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ABSTRACT

The results of the present investigation have shown that glass fibers
drawn from compositions located in the iO -Al 0 -ZnO system posses tensile
strengths in excess of 800,000 psi. Glass ibers'drawn from compositions in
the SiO-Al0 -UgO system have given similar results, particularly at fiber
diameters il the 0.00015 to 0.00020 inch range.

The modulus of elasticity of glass fibers obtained from oompos tions
located in the SiO 2-Al20 s-MgO system can be increased to 16.0 x 10 psi.
This is accomplished by lowering the fiber diameter to the 0.00015 to
0.00020 inch range.

In the SO -Al 0 -Na20 system, the fiber forming temperature, the tensile
strength and t~e m~dilus of elasticity change with composition in a manner
which gives a break in the composition vs. property curves at the point
where the Al to Na ratio is 1. This is related to the change in the
coordination number of the aluminum at this ratio' which has been proposed
in the literature.

The properties measured for glasses in the SiO 2-TiO -K 0 system do
not appear to lead to as clear a concept of glass struJtu. Properties
vary gradually with composition, with no evidence of a sharp break at
any point. There is some indication that the rate of change of properties
is dominated more by the silica content than is the case in the 8i02 -A120 -
Na20 system.
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I

HIGH STRENGTH - HIGH MODULUS GLASS FIBERS

INTRODUCTION

The present study was undertaken for the purpose of preparing and
studying glass compositions which would produce glass fibers possessing
high tensile strengths and high moduli of elasticity. An additional study
was initiated which sought to establish a relationship between tensile
strength and the composition and probable constitution of selected glasses.
Results of this additional study are presented separately under the title
"Relationship Between Composition and Properties of Selected Glasses."

Emphasis in the study of high strength - high modulus glass fibers
was placed on glasses of two general classifications. In the first classi-
fication, SiO2 -Al203-RxO glasses were prepared in which the alumina to

R X0 ratio was maintained at one on a mol basis. In the second classification,

SiO -Al 0 -R 0 glasses were prepared in which the alumina to R 0 ratio
vared fr~m 6.5 to 2.0. The R 0 component included the alkali and alkaline
earth oxides. Other modificatfons of both classifications were made using
several other glass formers and modifiers.

The study initially proceeded with the preparation of glass compositions
in the SiO -Al 0 -MgO system, notably S-994 and related glasses. Subsequent
studies weie tKeA made by substituting alkali and alkaline earth oxides for
all or part of the MgO in the base Si0 2-A12 05 -MgO glasses.



II

DISCUSSION

A. Study of S0 2-A120 3-Rx0 Glasses

1. Glass Preparation, Fiberisation and TestinE

Bach glass composition was prepared by dry mixing the appropriate
end member materials which were of at least UMS.P. grade. The dry
batch eaomlted in precious metalocrucibles. Temperatures used
wsr*02900 F for two hours and 3200 F for an additional hour or
2900 F for 24 hours. Both methods gave equivalent results. Each
batch was removed from its crucible and remixed at least once
during the melting operation. All glasses were cooled by plunging
the hot crucible directly from the furnace into a cold water bath.
Fibers were obtained from each glass composition by remelting the
prepared cullet in a one-hole precious Retal bushing capable of
reaching temperatures in excess of 3200 F.

To test the fibers, virgin filaments were captured by hand in the
usual manner and, to determine tensile strength, were wound on a
stainless steel fork. Each fork normally contained 6-8 fiber lengths
for study after this operation. The apparatus for measuring tensile
strength was designed to test one fiber at a time, recording essen-
tially the load elongation diagram for each fiber. The fibers were
loaded by a screw-driven cross-head at a constant rate of strain of
0.25 in./in./inute applied to a 2 inch gage length of fiber. The
load cell consisted of a catilever beam with a linear variable
differential tranformer (LVDT) as the displacement sensing element.
The load cell was calibrated by dead weight loading. The LVDT was
powered by a strain gage amplifier. The signals from the LVDT were
first reotified through matched pairs of germanium diodes, then
passed through gain and zero potentiometers and recorded on a single
channel recorder (Rsterline-Angus).

The fiber diameter of each fiber length (6-8 measurements) was
determined from a short length of fiber remaining on the fork after
mounting. The fibers were mounted on a microscope slide in a liquid
of appropriate index of refraction and their diameters measured
under a 430 power microscope with the aid of a micrometer eyepiece.,

The modulus of elasticity of a particular glass composition was
determined by direct measurement of the elongation of an unannealed
fiber under load. In most oases, these fibers had diameters of
approximately 0.00060 to 0.00080.

2. Tensile Stremgth and Modulus of Elasticity Results

a. Glasses located in the Si02-A1203 -MVgO system were studied
extensively. The composition locations are shown in Figure 1,
which represents the phase diagram of this system and shows the
boundaries between primary phase fields as straight lines, The
compositions studied are located at the circled points. The
theoretical glass compositions studied in the system are shown

2
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in Table 1, which also lists pertinent physical properties for
each glass. On Table 1, see glass numbers X-994, X-1751 through
X-1763, X-1888 through X-1890, X-1898 through X-1903, X-1657 and
x-1659.

Most of the data presented describes glass compositions with
either constant weight percentages of SiO and variable Al 20 3

to MgO ratios or constant A1203 to MgO rafios and variable
weight percentages of SiO 2 . These data are summarized
graphically in Figures 2 and 3.

Figure 2 indicates that at a constant SiO 2 content of 65% by
weight, the tensile strength of the series of compositions
increases with an increasing Al2 0 to KgO ratio. The increase
continues until a maximum is reac ed at an Al 20 to MgO ratio
of 1. At this point it is postulated that additional A1203

enters sixfold coordination in the glass structure.(1) The data
show a reverse change in slope at this point in the curve, which
indicates such a structural change is possible and does take
place. Increasingly higher forming temperatures and much greater
devitrification tendencies above the Al 20 to MgO ratio of 1.0

also make it difficult to interpret the data obtained, but there
is a good indication that beyond 1.5 mol % the tensile strength is
beginning to increase again at a lower rate.

Tensile strength results for X-994 as listed in Table 1 show a
range of values. It is felt that these results are indicative of
the structural sensitivity of the glass at this point
(Al20/MIgO = 1.0). Strength values for other glasses at this
ratio-have shown similar variability and reinforce the view that
slight changes in composition produce fairly large changes in
strength.

The modulus values plotted in Figure 2 show no clear-cut trend.
There appears to be an over-all increase in modulus with in-
creasing A120, to MgO ratio.

Figure 3 indicates that at a constant Al20 to MgO ratio of 1.0

and a variable SiO 2 content by weight the ensile strength of
the series of compositions increases with an increase in the SiO 2

content. The inzrease is continuous up to a SiO 2 level of from

60-65% where the tensile strength begins to drop again. Again in-

creased forming temperatures and greater devitrification tendencies

are found at the higher 'i02 levels. The plotted value beyond 70%

by weight SiS 2 may therefore not be entirely correct.

The high tensile strength peak for X-1760 and the range of values
for X-994 are again indicative of the composition sensitivity of
these glasses at this point.

The modulus values appear to follow the trend established by the
strength values, with maximum values located in the 60-70% s102
range.
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The tenslie strerqth vueb Af the remaininv glasses which are
nut ilotted tend to joint out the trencs3 established in Figures
2 and 5. These are as follows:

(1) The glasses with the best forming characteristics and
nighest tensile strengths are located at an approximate
Ai2 0 to MgO ratio of approximately 1.0 and at a SiO 2

level ranging from 60-70"/ by weight.

(2) Glasses with Al.O. to M,:O ratios much less than 1.0 do

not have desirable tensile strengths.

(5) Glasses with Al 20 to MgO ratios much greater than 1.0 do

not have high strengths because of fiberization difficulties
and greater devitrification tendencies.

(4) Glasses within the desirable composition limits (1) have
tensile strength values which are sensitive to slight
structural changes because of the changes in coordination
of the Al... ion in this area. It is therefore postulated
that there is a structural link between the coordination of
the Al+++ion in the glass and the tensile strength and
modulus of filaments made from the glass.

b. Si02-AI20 3-RxO Compositions

Table 1 lists the theoretical compositioni and properties of a
series of glasses containing Si0 2 , A1205, and Rx0 (where RXO is

Li20, K2 0, BeO, CaO, ZnO, SrO, or BaO.) Attention is directed

to glasses numbered X-1764 through X-1770, X-1785 and X-1786,
X-1795 through X-1796, X-1799 and X-lbOO, X-1620 through X-1623,
X-1824 through X-1631, X-1651 and X-1852, and X-1b91 through
X-1693.

Figure 4 summarizes the properties of fibers produced from these
glasses. The highest average strength and modulus value in each
series of compositions has been compared to the range of values
established for the SiO 2-A1203-MgO series. The tensile strength

values plotted for the alkali oxide substitutions show a continuous
strength decreases in going from MgO to Li20 to K 0. A similar
decreases occurs in the mcdulus values. It is postulated that
the Li 'ion causes a reduction because its valence is only one
and it has a much lower field strength than Mg . Similarly, the
X+ion has a valence of only one, has an even lower field strength
than Li+, and has an ionic radius about twice as large as Mg

The alkaline earth oxide substitutions for MgO show a continuous
decreases in strength. Ranking the alkaline earth ions by ionic
size and field strength may help account for the trend in the
tensile strength.
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Ion Ionic Size Field Strength

Be" +  0.51 16.7
Mg0+ o.65 4.5
Zn +  0.74 5.6
Ca+ +  0.99 2.bSr + +  I1.1 I I. 6

Ba + +  1.55 1.1

The Zn++ion, though not an alkaline earth ion, is included to
show its similarity to Mg+ . It would thus be expected to act
like Mg . This is the case, as shown in Figure 4, at jeast
for tensile strength values.

With such a trend established, it would be expected that a
SiO 2-Al2 0 3-BeO glass would show outstanding strength properties.

There is some indication that such may be the case, but no final
values are yet available. Glasses of this typ.e have enhanced
devitrification and phase separation tendencies, which would be
explained by the extremely high field strength of Be". Currently,
such tendencies have made fiberization of ood juality fibers
difficult.

The plot of modulus of elasticity values for the alkaline earth
oxide substitutions show a variable pattern. The Be? addition
produces the best results, with SrO, surprisingly, a close secona.
Unfortunately, the high modulus values do not correslond to the
strongest glasses in the series.

Summarizing the results of the study in which alkali oxides ann
alkaline earth oxides were substituted for MgO in the ZiD--A!
MgO series of glasses, it should be noted that:

(i) The substitution of ZnO for MgO produced the only glasses
with tensile strength values comiarable to those in tVe
SiO 2-A 2 0 -MgC systez.

(2) iher substitutino alkali oxides for Mgo, the tensile wirenrt.
decrensed as the size of the ion increased.

(5) 1hen substituting alkaline earth oxides f.r Mg0, the tensile
strength decreased as the size of the ion increased. he
effect of BeO has not yet been Zetinitely determined azno
should not be included in this conclusion.

(4 None of the oxide substitutions for MgO im;roved the modulu
of elasticity above that associated with lasses ir the
13i2 -A!2 -0gC system, exceTt for the Bea substitutiar:.

This is attributpd to the small size and n..h fiela strength
of the Be+ + ion.

-. 2i02-Al 2O -MgO-R x0 Compoe. otns

Table 1 lists the theoretical compositions and properties of a
series of glasses based on the X-994 composition where R O)

15
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component is substituted fur half the MgO ar a ,ol basiu.

QxUx = Li20, Na 20, K.,, BeO, 'WaO, ZnO, Sr(, BaO.) Attention

is directed to giasses numbered X-1055 through X-1I41 and X-1896.

Figure 5 sumaurizes the property data. The value of tensile
strength ana modulus for each oxide addition i; comrared to the
range of vaiues; established for the bj& -Al 20,-MgO giass serien.

No trend is eviaent excelt to note that all of the additionb
ten to reduce the tenviie stren6th of the :;iO -AK0 ,-MgO serie.
of Xiasues. The trend of the mruuuiu curve cannot te explained,
excel t to note that the giasses with higher moduius vqiues do not
correspond to those with high tensile strengths, exce,.t in the
wase of the Sib P-Al2 0,-MgO-BeO glas.

.iO Y-Al 20 -MgO Glasses with Additions of Other Glass kormers

and Intermediates

Table 1 lists the theoretical compositions and properties of a
series of Classes containing WiO 2-Al2 O5-MgO and one other glass

forming or intermediate oxide ( 205,TiO 2,ZrO2 , HfO2, or GeO 2 ).

On Table 1 see the following glass numbers:

Glasses containing P20 5 - X-1842 through X-1845, X-1849
through X-1850, and X-1856.

Glasses containing TiO 2 -X-1846 through X-1848.

Glasses containing ZrO 2 - X-1855 through X-1855, X-1857
through X-1859, X-1895 through
X-1694

Glasses containing HfO 2 - X-1b67

3lasses containing GeO- - X-1660, X-10o5, X-1886

The X-994 composition was used as the base glass. In general,
the added oxide was either substituted for part of the SiO,
content of the Y-994 composition or for part of the Si,
A12 O, and MgO content on a weight basis. :n all cases he mol

ratio of Al2g0 to Mg0 remained approximately equal to 1.

A systematic study of the exact effect of each addition on the
tensile strength of the base glass was not attempted. In general,
however, the tensile strength results indicate that the addition
of P205 for a portion of the SiO2 resulted in a general strength

decrease as the P2 C content increased. An even greater strength
drop resulted when P 0 5 was substituted for a pcrtion of the SiO2 '25O 2

Al2 0 , and MgO. Modulus values were not greatly affected by any
of the additions and cannot be explained.

TiO2 substitutions for part of the SiO 2 caused the greatest drop
in strength of all the additions used. The strength decreased as
the TiO- content increased. Again, modulus values were not greatly
affecte6 and this response cannot be explained.
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Interpretation of the data for the glasses containing ZrO 2 L8
difficult. However, it appears that dmall ZrO, additions improve
modulus values slightly. Even such small addiiions, however,
decrease tensile strength. Hfo2 has the same effect.

Finally, the addition of GeO 2 for part of the SiO. greatly reduces
the tensile strength below that associated with X-994. Modulus
does not seem to be affected, but again no explanation is offered.

5. The Effect of Fiber Diameter on Tensile Strength and Modulu5 of
Elasticity

Preliminary results from several studies of the forming parameters
associated with the fiberization of SiO -Al 20-MgO glasses have in-2 2 " w

dicated that tensile strength and modulus properties were improved
when the diameter of fibers under test was reduced. The tensile strength
of virgin X-994 fiber is normally 700-725,000 psi for a 0.00040 inch
diameter fiber. This figure is apparently raised to 800-850,000 psi
for a fiber with an apparent diameter of 0.00015 to 0.00020 inch. Since
there are problems encountered with accurately measuring fibers of
this diameter with the micrometer eyepiece, further work in this area
is warranted.

Modulus of elasticity values are also apparently improved for lower
diameter fibers. The following modulus measurements have been made:

Glass Modulus x lO6psi Method Employed Measured Diameter

X-994 12.4 Elongation 0.00065 in.
X-994 13.4 Elongation 0.00031
X-994 13.6 Sonic 0.00027
X-994 16.0 Elongation 0.00018

Note the modulus value, measured by the sonic method, of a fiber with
a diameter of 0.00027 inches. The sonic method does not require a
diameter measurement. This finding reinforces the view that the lower
diameter fibers do have improved moduli. Further work in this area is
definitely desirable.

Glasses in systems other than the SiO -Al 20 -MgO series have been
checked to determine the effect of reiuctons in fiber diameter on
both tensile strength and modulus. The properties of glasses in the
Si02-AI203-Li20 and SiO2-A 2 03-CaO systems did not change with reduc-

tions in fiber diameter. Improved properties were evident, however,
in the SiO 2-Al 20 -ZnO system.

B. Relationship Between Composition and Properties of Selected Glasses

1. General

Glass fibers with the highest possible tensile strength and modulus
of elasticity are desired for many important applications. These
properties are intimately related to the ultimate structure of
glass. Knowledge of the structure of a glass and its relationship

19



v6"1.1ti)ns with 3uperi'r performaLrue.

The w,,r& reportea nere was undertaken t, ;r ,lde s,,-re in!;ight into
the relatiinship between glass structure h, u the properties of
ternslie strength and modulus of elasticity. in paper. by Day and

i indone ,2) , it has been showii that a nrimter of physicai properties
-,f certain glasses in the : iO-A ILi-Nat , :leld vary in a systematic
manner with composition changes. Further, coml:psition vs. property
curves usuail showed breaks which were re.ate to proposed changes
in glass structure. It was found that in a set of related compoaitions
in which the Al to Na ratio varied, a break occurred at tne point
Ahere this ratio was one. It was postulated that at ratios below
one, the aluminum was in fourfold coordination and participated in
the glass network, while at higher ratios some of the aluminum
assumed sixfold coordination. This proposition was based in part
upon the total number of oxygen ions available. At Al to Na ratios
less than one, there are less than two. The work reported here
started as an attempt to find out whether modulus of elasticity and
tensile strength of fibers could be related to glass composition and
presumably structure in the same manner as had been done with other
properties.

Considerable property data have also been published for glasses in the

si0 2 -TiO 2-K20 systemk3
) . These glasses were also reported to show

deviations in curves of properties vs. composition which were tenta-
tively related to changes in coordination number of the titanium
from six to eight. These observations, plus the superficial similarity
between the two systems, led to the extension of the work by including
a study of this composition field also.

The Si2-Al 20 -K 20 system is an attractive one for further study,

inasmuch as it differs from each of the previously studied systems
by only one constituent. It may be possible to relate the two
through study of this system.

Experimental Procedure

a. Si02 -Al 20 -Na20 System

(I) Compositions Studied

Table II gives the compositions in mol percentages for all
glasses studied. The glasses are divided into five related
series. Serit-s 11 and IV comprise sets of compositions
similar to those given the same designation in the papers

by Day and Rindone( I 2). In general, all glasses in each
series contain the same percentage of silica. The excep-
tion is Series IV in which all components vary simultaneously.

(2) Preparation and Testing of Specimens

Batches compounded from relatively pure commercial raw ma-
terials were melted in crucibles to form the glass used to

20



TA bL:,

COMPOSITION2 IN MOL PER CENT
SiO-Al 7Na; SYTEV

3eries ii

X-1580A X-155A X-1586A X-1587A X-1588A X-1589A x-1590A

75.00 75.00 7 .OM 75.o< 75.00 75 .0 75. 0,

AI - 3.15 6.25 9.5d 12.50 15.O0 16.25

Na, , 25.00 21.88 18.75 15.65 12.50 10.0 8.75

Al/Na 0 .14 .35 .60 1.00 1.5o 1.86

Series IV

X-1580A X-15912BX X-159A X-1594A X-6594A
SiO 2  75.00 7143 66.67 5.52 62.96

A2 03 - 7.14 16.67 18.97 21.43 24.07

Na 20 25.00 21.43 16.67 15.52 14.29 12.96

Al/Na 0 .33 1.00 1.22 1.50 1.86

Series V

X-1866 X-1867 X-186u X-1869 X-1870 X-1871 X-1961

SiO 2  65.97 65.97 65.97 65.97 65.97 65.97 65.97

A23 - 6.00 12.00 17.00 20.00 22.00 24.00

Na 20 34.03 28.05 22.03 17.03 14.05 12.C5 10.03

AI1/Na 0 .21 .55 1.00 1.43 1.65 2.40

Series VI

X-1877 X-187t X-1679 X-1970 X-1971 X-168o X-1972

Sic- 57.00 57.00 57.00 57.00 57.00 57.0J 57.00

A2 03 - 6.00 12.00 14.09 1).45 17.&0 140

Na 20 43.00 37.00 31.00 28.91 27.52 26.00 24.60

Al/Na 0 .16 .39 .49 .56 .65 .75

X-1881 X-1662 X-1883 X-1962 X-1884

SiO 2  57.00 57.00 57.00 57.00 57.00

Al 20 21.50 24.50 27.50 29.00 30.50

Na 2 0 21.50- lb.50 15.50 14.00 12.50

Al/Na 1.00 1.33 1.78 2.07 2.44
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TABLE II - (Continued)

Series VII

X-l'f8 X-199 X-1940 X-1941 X-1942 X-1945 X-1944

SiO 2  50.00 50.00 50.00 50.00 50.00 50.00 50.00
Al 0 250 290A25 - 6.00 12.00 18.00 21.50 25.00 29.00

Na20 50.00 44.00 38.00 32.00 28.50 25.00 21.00

Al/Na 0 .14 .32 .56 .76 1.00 1.38

Series VII - (Continued)

X-1958 X-1945

SiO 2  50.00 50.00

Al203 31.00 33.00

Na 20 19.00 17.00

Al/Na 1.63 1.94

charge the bushing. Fibers between 0.00035 and 0.00040 inch
in diameter were formed for tensile strength measurements.
Virgin fibers were collected on forks, placed in a desiccator,
and tested promptly in the manner previously described. At
least three sets of fibers sufficient to give fifteen breaks
each were tested for each glass. Results reported are usually
the average of the results for the two closest sets. In a few
cases, additional sets of fibers were tested, in which case
the averages reported are for more than two sets.

Modulus of elasticity measurements were made on fibers in the
0.00075 to 0.00085 inch diameter range by measuring the elonga-
tion under load. This size of fiber was selected because it
was convenient to form and to measure. Some difficulty was
found in obtaining reproducible results with fibers varying
widely in fiber diameter. Although the source of difficulty was

never completely isolated, it was found that reproducibility
was reasonably good when measurements were performed on fibers
of this selected diameter range only. Each point reported is
the average of at least eight measurements on four fibers.

(3)A rough measurement of relative viscosities of the glasses
was made by noting the bushing temperature at which fibers
were formed. Results are approximate only, since no effort
was made to calibrate thermocouples, or to compensate for

any drift in thermocouple outjut that may have occurred as
they aged. Also, several different bushings were used, with
possible bushing-to-bushing variation.
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TABLE III

COMPOSITIONS IN MOL PER CENT
Sio 2 - Ti0 2 2 O0 SYSTEM

X-1926 X-1927 X-1928 X..1929 X-1930 X-1931 X-1932

Sio 2  60.0 60.0 60.0 60.0 60.0 60.0 60.0

TiO 2  - 5.0 10.0 15.0 20.0 25.0 50.0

IK2040.0 35.0 30.0 25.0 20.0 15.0 10.0

X-1946 X-1947 X-1948 X-1949 X-1950 X-1951

Si0 2  70.0 70.0 70.0 70.0 70.0 70.0

Ti0 2  - 5.0 10.0 15.0 20.0 25.0

K 20 30.0 25.0 20.0 15.0 10.0 5.0

X-1977 X-1976 X-1979 X-1980

Sio 2  80.0 80.0 80.0 80.0

TiO 2  - 5.0 10.0 15.0

AL2O0 20.0 15.0 10.0 5.0

X-1981 X-1982 X-1983 X-1964 X-1985 x-1986 X-1987

Si0 2  50.0 50.0 50.0 50.0 50.0 50.0 50.0

TiO 2  40.0 35.0 30.0 25.0 20.0 15.0 10.0

K2010.0 15.0 20.0 25.0 30.0 35.0 40.0

X-1992 X-1993 X-1994 X-99 X-1996 X-1997 X-1998

5i0 2  40.0 40.0 40.0 40.0 40.0 40.0 40.0

TiO 2  10.0 15.0 20.0 25.0 30.0 35.0 40.0

K 2 00 50.0 45.0 40.0 35.0 30.0 25.0 20.0

X-1999 X-2000

5i0 2  40.0 40.0

TiO 2  45.0 50.0

K2 0 15.0 10.0

b. SiO 2-TiO 2-K 20 System

(1) Compositions Studied

Table III gives the compositions studied in mol percentages.

(2) Preparation and Testing of Specimens

Glasses were prepared, fiberized, and tested as described

for the glasses in the silica-alumina-soda system.
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5. Exjerimental Results

a. SiO 2-A1205-Na20 System

(1) Tensile Strength

Tensile strength results are summarized in graph form in
Figure 6. A separate scale was used for each series of
glasses, as indicated on the right of the graph, so that
all data could be presented on one sheet without having
curves overlap. Tensile strength increases in all cases
as the Al to Na ratio increases. It appears that there is
an inflection in all curves at or near an Al to Na ratio
of one, such that the rate of increase of strength is less
at the higher ratios.

(2) Viscosity measurements

In Figure 7 are given the data for viscosity (fiber forming
temperature) vs. the Al to Na ratios of the glasses.

Viscosity increases rapidly with increasing Al to Na ratio
up to a ratio of one. Above this, the viscosity levels
off or decreases slightly.

(3) Yodulus of Elasticity

The data on modulus measurements are plotted in Figure 8.
Again a separate scale is used for each series of glasses,
so that all curves may be plotted on the same sheet with-
out overlapping. There is an inflection point for all curves
at an Al to Na ratio of one. All curves have approximately
the same shape. Curves for Series VI and VII may be excep-
tlons,since the iocations of the last points indicate that
they may rise quite steeply at the higher Al to Na ratios.
However, the glasses for which these points were obtained
were fiberized with difficulty because of devitrification.
These points are therefore questionable. The last parts
of the curves are dotted to indicate this.

The data were plotted In various ways to find whether some
other significant relationship might be found. Figure 9
shows modulus plotted vs. the ratio of (Si + Al) to 0.
These curves show an inflection where the raticE is 0.50.
This corresponds to the compositions for which the Al to Na
ratio is one. However, the curves in Figure 9 show another
inflection, where the ratio of (Si + Al) to 0 is 0.46 or
0.47. Several additional melts were made in Series VI to
establish more accurately the location of the inflection
and to determine how shari the break might be. For this
series, the inflection appears to be at 0.475 and to follow
a smooth curve rather than to have a sharp break. The data
are not complete enough or precise enough to show the ex-
act location and nature of the inflections in the other
curves. However, all seem to have some kind of a break in
about the same region. ,hen plotted in the same way, tensile
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TA Fl H ,E 1V

MODULUS OF AS DRAWN AND ANNEALEL '1FEiK

3i0 2 -Al0 -Na 0 3YSTEM
2 25 2

PSI x 106

GLASS NO. AS DRAWN ANNEA LED

X-1580A 6.91 F .05
X-1591B 8.06 f.)F

X-1592B 8.60 9.0
X-1593A 9.15 10.01
X-1594A 9.44 10.52
X-1595A 9.78 11.01
X-1866 6.79 7.71
X-1867 7.60 6.60
X-1868 8.38 9.51
X-1869 8.87 9.78
X-1870 9.75 10.41
X-1871 9.82 10.60
X-1877 6.55 7.63
X-1878 7.05 b.25
X-1879 7.92 8.99

strength and viscosity curves may also show similar be-
havior, but results are less well defined. The significance
of the breaks in this region has not yet been established.

A number of modulus measurements were made on annealed
fibers. Work on annealed fibers was dropped when it became
apparent that the information obtained did not justify the
additional effort. In general, annealed fibers had modu.:
about 1,000,OOn psi higher than those of fibers as drawn.
Table IV lists moduli obtained on fibers as drawn and an-
nealed for those glasses for which data are available.

Modulus data were piotted in a manner such that interpolated
values,could be obtained for constructing a diagram showing
lines of constant modulus vs. composition. Results are
shown in Figure 10. The sotted lines are lines of constant
modulus of the indicated values. The five series of glasses
studied fall on the dashed lines labelled with the appropriate±
Roman numerals. (Only the top portion of the three-component
system from SiO2 - 50-A upwards is shown.) The phase boundaries
and primarq phases for this system reported in the

literaturek,4 /are also shown. This was done to show whether
transitions from regions characteristic of one 1hase to an-
other would be accompanied by breaks in the constant modulus
curves. The data do not show any clear indication of such
behavior. The change of modulus from 8.O to ,. x 10t ps
requires a larger change in composition than a change of
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similar magnitude at either higher or lower values of 6
modulus. The constant modulus curve for modulus of 8.5 x 10
psi shows two breaks, whereas all other lines are nearly
straight with only slight curvatures. The region in which this
break occurs corresponds to the compositions for which the
(Si + Al) to 0 ratio is 0.46 to 0.47.

This is the range of values in which a second break in the
modulus curves was shown in Figure 9.

b. SiO 2-TiO 2-K20 System

(1) Tensile Strength

Tensile strength results are summarized in graph form in
Figure 11. Results are plotted vs. the TiO2 to K20 ratio.
Any change in properties resulting from a change in the
coordination number of the titanium might be expected to
be a function of this ratio, since it is related to the
amount of oxygen available in the system for coordinating
with the titanium.

At the 60% Sio 2 level, it appears that there is a break in
the curve at a ratio of one. At the 70% level, the curve
is smooth, but it does have an inflection in this region.
At the lower SiO levels, it is not possible to be certain
whether or not there is any meaningful break in the curves.
The precision of the measurements is lower at the very low
strengths involved. In addition, the glasses with the lower
ratios have such poor durability that chemical attack on the
fibers by the moisture of the air during the testing time
could contribute to inaccuracies.

Examination of the published data on other physical properties
of glasses in this system suggested that the position at
which properties changed was dependent also upon the SiO
content. For this reason, the curves shown in Figure 12 2
were prepared showing the tensile strength as a function of

the ratio of SiO2 + TiO2 to K2 0. The curves for 70 and
60% Sio 2 glasses are approximately parallel, but the other
two do not appear to fit this pattern.

(2) Viscosity Measurements

The fiber forming temperatures are plotted as a function of
TiO2 to K O ratio in Figure 13. There is a suggestion of a
break in the curve for the bO% SiC 2 series at a ratio of

somewhat less than one. The rest of the curves approach a

straight line relationship very closely.

Two curves are given for the 60% Sio 2 series. The one drawn
as a solid line was obtained when the fibers tested for
strength and modulus were run. When it became apparent that
these results were inconsistent, the glasses were re-run to
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determine fiber f;rmg temperature i cnij. The vesuits are
shown on the curve drawn in a aotted line. The re-run in-
dicated that these glasses must have a very flat viscosity
curve, that is, a relatively large change in temperature
is required to produce a given change in fiber diameter.
This could account in part for the unusual shape of the
original curve. Care was taken to obtain forming temperatures
at very nearly the same fiber diameters on the second run.
Therefore, this curve is to be regarded as more reliable.
The second curve was obtained with a different bushing.
Small differences in bushing construction or thermocouple
output may have caused the position of the curve to be
generally higher than that obtained on the first run. The
slope of the curve seems to be less at the 60% SiO 2 level
than at either higher or lower levels.

The point at the lowest TiO 2 to K20 ratio for the 50/a Si02
series was obtained the day the thermocouple on the bushing
failed. Its accuracy is therefore suspect.

Forming temperature data were re-plotted in Figure 14, show-
ing forming temperature vs. the SiO 2 + TiO2 to K20 ratio.

The curves have about the same shape and relationship to
each other as shown on Figure 13.

(3) Modulus of Elasticity

Modulus results are plotted as a function of the TiO2 to K 20
ratio in Figure 15. The curves are all similar in shape.
The curve at the 70% Si 2 level appears to be out of place
at the upper end in that it crosses those for the 50% and
60% SiO levels. The other curves seem to approach the same
value ai a TiO 2 to K20 ratio of 3.0.

None of the curves show a sharp break, although all curve
downward in the general vicinity where the TiC 2 to K20 ratio
is one.

When modulus is plotted vs. the SiO2 + TiO 2 to K 0 ratio,
Figure 16, all curves seem to fall into a consisient pattern.
One point on the curve for the 50% SiC 2 level appears to be
off, but it did not fit the apparent curve in Figure 15
either.

4. Discussion of Results

In the SiO2 -A1203-Na20 system, the three properties measured- fiber
forming temperature, tensile strength, and modulus of elasticity -
appear to be dependent upon glass structure in the same manner as
other physical properties reported in the literature. A break in
composition vs. property curves was found where the Al to Na ratio
for the glass was one. The suggestion that this is related to a
change in coordination number of the alumina is consistent with these
observations. Glass viscosity (as shown by fiber forming temperature)
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4

increases at first as A120 i substituted for Na20. This is logical
if the A1203 enters the network and behaves much as Si02 would. At
higher Al 20 contents where the Al to Na ratio exceeds one, the
aluminum added enters the structure with a coordination number of
six, and acts as most glass modifiers do, by lowering the viscosity.
Similarly, substitution of A1203 for Na20 increases the tensile

strength, by increasing the proportion of ions participating in the
network. Strength continues to increase, but at a lower rate, at
ratios of Al to Na higher than one. It could be expected that viscosity
might be related to tensile strength in that both are dependent
upon the forces holding the network together, and that if a change
in composition caused the viscosity to drop, the tensile strength
should drop also. Two possible reasons for the results actually ob-
tained are suggested:

a. Forming temperature may not be a simple function of viscosity.
Surface tension, for instance, can affect forming behavior,
and might change in such a way as to counteract changes in
viscosity.

b. The cooling of the glass may be accompanied by further structural
changes which make it behave differently at room temperature
than it would at elevated temperatures.

Measurements of the modulus of elasticity show the break at the Al to
Na ratio of one more clearly and consistently than-to tensile
strength or forming temperature. This is not surprising. Tensile
strength of fibers is known to be closely related to the conditions
under which they were formed. Attempts were made to keep forming
conditions similar for the fibers tested in this study. However, it
is quite possible that if enough conditions had been tried to find
the optimum strength for each compositionsome inconsistencies in the
data would have disappeared. The measurement of forming temperature
was just incidental, and was not the primary purpose of the work.
Hence, precautions that could have been taken to increase accuracy
were not observed, and results are expected to contain small errors.
Modulus results, on the other hand, seem to be less sensitive to
variations in forming conditions. The precision is believed to be
relatively good, at least when the diameters of the fibers tested lie
in a small range. The spread in results for the eight or more deter-
minations made for each point reported was usually not more than
0.3 x 10 psi, and normally less than this.

The nature of the change in modulus as the Al to Na ratio increases
is somewhat surprising. A structural change which results both in
lowered viscosity and a reduction in slope of the tensile strength
curve causes an increase in the modulus. It may be that the larger
size structural untts resulting from six-coordinated aluminum can
increase the rigidity of the structure without increasing its
strength.

Recently Lacy (5 ) offered another proposal for the structure of glasses
in the Si0 2-Al20 -Na20 system. He suggested that the logical packing
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of ions favors the formation of what he calls "triclusters." These
triolusters consist of three tetrahedral groups having a common
oxygen, which is shared by an A1O 4 group and two SiO, groups or
an SiO4 and two A104 groups. Each two triclusters coserve one
oxygen. When the Al to Na ratio is greater than one, there are
not enough oxygens for all glass formers to be in tetrahedral
groups. According to Lacy, the formation of triclusters compensates
for this oxygen shortage. This theory would probably account for
the observed results as well as the concept of change in coordination
numbers if we assign suitable properties to the triclusters. The data
do not seem to support one concept over the other.

The properties measured on the glasses in the SiO2-Ti20 -K2 0 system
do not appear to lead to as good a concept of glass structure. Examina-
tion of Figures 15 and 16 shows that the modulus increases as either
the TiO 2 to K20 or the SiO2 + TiO2 to K20 ratio increases. The
rate of increase drops off at the higher ratios. The absence of any
sharp break in the curves suggests that the change in slope does
not result from a sudden change in structure at some particular
composition. If, for instance, a change in coordination number of the
titanium is responsible, it seems likely that titanium is present
to some degree in both states in all glasses studied. Changes in
composition thus probably change the relative amounts in some rather
gradual fashion. That the change in structure is affected also by
the SiO content is suggested by the fact that the data seem to fall
into a lysteatic system of curves in Figure 16, while there is some
crossing of curves in Figure 15, in which no account is made of the
SiO 2 content.

It might be argued that Figures 11 and 12 do not support the latter
contention in that curves for tensile strength seem to show a more
orderly relationship when plotted vs. the T1O2 to K 0 ratio than
when plotted vs. the SiO + TiO2 to K 0 ratio. Howeier, examination
of Figure 12 suggests thit it is possible that the proper order of
the curves for the various series of glasses might be the same as
that found for modulus. At the very low ratios of ±0i + TiO to K20,
the curves tend to fall in the same order as the modulus curles in
Figure 16. The peculiar shapes of the tensile strength curves at the
50% and 60% SiO 2 levels do not seem logical and may indicate experi-
mental error.

Figure 17 was plotted to assist in plotting lines of constant modulus
on a three-component diagram. It appears that at any SiO level the
modulus may be a linear function of the K20 content of tie glass.

The constant modulus curves are plotted in Figure 18. These curves
appear to offer no particularly significant implications relative to
glass structure.

The SiO 2-A12 0-K2 0 system should be studied as the SiO -Al2 -Na2 O
and the Si02 -TiO-K 20 systems have been. Results should be-sudied
to determine if some correlation between the two systems can be found.
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Differences between the S3iO 2-Al 2 03-K 20 system and the SiQ 2-Al 20 3-
Na2O0 system should be examined to see if they can be related to
the size of the alkali ion added. If such relation is found, study
of a system utilizing a third alkali ion, probably lithium, should
be undertaken.
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III

CONCLUSIONS

The results of this investigation indicate that glass fibers possess-
ing the highest tensile strength and modulus of elasticity values are
located in the SiO 2-Al 0 -MgO and the SiO 2-Al 2O -ZnO systems. There is
some indication that tie SiO 2-AI203-BeO system may also possess desirable
properties.

The bedt glass compositions in the Si0 2-Al20 -MgO system fall at an Al 203 to
MgO mol ratio of approximately 1.0 and contain from 60 to 70% by weight of
SiO . The SiO -A 20 3-ZnO system has not been investigated extensively, but
it ?S expectea that the glasses with the best properties are located within
a similar range of values. Investigation of the SiO 2-Al203-BeO system should

be continued, but is complicated by the extreme devitrification tendencies
of this glass.

The addition of a fourth oxide component to a base glass consisting of the
S-994 composition does not improve the tensile strength or modulus of
elasticity of the resultant glass. The addition of minute quantities of a
fourth oxide component has received only preliminary study, but might
prove beneTicial.

The exact effect of fiber diameter on both tensile strength and modulus is
still open to question. However, there is some evidence that a reduction
in diameter of SiO 2-A1203-MgO and SiO2-A1203-ZnO glass fibers does improve

properties, especially the modulus of elasticity.
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