per division. It is securely mounted at the upper end
of an invar bracket with the stem of the gage extending downward and being
aligned with the tube axis. Aﬁ adjustment is provided for vertical posi-
tioning of the dial gage to permit various sample lengths.

The furnace, rated at 1250 watts, is a commercial tube type fitted
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with special brackets to support the dialatometer in the center. It is
sealed off at the bottom by a refractory plate which supports a thermo-
couple that fits directly under the center of the quartz tube. The couple
is of the chromel-alumel type. It is connected to a Leeds and Northrup
potentiometer pyrometer indicating temperature in the test chamber.

Also on the control panel is an AC ammeter indicating furnace current.
Furnace current, and therefore, the rate of temperature rise, is controlled

by a rheostat control.

Young's Modulus Measurement Equipment

A dynamic method of determining Young's modulus is afforded by
measuring the velocity of sound in glass, which is connected with Young's

modulus by the relation:
Longitudinal Velocity = #/E/d (5)

in which d 1is the density and E 1is Young's modulus. Therefore, in
measuring Young's modulus, the main problem is obtaining the velocity of
sound through the glass.

In this work, the specimen consisted of a glass fiber of the
desired composition which was drawn from the molten glass at the end of
a pyrex rod. If a signal of known frequency is applied to the fiber
specimen, the velocity of the sound traveling through the specimen can

be calculated if the wavelength can be determined by the relation:
velocity = wavelength x frequency (6)

The known frequency is supplied by a Hewlett-Packard model 200 CD Audio
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Oscillator whose signal is fed into an Astatic model M-41 transducer which
is mounted on an optical bench. Transmission of the input frequency along
the optical bench could be minimized by mounting the driving transducer
separately. The needle of the transducer was removed and replaced by a
two in. piece of piano wire. The transducer received the signal from the
oscillator and converted this to mechanical vibrations by use of a piezo-
electric material. The transducer was mounted in such a way that the
vibrations produced were in a longitudinal direction in relation to the test
apparatus. In most cases a frequency of 7,500 cycles was used. One end
of the fiber was cemented to the piano wire and the other end to a brass
holder, which was also mounted on the optical bench. The holder could be
moved backward by use of a screw mechanism till the fiber was taut. When
the oscillator was turned on, a standing wave was produced in the fiber in
a longitudinal direction.

A phonograph pickup, Astatic Model 312T, with a small brass "V"
notch cemented to the needle was used to detect node points along the
fiber length, Figure 4. The signal from the pickup was amplified by a
Hewlett-Packard Model 400C Vacuum Tube Voltmeter, which is capable of
functioning as an amplifier. Amplifications available were 10, 20, 30,
40, 50, 60 db. An Eico Model 460 DC - Wide Band Oscilloscope with the
pickup signal as the vertical input and a signal from the audio oscillator
as the horizontal input,produced a Lissajo* ellipse. When the phonograph
pickup passes through a node, the ellipse changes polarity. The Lissajous
ellipse is a fundamental pattern obtained when both the vertical and
horizontal scope deflection voltages are sinewaves. The patterns are

called Lissajous figures after the 19th century French scientist. The
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shape of the pattern changes with the phase relationship between the known
and unknown signals. The scope patterns and their phase differences are
shown in Figure 5.

The pickup was moved along the optical bench until points were
found which were 180° apart. This distance is measured by use of a scale
divided into one-tenth centimeter craduations mounted along the bench.
This then is the half wave length distance, usually between 22 and 27 cm.,
and two times this figure gives the wavelength. Therefore, the wavelength
times the frequency is the velocity of sound through the fiber, which is
a fundamental constant of the test specimen. Density of the glass was
determined by a picnometer. A photograph of the apparatus is shown in Fig-

ure 6.
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CHAPTER IV

PROCEDURE

Composition Selection

The glasses studied had compositions in the range:

1 PbO 0-0.375 8203 1.0 - 2.0 SiO2

0-0.200 A1203 0 -0.200 TiO2

0 -0.200 ZrO2

For each of the two properties, i.e., Young's modulus and thermal expan-
sion, two statistical experimental designs were employed in selecting
which compositions to study. All designs used were of the factorial
variety so interactions if present could be discovered. Design One,
for the coefficient of thermal expansion, was a 4 x 3 x 2 design requiring
24 glass compositions. Lead oxide in these glasses was held constant at
one equivalent. Boron content was divided into four equally spaced levels
of concentration between 0 and 0.375 equivalents. Silica content was
divided into three equally spaced levels of concentration between 1.0 and
2.0 equivalents. This gave compositions one through 12, see Appendix A.
The experiment was replicated twice, thus 24 glasses were required. The
same design, Design Three, was used for Young's modulus for these same
compositions.

For the remainder of the investigation, a 1/3 replicate of a 3>

design was chosen for each of the two properties, thermal expansion and
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Young's modulus, Table 2. Design Two was the design for the coeffi-
cient of thermal expansion, and Design Four was for the study of Young's

modulus. The five variables, 8203, A1203, Si0 T102, and Zr02,

were investigated in the ranges specified at three equally spaced levels

2,

of concentration. Lead oxide was again held constant at one equivalent.
In this case, however, the boron concentration was varied between O and
0.250 in three equally spaced levels. A 35 design would require 243
glasses, and a 1/3 replicate of a 35 design requires only 8l glasses. The
particular 8l glasses used must be selected in a definitely prescribed
manner. The 81 compositions selected can be seen in Table 2 where a num-
ber denotes a composition selected for making a glass. The design was not

replicated.

Specimen Preparation

The glass compositions in Appendix A and Table 2 were obtained by
combining normal ceramic oxides that gave desirable melting character-
istics. Lead oxide was introduced as red lead, lead monosilicate, and
lead zirconium silicate. The source of boron was boric acid, titania came
from titanium dioxide, and alumina was introduced as aluminum hydroxide.
Any deficiency of silica was resolved by the addition of flint.

Batches were weighed on an Ohaus scale capable of weighing to a
tenth of a gram. The completed batch was then screened through a 20 mesh
screen to break up any lumps. Mixing was accomplished on a large piece
of paper which was moved to and fro until the batch looked uniformly pink,
showing good dispersion of the red lead, the only highly colored raw mater-

ial. Contents of the paper were loaded into Denver Fire Clay crucibles five
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in. high by 3-1/4 in. in dianeter.

Filled crucibles were placed in the induction furnace and the
furnace turned on. QCucibles were covered in all cases to prevent
volatilization of lead. After between one-half and one hour had el apsed,
dependi ng on batch conposition, the contents were nmolten. A pyrex rod was
dipped into the crucible. |If the nolten glass fromthe crucible could be
drawn into a smooth fiber, the glass was considered well sneltedo If the
fiber obtained was rough, i.e., containing seeds, the nelt was heated
until a snooth fiber was obtai ned. Conpositions nunber 45, 54, 61, 62,

71, 72, and 79 could not be nelted in fireclay in the induction furnace,

as the heat required to dissolve all the ingredients was too high. These
conpositions were successfully melted in a gas fired pot furnace in the
fireclay crucibles. Conpositions 43, 80, and 89 had to be nelted in Norton
alumna crucibles in the induction furnace setup. For thernal expansion,

a specinen [/2 by 2to 3 in. was required. The glass was cast in graphite
nol ds. QGaphite blocks approxinmately 3 x 3 x 1 were used. These bl ocks
had three 1/2 in. dianeter holes drilled and reaned through the [ong di nen-
sion. A the start of batch nelting, the nold was placed in an electrically
heated furnace which was raised to a tenperature of 427°C. Wen the gl ass
nelt was ready for casting, the nolds were removed fromthe furnace and
placed on a thick slab of steel to seal the bottom Mlten gl ass was

then poured into all three positions of the nold. The renmaining nelt was
poured onto a thick graphite slab to be used later for fiber drawingo Hot
nol ds and contained glass were then placed in the electric furnace, which
was turned off, and allowed to cool to room tenperature overnighto The

gl ass specimens were renoved fromthe nold by forcing a rod through the



