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[57] ABSTRACT
Glass compositions having a Young's modulus- of at
least 16 million psi and a specific modulus of-at least
110 million-inches consisting essentially of approxi-
mately, by weight. 20-43% S5Ofc 8-21% AljQj, 4-10%
BeO, 27-58% of at least one oxide selected from a
first group consisting of YjOj, LaA,, NdjOa, CejQ,
and the mixed rare earth oxides and 3-12% of at least
one oxide selected from a second group consisting of
MgO, ZrOj, ZnO and CaO, the molar ratio of BeO to
die total content of said fust group oxides being from
1.0-3.0.

12 Claims, No Drawings
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HIGH MODULUS RARE EARTH AND BERYLLIUM
CONTAINING SILICATE GLASS COMPOSITIONS

BACKGROUND OF THE INVENTION

from a first group consisting of Y»O», LajO3, Nd2O3.
CejCs and the niixed rate earth oxides and 3-12% of at
least one oxide selected from a second group consisting
of MgO, ZrO2, ZnO and CaO, the molar ratio of BeO to
the total content of the first group oxides being from
1.0 to 3.0. In general, there are not more than two first
group oxides nor more than three second group oxides
in a given glass composition.

In several preferred embodiments, formulations hav-

This is a continuation-in-part of application Ser. No.
874,675 filed Nov. 6. 1969, now abandoned by the
same inventor. ; "

The invention described herein was made in the per-
formance of work under NASA contract and is subject !0 ing a Young's modulus ranging from at least 16 to at
to the provisions of Section 30S of the National Aero- least 21m illion psi and a specific modulus ranging from
nauticsandSpaceActof 1958, Public Law 85-568 (72 at least 120 to at least 160 million inches that are
Stat. 435; 42 USC 2457). • " : .- * readily formed into fibers having a relatively high fiber

This invention in general relates to high, modulus . modulus ranging from above 15 to above 19 million psi
glass and glass compositions and more particularly 15 are described. These include glasses consisting essen-
relates to beryllia containing glasses having a Young's daily of, by weight, approximately:
modulus of at least 16 million psi and a specific modu-
lus of at least 110 million inches, some having a liqui-
dus-viscbsity relationship suitable for fiberization.

In the present age, there has been a continuing search 20
for glasses of high modulus and low density, capable for
use as reinforcements, preferably in fiber form in com-
posite structures such as those ranging from high
strength missile cases and helicopter blades to propel-
ler spinners and gas turbine engine jferts. Glass offers 25

promise as the reinforcement in such applications since
it may be quickly and cheaply produced by relatively
conventional techniques and, generally, presents no
compatability problems with the matrix materials with
which it is normally used. There is a heed however to 3°
provide glass formulations which possess a high modu-
lus of elasticity, and particularly a high modulus-den-
sity ratio. It is even more preferable if the glass pos-
sesses .the aforementioned two characteristics in com-
bination with an appropriate liquidus-viscosity relation? 35
ship to permit fiberization.

There is dislosed in my copending application Ser.
No. 683,465 filed on Nov. 16,1967, now U.S. Pat. No.
3,573,078, glass compositions comprising silica, alu- .
mina and magnesia with substantial quantities of an 40

uncommon oxide such as lanthana, ceria or yttria
which provide a formulation capable of fiberization to
produce filaments having a high modulus of elasticity.
It has now been found that the fiberizing properties of
this type of glass composition, which shalbe referred to *5
as rare earth 01 zirconia-cordierite base glasses, may be
most markedly enhanced by including beryllia in a
similar type glass and maintaining its content in a par-
ticular molar ratio to the total content of yttria. lan-

37% SiOj, 8% BeO, 10% Al2Qj, 33% LajO, and 12%
ZrOj;

30% SiOj, 8% BeO, 16% AljO* 34% YjO, and 12%
ZnO;

36% SiO2, 5% BeO, 21% AlsO* 30% YjO, and 8%
MgO;

38% Si©* 8% BeO, 11% AljO* 34% La»O, and 9%
ZnO;

33% SiQj, 8% BeO. 10% Alf>» 33% LajO, and 12%
ZrO,;

31 % SiOj, 8% BeO, 16% AljO,, 30% YjOs, 9% Ce2O,
and 6% MgO;

30% SiO2, 8% BeO, 16% Al£Oj, 29% Y,Oj, 8%
CejO3, 3% MgO and 6% ZnO;

30% SiOt, 8% BeO, 15% AljO* 29% Y2O,, 8%
CejOj, 6% ZnO and 4% CaO;

30% SiO* 8% BeO, 16% AI2Oj, 29% YjO* 8%
CezOs, 2% MgO, 4% ZnO and 3% CaO;

32% SiOj, 4% BeO. 18% AljOj, 39% mixed rare
earth oxides and 7% MgO;

32% SiOj, 4% BeO, 18% A1A, 39% La^O, and 7%
MgO; and

33% SiOj, 8% BeO. 11% AljOj, 36% LaiO* 4%
Nd2O3 and 8% MgO-

The features of the invention will be discussed in
greater detail in the description which follows or will be
evident therefrom to those, skilled in the art

DESCRIPTION OF THE PREFERRED
EMBODIMENTS *<

In a generic sense, the glasses of the present inven-
tion may be characterized as of the cordierite variety
(Mgj,Al,SisO,,-a three-dimensional ring-former), but

thana, neodymia, ceria and mixed rare earth oxides 50 with the inclusion of beryllia and with the addition of
present. substantial amounts of oxides selected from the group

SUMMARY OF THF INVFNTION consisting of yttria. lanthana, ceria. neodymia and
SUMMARY OF THE INVENTION mixed rare earth oxi(Jes Ms addition in some instances

The glass compositions of the present invention are a being so large as to equal or exceed the contributed
high modulus, low density glass which, in their pre- 55 weight of the cordierite components.
ferred form consist essentially of a combination of
silica, beryllia, alumina, one or .more oxides selected
from a first group consisting of yttria, lanthana, neo-
dymia, ceria and the mixed rare earth oxides and one or
more oxides selected from a second group consisting pf
magnesia, zirconia, zinc oxide and calcia, with the
molar ratio of beryllia to the total content of the first
group oxides beirjg 1 .0-3.0. In particular, the inventive
glasses contemplated are/those having a Young's mod-

In the preliminary work only pure materials, particu-
larly those of lanthana, ceria, zirconia and beryllia were
utilized.so that the characterization and property data
could be unequivocally interpreted. In later experi-

1 .ments much less costly and impure formulations were
substituted, such as would be used in actual glass-mak-
ing operations- The normal impurities found in the less
pure starting materials, including some of the less com-
mon rare -earths, 'have been found to exert no sigriift-

ulus of at least 16 million psi and a specific modulus of 65 cant detrimental effect on the properties of the desired
at least:! 10 million inches which consist essentially of, end product when present in the normal amounts,
by weight, approximately 20-43% SiO», 4-10% BeO, With repsect to the form of the materials added, it
,8-2j»&KfebSn. 27-58% of at leasfcone oxide selected has been the practice to add the ceria. lanthana, yttria.
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neodymia and mixed rare earths as oxalates. the zirco-
nia, beryliia, zinc and calcium as carbonates, and the
other materials as oxides. Any form of the addition is
satisfactory, however, as long as it is reducible in the
melt to the oxide. And the addition of the ingredients in
a form which provides some gas evolution during the
melting operatioi^fumishes an advantageous stirring or
"fining" effect in the melt. • • -t

Many of the inventive glasses are capable of fiberiza-
tion which is the ability of the glass to be readily drawn
into Filamentary form. In general, therefore, the glasses
over a reasonable temperature range, depending on the
particular composition, will display a viscosity of ap-

and bubbles due to the fining action of the oxalates
when held at a temperature of at feast 1500°C or higher

• for a period of time of at least two hours or longer.
With tile above-mentioned preparation technique alu-

5 mina crucibles of even slightly lower purity
(99.3-99.7%) cannot be used, nor can the temperature
of about 1540°-1460°C be exceeded even with the
alumina crucibles of highest purity. The more refrac-
tory glasses were melted in either platinum alloy cruci-

1° bles, or in tungsten crucibles under argon cover.
The compositions of some of the representative

glasses formulated in the course of the experimental
program are set forth in Table I.

Table I
Compositions of Representative Glasses (Weight Percent)

Example SiO,

• |
2
3

.4 .
5
6
7
8
9 .

10
II
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

36.6
25.8
29.8
24.9
28.1
19.7
36.2
38 .2
36.6
38.1
31.0
29.9
30.2
29.5
30.0
25.7
38.2
31.0
2S.S
31.9
32.0
24.6
42.8
29.2
24.6
25.4
31.9
33:3

BeO

7.5
6.9
7.9
8.9

10.1
8.2
5.0
7.9
7.6
7.4
8.2
8.0
8.1
7.9
8.0
6.9
7.9
7J
6.9
4.4
4.4
3.8
8.9
9.1
63
6.4
8.0
8.1

AIA

10.4
13.5
15 J
18.1
20.5
16.7
20.5
10.8
10.4
10.9
16.2
15.6
15.8
15.4
15.7
13.4
10.8
12.0
13.5
18.0
18.1
ISA
12.1
12.4
8.4
8.6

10.8
10.9

Y.O,

34.4

30.3

30.2

29.9
28.8
29.1
28:5
28.9

26.8

La.0, Nd.0,

33.1
43.1

38.5

44.5 . .

34.4
33.1

7.2

38.2
43.1

38.4
49,9

39.6
26.7 26:7
27.6 28J
34.6 7.1
36.1 3.6

R.E.
CejO, Oxides MgO

8.1

34 J
8.6 . 6.4
8.4 3.1
8.4
8.3
8.4 2.1

36.1
34.6

' - . . •-_-=!«

38.7 7J
7.1
6.2

3:4
. 7.7
7.8

""* Molar Ratio
BeO/lst

ZiOi ZnO CaO Croup Oxides

12.5
10.8
12.4
9.6 .

10.9
11.1

8.6
. 12.5

s:e
63

8.7
. '6.2 4.2

4J 29
10.7
8.6
9.6

10.7

9.6
9.9
6.7

3.0
2.1
2.1
3.0
3.0
2.4
1.5
3.0
3.0,
3.O
2.1
2.1
2.1
2.1
2.1
2.1
3.0
25
2.1
1-5
1.5
l.O
3.0
3.O

.1.5
1J
.2.5
2.7

proximately 20,000 poises, the optimum viscosity being
about 300-1,000 poises.

Typically, the glasses were prepared in- 500 gram
patches in high purity (99.9%) alumina crucibles in a
Super-Kanthal Hairpin kiln. The starting materials were
5 micron particle size high purity silica, 325 mesh high
purity alumina, high purity precipitated magnesia, high " •
purity lump-free beryllium carbonate, high purity pre-
cipitated zinc carbonate, zirconium carbonate, lithium
carbonate and calcium carbonate, lanthanum, yttrium
and/or cerium oxalates of 99% purity and a mixed rare
earth oxalate of which a typical sample analyzed as:

55

50

* Oxides in Oxalate (by weight)

•CeO,

Nd.0,

Y/J,
Others

11.2
22.6
2.4
8.0
1.4
0.9
0.1
0.4

•Vaknet of ccriem in the oiabtc •« J

In order to characterize the various glasses, measure-
ments of the density and Young's modulus of bulk
samples as well as Young's modulus of mechanically
drawn fibers wese made. As a standard density measur-
ing technique, the heavy-liquid-of-known density com-
parison procedure was used for samples with densities
less than 3.00 gins/cm* while the Archimedean method
was employed for samples with densities greater than
3.00 gms/cms.

Bulk samples for modulus measurement were pre-r
pared using the technique whereby the samples wcte
drawn directly from the crucibles of molten glass into
fused silica tubes previously dusted lightly with pow-
dered magnesia. Controlled suction for pulling the
sample into the tube was supplied by a hypodermic
syringe. Since all of the experimental glasses had coeffi-
cients of thermal expansion at least higher than that of
fused silica, the aspirated bars shrank away from the
tube upon cooling and thus were readily removable.

Table II lists the values for a number of-glasses made
and tested in accordance with the teachings herein.

Table II
65 Class Density. Young's Modulus and Specific Modulus

60

The ingredients were completely mixed dry by tum-
bling, and briquetted for ease of handling. The yield, in Example
general, is a water-white optical grade glass free of seed i

Density
lb./in.s

Young's Modulus
.psi X 10*

Specific Modulus
10* in.

0.1318 ,16.7 127
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Table H-continued Table Ill-continued

Glass Density. Young's Modulus and Specific Modulus

Density*" Young's Modulus
Example Ib./m. > psi x 10*

2
3

-4
5
6

• 7
8
9
10
11
12
13
14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28

O.I4S2
0.1322
0.1392
0.1 265
0.1500
0.1193
0.1312
0.1317
0.1273
0.1277
0.1320
0.1277
0.1320
0.1289
0.1473 .,
0.1312
0.1393
0.1457
0.131 1
0.1340
0.1477
0.1239
0.1402
0.1570
0.1540
0.1345
0.1308

18.6 .
20.9
19.0
21.0
19.4
20.3
21.6
17.7
16.8
19.0
19.1
17.8
18.6
18.5 .

" 17.3
18.1
183
19.2
18J
18.0
17.9
19.1
18.7
19.3
19.6
193
19.1

Specific Modulus
10* in.

129
158
136
166
130
170
164
134
132
149
144 '
139.
142
144
118
138
131
132
139
134 :
121
154
134
123
128
144
146 !

Fiber Modulus

Young's Modulus
psix 10*

3
7
*
9

11
12
14

21
28

19.8
18.6
17.4
17.5
17.5
18.8
17.7
18.4
17.8
15.6
17.4

As is evident from the Tables, several of the formula-
tions have proved to display extremely high modulus as
well as modulus/density ratios superior to the best of
glass compositions heretofore known. The particular
formulation selected in a given application, however,
will be dependent usually not only upon the properties
of the end product but also upon the cost of the ingredi-
ents included. This is particularly true ia commercial
production.

Several of the glasses proved to be fiberizaWe. In
order to evaluate these glasses, a "poor man's bushing"
was. used to prepare mechanically drawn fibers. The
bushing comprises a 20 cm3 platinum crucible with a
reinforced bottom and central orifice. The orifice is
formed by welding several thicknesses of platinum foil
to the bottom of a normal platinum crucible until a
bottom thickness of 3/16 in. is obtained. A central
orifice .088 in. at top, .063 in. at bottom and 3/16 in.
long in the crucible is made by taper reaming. Once the
orifice is made,, the crucible is filled with glass and
.introduced into a platform furnace having high temper-
ature Super-Kanthal hairpin heating elements together
with a first ring orifice to provide water cooling imme-
diately below the crucible and a second ring orifice to
cool the fibe'fwkh helium jets as it forms. The fibers
were drawn at speeds of 4000-8000 feet/minute and
yielded circular "glass fibers having a diameter of ap-

•proximately out mil. The fibers were then evaluated on
an Instron CRE tester operated with a machine speed
of 0.2 in./minute, a chart speed of 20 in./mioute. a gage
longth of 5 in. and a full scale capacity of 1.0 Ib. The
specimens were held in air actuated clamps with flat
rubber coated races.

Table III lists the .values for several glasses which
were mechanically drawn into fibers.

• Table 111

FBier Modulus

30

35

40

Euunple :
Youog^B Modulus

• . psi x 10* •

;j 15.9

The particular formulation selected in a given appli-
cation will be dependent, usually, not only upon the
properties of the end product but also upon the cost of

20 the ingredients included. This is particularly true in
high volume commercial production.

While the invention has been described in connec-
tion with a number of particular preferred embodi-
ments, they are considered illustrative only, and no

25 limitation is intended thereby. Numerous substitutions,
alterations and modifications will be evident to those
skilled in the art within the true spirit and.scope of the
invention as set forth in the appended claims. •
• What is claimed is:

1. A glass composition having a Young's modulus of
at least 16 million psi and a specific modulus of at least
110 million inches consisting essentially of, hy weight,
approximately:

20-43% SiOj, 4-10% BeO, 8-21% Ai,O^ 27-58% of
at least one oxide selected from a first group con-
sisting of Y,O,. LojO,, Nd,Os, CejOs and mixtures
thereof and 3-12% of at least one oxide selected
from a second group consisting of MgO. ZrO, and
ZnO, the molar ratio of BeO to the total conte nt of
•said first group oxides being from 1.0 to 3.0.

2. A glass composition having a Young's modulus of
at least 16 million psi and a specific modulus of at least
110 million mches consisting essentially of approxi-

.. matety, by weight
20-43% SiO±, 4-10% BeO. 8-21% AI,OS, 27-58% of

at least one but not more than two oxides selected
from a first group consisting of YjO3, La^)3, Nd,Oj
and CejQj and 3-12% of not more than three ox-
ides selected from a second group consisting of
MgO. ZrO,, and ZnO, the molar ratio of BeO to the
total content of said first group oxides being from
1.0 to 3.0.

3. A glass composition having a Young's modulus of
55 at least 16 million psi and a specific modulus of at least

.110 million inches consisting essentially of, by weight,
approximately: v

20-43%"§iO* 4-10% BeO. 8-21% Al-A, 27-58% of
at least one oxide selected from a first group con-
sisting of Y,O,, NdjOj, Ce,O, and mixtures thereof
and 3-12% of at least one oxide selected from a
second group consisting of MgO, ZrOj., ZnO and
CaOvthe molar ratio ratio of BeO to the total con-
tent of said first group oxides being from 1.0 to 3.0.

4. A glass-composition having a Young's modulus of
at least 16 million psi and a specific modulus of at least
110 million.inches consisting essentially of approxi- .
mately. by weight:

50

60

65
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20-43% SiOj, 4-10% BeO, 8-21% AljO,, 27-58% of
at least one bat not more than two oxides selected

- from a first group consisting of Y^O,, NdjO3 and
Ce-Oj and 3-12% of not more than three oxides
selected from a second group consisting of MgO,
ZrO,, ZnO. and CaO. the molar ratio of BeO to the
total content of said first group oxides being from
1.0 to 3.0.

5. A fiberizable glass composition having a Young's
modulus of at. least 20 million psi and a specific modu-
lus of zi least 150 million inches consisting essentially
of about, by weight • ""*

30% SiO,, 8% BeO. 16% A^O,, 34% Y,Ojand 12%
ZnO.

6. A fiberizable glass composition having a Young's
modulus of at least 20 million psi and a specific modu-
lus of at least 160 million inches consisting essentially
of about, by weight

S
lus of at least 140 million inches consisting essentially
of about, by weight -•

31 % SiO,, 8% BeO. 16% AljOj, 30% Y2O,, 9% Ce,O»
and 6% MgO.

5 9. A fiberizable glass composition having a Young's
modulus of at least 19 million psi and a specific modu-
lus of at least 140 million inches consisting essentially
of about, by weight: "*'

. 30% SiOz, 8% BeO, 16% AW>» 29% YjQ,, 8%
«0 CejO3, 3% MgO and 6% ZnO.

10. A fiberizable glass composition having a Young's
modulus of at least 18 million psi and a specific modu-
lus of at least 140 million inches consisting essentially
of about, by weight

'5 30% Sib* 8% BeO, 15% Al-Q,, 29% Y,O» 8%
CejOj, 6% ZnO and 4% CaO.

11. A fiberizable glass composition having a Young's
modulus of at least 16 million psi and a specific modu-
lus of at least 120 million inches consisting essentially

36% SiOi 5% BeO. 21% AltOs, 30% YtO,and 8% 20 of. by weight:
M8°- = . 37%SiOj,8%BeO, 10%AlJO3,33%La2O3andl2%

7. A fiberizable glass composition having a Young's ZrOt.
modulus of at least 20 million psi and a specific modu-
lus of at least 16O million inches consisting essentially'
of about, by weight: " • .. • .

38% SiO,, 8% BeO. 11% Al̂ O,, 34% La,O, and 9%
ZnO.

8. A fiberizable glass composition having a Young's
modulus of at least 19 million psi and a specific modu-

12. A fiberizable glass composition having a Young's
. modulus of at least 18 million psi and a specific inodu-'

25 ins of at least 140 million inches consisting essentially
of. by weight:

30% SiOjs, 8% BeO, 16% AljO* 29% Y,O», 8%
CejOi, 2% MgO, 4%.ZnO and 3% Cap.

.so ' ' . " • • ' ' ' •" : ' • " . •
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