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Report K911105-3 

Determining and Analyzing t h e  Strength and 
Impact of High-Modulus Glass 

SUMMARY 

An e r r o r  was noticed recent ly  i n  t h e  computer program used t o  reduce t h e  
laboratory sonic measurements t o  tabulated values of Young's modulus of t h e  
bulk samples of experimental glasses.  Correction of t h i s  e r r o r  gave revised 
values f o r  t h e  last  f i f t y  experimental glasses  prepared i n  t h i s  laboratory.  
This corrected data, when examined as input mater ia l  f o r  t h e  ca lcu la t ion  of 
Young's modulus of bulk glasses  from composition by t h e  C. J. P h i l l i p s  pro- 
cedure (Ref. l), resu l ted  i n  new values f o r  t h e  contribution per mol of several  
oxides. The new value f o r  t h e  zinc oxide molal f a c t o r  i s  especial ly  s i g n i f i -  
cant s ince it i s  s l i g h t l y  grea te r  than t h e  f a c t o r  f o r  b e r y l l i a  f o r  t h e  types 
of glasses  melted i n  t h e  UARL research program. This discovery provides a 
new t o o l  i n  t h e  search f o r  nontoxic, L e .  without b e r y l l i a ,  high modulus g lass  
f i b e r s  p a r t i c u l a r l y  when coupled with las t  quar te r ' s  measurements t h a t  showed 
zinc oxide contributes s i g n i f i c a n t l y  t o  increased impact s t rength.  

The report  a l so  includes new glass  compositions prepared i n  t h i s  period 
and the  l a t e s t  impact s t rength values measured. 

INTRODUCTION 

This report  i s  t h e  t h i r d  quarter ly  report  f o r  t h e  UARL-NASA Headquarters 
Contract NASW-2209, Determining and Analyzing the  Strength and Impact Resis- 
tance of High Modulus Glass. This contract  i s  t h e  successor t o  t h e  p r i o r  UARL 
contracts NASW-1301, Invest igat ion of t h e  Kinetics of Crys ta l l iza t ion  of Molten 
Binary and Ternary Oxide Systems and NASW-2013, Invest igat ion of t h e  Kinetics 
of Crys ta l l iza t ion  of Several High Temperature Glass Systems. 
covered by t h e  present report  i s  August 1, 1971 through October 31, 1971. 

The time period 

For t h e  e a r l i e r  NASA contracts ,  UARL studied t h e  r a t e  of c r y s t a l l i z a t i o n  
of several  unusual molten oxide systems not normally used for glass  production. 
The two most i n t e r e s t i n g  of these  systems were t h e  cordier i te-rare  e a r t h  oxide 
and t h e  invert  analog-rare ear th  oxide f i e l d s  with both of these  systems at 
t i m e s  including bery l  additions.  I n  each of these systems a number of high 
modulus, high s t rength g lass  compositions were found and some of these compo- 
s i t i o n s  could be f iber ized  by t h e  usual platinum-rhodium bushing drawing 
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technique. 
composites and these  were character ized as f u l l y  as possible.  The s t rength  and 
impact cha rac t e r i s t i c s  of these  high modulus g lasses  i n  bulk form were not 
invest igated however. 

The f i b e r s  thus produced were used t o  form g la s s  fiber-epoxy r e s i n  

The present  contract  has as i t s  purpose a more systematic inves t iga t ion  
of t h e  proper t ies  of bulk samples of those high modulus glasses  previously 
developed and an attempt t o  co r re l a t e  such proper t ies  with composition and 
microstructure.  
bulk and as f i b e r s  i f  they show promising viscosity-temperature re la t ionships .  
These inves t iga t ions  may contr ibute  i n  a s m a l l  way t o  t h e  need f o r  more infor-  
mation about g l a s s  i n  massive form t h a t  t h e  National Advisory Board of t h e  
National Research Council has indicated (Refs. 2,3) t o  be a prerequis i te  f o r  
t h e  successful  use of g l a s s  as an engineering mater ia l .  

New compositions w i l l  a l so  be prepared and s tudied both i n  

NEW GLASS COMPOSITIONS 

The new g la s s  compositions prepared i n  t h i s  period a r e  shown i n  Table I. 
Using t h e  revised program f o r  calculat ing moduli from sonic t e s t  r e s u l t s  dis- 
cussed i n  de ta i l  i n  a l a t e r  sec t ion  of t h i s  r epor t ,  it w a s  possible  t o  accurately 
predict  i n  advance t h e  value f o r  Young's modulus f o r  a number of these  g lasses .  
It should be possible ,  therefore ,  i n  t he  fu tu re  t o  move more rap id ly  toward our 
goal of a nonberyll ia containing high modulus g l a s s  f i b e r ,  It w i l l  be noted 
t h a t  only two of t h e  glasses  prepared i n  t h i s  period contain b e r y l l i a  i n  l i n e  
with our recent  emphasis on nontoxic g l a s ses ,  

REVISED PROGRAM FOR CALCULATION OF YOUNG'S 
MODULUS OF BULK GLASS SAMPLES , 

I n  our summary report  ( R e f .  4) a computer program w a s  wr i t ten  f o r  t h e  
determination of t h e  e l a s t i c  modulus of a mater ia l  i n  t h e  form of a cyl inder  
using t h e  formulae developed by Picke t t  (Ref. 5 ) .  

The determination of t h e  e l a s t i c  modulus simply requires t h e  evaluation 
of t he  following expression: 

2 E = ( C )  (weight) (resonant frequency) . 
The constant C i s  evaluated according t o  t h e  expression 

c = 0.0041632 ( L / D )  3 T 

with the  parameter T evaluated f o r  t h e  diameter and length of  t h e  specimen 
according t o  
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Table I 

New Glass Compositions 
(in mol % )  

482 - 481 - - 483 484 - 486 - 485 I_ 

Actual Ingredient 

65 
17 
7 -_ -- 
lo 
1.0 

65 
7 
17 

62 58 
12 12 
12 10 

-- 10 
10 lo 
1.0 -- 

-- 3 -- -- 
10 lo 
1.0 1.0 

-- 
lo 
1.0 

*2O3 
coo (Co203) 

_I 491 - 492 

47 47 
17 17 
17 17 
3 3 

488 
_c 487 - 
59 49 
10 10 
10 10 

51 
17 
17 
3 

Si02 
A1203 

Li 20 
C a0 
ZnO 

Mgo -- -- 
10 lo -- 

6 '2'3 
COO (co203) 
Be0 -- 

6 cu20 

- 493 

45 

- 49 4 

65 -- 
12 

- 49 5 - 497 - 498 

Si0  

Mg A183 

Li 20 
CaO 
ZnO 
'2'3 
Ti02 

Be0 
coo (CO2O3> 

cu20 

36 -- 
12 
9 
12 

lo 
4 
2 
15 

-- 

-- 

40 56 
-- 7.75 
14 -- 
12 2 
18 22.25 

10 lo 
4 -- 
2 2 

-- -- 

57 

12 

12 
8 
10 

-- 
-- -- 

12 
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Si02 

3 0 3  
Mg 
Li20 
CaO 

Ce203 
B2°3 
Zr02 
'2'3 
Ti02 
COO ( ~ 0 2 0 3 )  
Tho2 

Table I (Cont'd) 

- 499 

40 
2.66 

18 
2 

16 -- -_ 
4 

10  
7 
0.33 -- 

- 502 - 503 

45 39 

1 2  15 
2 2 

1 2  15  
2 

2 6 
10 10 
10 12 
1 1 
4 -- 

-- -- 

-- 
-- -- 
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( A )  T = 1.0  + 81.79(D/2L)2 - (1314(D/2L)4)/(1 + 81.09(D/2L)2) 
- 125(D/2L)4. 

For t h i s  calculat ion,  Poisson's r a t i o  has been taken as 1/6,  and the f a c t o r s  
T and C are those which y i e l d  an approximate solut ion t o  the  d i f f e r e n t i a l  
equations f o r  t ransverse vibrat ions as determined by Goens. 

In  addition t o  t h e  straightforward calculat ion,  a fea ture  of the program 
used i s  a subroutine which can be used t o  s o r t  t h e  output data i n  terms of any 
desired parameter, such as sample diameter. With t h i s  f e a t u r e ,  checks f o r  
systematic var ia t ions i n  calculated modulus values with a chosen parameter can 
e a s i l y  be made, 
time-shared computing system. The Research Laboratories provides t h i s  capabi l i ty  
by e i t h e r  an in-house PDP-6 (Dig i ta l  Equipment Corp.) computer, or by subscrip- 
t i o n  t o  t h e  General E l e c t r i c  time-shared computing system. 

The program i t s e l f  i s  w r i t t e n  i n  FORTRAN I V  f o r  use with a 

Unfortunately, when t h i s  program was s tored i n  t h e  computer, t h e  first 
exponent i n  Eq, ( A )  w a s  changed from 2 t o  3. This f a c t  gave us a s e r i e s  of 
wrong moduli values reported i n  our l as t  two reports  (Refs, 6 ~ ) .  
i n  t h e  computer has now been corrected as shown below and t h e  corrected r e s u l t s  
f o r  Young's moduli of recent experimental glasses  a r e  given i n  t h e  next sect ion.  

The program 

Corrected Computer Program 

CCCC PR@GRAM T@ CALCULATE GLASS BULK MQlDULUS BY THE F@RMULATI@N OF PICKETT 
CCC INPUT DATA GLASS IDENTIFICATIgN, WIGHT I N  GRAMS, DIAMETER 
CCC I N  INCHES, LENGTH I N  INCHES, RESONANT FREQUENCY I N  KILOCYCLES 
ccc 
ccc 

DIMENSION D I A (  50) ,WT( 5 0 )  ,RF( S O ) ,  E(  50) 

REAL LE 
ALPHA TITLE 

READ( "PICKVAL" ,81)NT@T ,TITLE 
81 FQIRMAT( 5XY13,10A4) 
READ("PICKVAL",85) ( W T ( N )  , D I A ( N )  ,LE(N) ,RF(N), N=2,NT@T) 
85 F@RMAT( 5X,4F10.4) 

D@ 50 N=2,NT@T 

INDEX(M)  = M; WT(M)=WT(N); DIA(M)=DIA(N)  ;LE(M)=LE(N) ;RF(M) 

DIMENSION INDEX( 50) 

DIMENSIQIN TITLE ( io ) , LE ( 50 ) 

NN = NTgT -1 

M = N - 1  

& = RF(N)  
50 C@NTINUE 
D@ 55 N = 1 , N N  
A = DIA(N)/(2.*LE(N)) 
T=l .  + 81.79*A**2 - 131,4*A**4/(1. + 81.O9*AW*2) - 

& 125.*A**h 
C = 0.004163/DIA(N) * (LE(N)/DIA(N))**3 * T 
E(N) = C * (WT(N)/453.59) * RF(N)**2 
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55 CgNTINUE 
CALL SORT( DIA, NN, INDEX ) 
PRINT 123, TITLE 
123 F@RMAT(lH , 10XY10A4) 
PRINT," 
PRINT," J L DIA LENGTH WEIGHT FREQ 

& M@DULUS" 
D@ 501 J=l,NN 

PRINT 135,J,L,DIA(J) ,LE(L) ,WT(L) ,RF(L) ,E(L) 

135 FjbWT( 1H ,213,3F10.4,2F14.4) 
STjbP; END 
SUBR(6UTINE SQIRT ( A, NPgINTS ,INDEX) 

L = INDEX(J) 

501 CQINTINUE 

CCC INDEX IS FILLED WITH INDEXING INTEGERS FRjbM 1 T@ NPqINTS 
CCC ARRAY IS BRgUGHT IN AS A SINGLY SUBSCRIPTED ARRAY 
DIMENSIQIN A( 50) ,INDEX( 50) 
M = NPjbINTS 
1 M = M/2 
1F ( M .E&. 0 ) RETURN 

J = 1  
21 = J 
31M = I + M 
IF [A ( 1 )-A( IM I 5 5 3 4 

K = NPQIINTS - M 

CCC SWITCH VALUES AND ARRANGE INDEX ARRAY 

A(1) = A(1M); INDEX(1) = INDEX(1M) 
A(1M) = SAV; INDEX(1M) = NSAV 

IF (I. GE. 1) Gjb T@ 3 
5 J = J + I  
IF (J-K)2,2,1 
END 

4 SAV = A(1); NSAV = INDEX(1) 

I I-M 

REVISED VALUES FOR YOUNG'S MODULUS OF 
BULK GLASS SAMPLES 

Using t h e  corrected program, new values f o r  Young's modulus were deter-  
mined f o r  a l l  glasses  previously calculated with t h e  erroneous program and 
these  values a re  l i s t e d  i n  Table 11. 
seen from t h e  f a c t  t h a t  t h e  o ld  value f o r  UARL 468 g las s  w a s  15.48 x 1 0  

has been erased from t h e  computer's memory bank, no fu r the r  t rouble  i s  an t i c i -  
pated i n  t h e  programmed ca lcu la t ion  of Young's from t h e  r a w  laboratory data.  

The magnitude of t h e  change made Eay be 
p s i  

while t h e  corrected value is  17.01 x 10 6 p s i .  Since t h e  erroneous equation 
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NEW FACTORS AND CALCULATIONS FOR THE 
PREDICTION OF YOUNG'S MODULUS 

The corrected values f o r  Young's modulus from Table I1 together  with t h e  
e a r l i e r  values for UARL glasses  1 through 424 which required no correct ion 
s ince  they were calculated by hand and not by computer were used t o  form t h e  
input da ta  f o r  an extension of t h e  C. J. P h i l l i p s  (Ref. 1) method of pred ic t ing  
Young's modulus from t h e  composition. This method i s  based on t h e  procedure 
of expressing each oxide i n  mol percent and multiplying it by a modulus f a c t o r  
pecul iar  t o  t h a t  oxide. Original ly ,  P h i l l i p s  derived coef f ic ien ts  only f o r  
c e r t a i n  oxides l i k e l y  t o  be present i n  t h e  usual g lasses ;  namely Si02, Na20, 
K20, Li20, B203, A120 , C a O ,  MgO, PbO, BaO, ZnO and BeO. 
ca lcu la t ions  extends Zhe l i s t  of coe f f i c i en t s  ava i lab le  t o  include those f o r  
Y203, Zr02, L a  0 
t h e  value f o r  2gJ'as we?l as a very l a rge  correct ion fo r  ZnO. 
glasses  prepared a t  UARL have been pr imari ly  e i t h e r  co rd ie r i t e  base-rare ea r th  
oxide glasses  or inver t  analogs with major rare-ear th  addi t ions s o  t h a t  t h e  
calculat ions are not necessar i ly  universal ly  applicable t o  t h e  more common 
commercial g lasses  but would be expected t o  hold f o r  a l l  glasses  used t o  pro- 
duce g lass  f ibers s ince  these  normally contain very l i t t l e  a l k a l i .  

This s e r i e s  of 

Ta20 , Ti02, COO, Ce2O3 and makes a small  correct ion i n  
Of course, t h e  

A s  stated above, t h e  numerical value f o r  t h e  predicted Young's modulus 
of a given g lass  i s  the  sum of t h e  terms 

c1 P1 + c2 P2 + ... + cn Pn 

where C1, C2, ... Cn a re  molal coef f ic ien ts  and P1, P2, ... Pn a r e  t h e  molar 
percentages of  t h e  corresponding oxides. The agreement obtained as w e l l  as 
t h e  d e t a i l s  of t h e  calculat ions a r e  shown f o r  58 of t h e  UARL experimental glasses .  
The ca lcu la t ions  s t a r t  with simple te rnary  oxide systems such as s i l i c a -  
alumina-magnesia and bu i ld  through quarternary systems t o  systems involving 
nine or t e n  oxides. The r e s u l t s  of t h e  new determinations of a l l  t h e  molal 
coef f ic ien ts  a r e  given i n  Table 111. It w i l l  be noted t h a t  b e r y l l i a  makes a 
contr ibut ion of nineteen kilobars/mol t o  Young's modulus and t h a t  c e r i a ,  
lanthana, zinc oxide, z i rconia ,  and y t t r i a  a l l  make a contr ibut ion at l e a s t  
as l a rge ,  The r e s u l t  for zinc oxide for t h e  UARL glasses  i s  espec ia l ly  sur- 
p r i s ing  s ince  t h e  o r ig ina l  work of P h i l l i p s  showed a contr ibut ion of only 
1.75 kilobars/mol r i s i n g  w i t h  R20 increase while t h i s  work shows a value of 
20.0 kilobars/mol. P h i l l i p s  (Ref. 1) o r i g i n a l  calculat ions f o r  zinc were 
based primarily on barium s i l i c a t e  glasses  while t h e  present inves t iga t ion  i s  
concerned l a rge ly  with silica-magnesia-alumina-yttria-zinc oxide systems and 
it may be possible  t h a t  i n  such systems t igh tens  t h e  divalent  oxygen ions i n  
exact ly  t h e  same manner as b e r y l l i a  (Ref, 8 ) .  
mol of zinc oxide therefore  appears much more l i k e l y  than t h e  value of 1.75 
kilobars/mol. The d e t a i l s  of these  calculat ions a r e  shown i n  Appendix I. 

The contr ibut ion of 20 k i lobars /  
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Table I11 

Oxide 

Si02 

A120 3 

C a0 

L i 2 0  

B2°3 

Ti02 

Be0 

Summary of A l l  Experimentally Determined 
Molar Modulus Coeff ic ients  

Contribution 
Per Mol (k i loba r s )  Oxide 

7.3 ZnO 

12.1 

11 45 

7.0 

7.2 

15.0 

19.0 

Ce203 

'2'3 

La203 

Ta205 

coo 

Contribution 
Per Mol (kilobars 1 

20.0 

23.8 

13 64 

19.6 

28.6 

18.6 

19.4 

11.0 

10 
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RECENT GUIDE LINES FOR THE DEVELOPMENT OF 
NEW NONTOXIC GLASS FIBERS 

The d i rec t ions  i n  which UARL i s  moving toward t h e  goal of a high modulus 
high s t rength  nontoxic g l a s s  f i b e r  a r e  bes t  summarized by reference t o  Table I V .  
This t a b l e ,  unfortunately,  does not express f u l l y  t h e  s ign i f icance  of t h e  dis- 
covery t h a t  zinc oxide can make a major contr ibut ion t o  Young's modulus because 
of t h e  newness of t h i s  f inding.  It does not r e f l e c t  e i t h e r  t h a t  we have found 
recent ly  t h a t  z i rconia  addi t ions cause a marked a l t e r a t i o n  i n  t h e  viscosi ty-  
temperature curves of highly f l u i d  glasses .  F ina l ly ,  t h e  f i b e r i z a t i o n  charac- 
t e r i s t i c s  of those glasses  contained i n  Table I V  are i n  many cases s t i l l  under 
inves t iga t ion .  With these  exceptions, however, it would appear t h a t  improved 
glasses  s imi l a r  t o  UARL-237, 402, and 449 may provide t h e  desired composition. 

COMPARATIVE IMPACT RESISTANCE OF SEVERAL 
UARL BULK GLASSES 

Research s tudies  on t h e  e f f e c t  of composition on impact res i s tance  of bulk 
glasses  have continued i n  t h i s  period with t h e  r e s u l t s  shown i n  Table V. For 
each g l a s s ,  e ight  samples were prepared by asp i ra t ing  t h e  molten g l a s s  i n t o  a 
fused s i l i c a  tube by means of a hypodermic syringe. The round g la s s  rods were 
then cut t o  standard length f o r  Charpy specimens and regarded as unnotched 
Charpy specimens. They were then impacted i n  a Wiederman-Baldwin Tes te r ,  an 
impact t e s t e r  of B e l l  Laboratory design, using a one foot  pound hammer, a 
t h i r t e e n  inch pendulum, and a two foot  drop. A s  a l l  who have used t h i s  type 
of t e s t  know, t h e  r e s u l t s  are somewhat var iab le  so  t h a t  t h e  average t e s t  data  
l i s t e d  i n  Table V i s  designated as t h e  "best l og ica l  average". 
meaning may be attached t o  t h i s  term by examining t h e  da ta  of Table V I  which 
shows j u s t  how much va r i a t ion  can occur i n  two t y p i c a l  s e t s  of t e s t  data .  
UARL 323 g l a s s  t h e  bes t  l og ica l  average i s  obtained by s t r i k i n g  out t h e  two 
extreme values found while for UARL 417 g l a s s  t h e  t r u e  average i s  employed 
although t h e  da ta  var ies  from 0.8159 t o  1.0570 f t  lbs / in2 .  

A more prec ise  

For 

CONCLUSIONS 

1. The da ta  of t h i s  report  ind ica te  t h a t  a possible  new approach t o  
obtaining a high modulus high s t rength  nontoxic g l a s s  f i b e r  is  t o  s u b s t i t u t e  
zinc oxide f o r  b e r y l l i a  s ince  it has now been shown t h a t  zinc oxide with a 
contr ibut ion of 20 kilobars/mol should be at l e a s t  as  e f f ec t ive  as b e r y l l i a  
which makes a contr ibut ion of 19 kilobars/mol i n  producing such a g la s s .  

2. The introduct ion of zine oxide i n t o  a g l a s s  normally increases  t h e  
f l u i d i t y  of such glasses  s o  t h a t  additions of mater ia ls  such as zirconia  w i l l  
be necessary t o  achieve sa t i s f ac to ry  working range g lasses .  

11 
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Table V 

Latest  Impact Resistance Test Results 

Impact Value Impact Value 
Glass No. f t -1bs / i n .  Glass No. f t - l b s / in .2  

UARL (bes t  l o g i c a l  average) UARL (bes t  log i  ea1 average) 

454 1.103 459 1.017 

347 1,188 304 1 098 

419 1.008 383 0.887 

336 

344 

1.0013 

0.954 

350 

425 

0.902 

0 867 

447 0 a 947 417 0,926 

237 0 976 323 0 775 

331 1.116 I1E" 0.711 

Tests  were c a r r i e d  out using a one foot  pound hammer on t h e  Wiedemann- 
Baldwin tester,  an impact tester of t h e  B e l l  Laboratory design with a 
t h i r t e e n  inch pendulum and a two foot  drop. The specimens a r e  a l l  round 
rod asperated samples and are used as unnotched Charpy specimens 

13 
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Table V I  

Impact Resistance T e s t  i n  De ta i l  f o r  
Two Typical Bulk Glasses 

Glass Impact Value Diameter Area 
No. f t / l b s  inches Square Inches - 
417 0.065 0.311 0.0760 

323 

0 060 0.301 0 0712 

0.060 0.306 0 0735 

0.085 0.320 0.0804 

0.07175 0.316 0,0784 

0.07575 0.312 0.0764 

0.07175 0.308 0.0745 

Corrected 
Impact Value 

f t - l b s / in2  

0.8557 

0 e 8432 

o 8159 

1.0570 

0.9149 

0.9909 

0.9631 

0.06970 0.306 0 0735 0.9478 

Logical Average 0.926 

0.054 

0.055 

0.08945 

0.04175 

0.05125 

0.0640 

0 05935 

0.0575 

0.296 

0.307 

0.307 

0.312 

0.303 

0.304 

0.318 

0.307 

0.0688 0.7848 

0.0740 0.7431 

0.0740 , 
7 o n o r  
1. CUU J 

0.0764 + 
0.0716 0 7155 

0.0726 0.8818 

0.0794 0.7473 

0.0740 0.7768 

Logical Average 0.775 

1 4  
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APPENDIX I 

Latest Modulus Calculations Based on Method of C. J. P h i l l i p s  

1. Using UARL g l a s s  #69 t o  determine MgO contr ibut ion 

Mol % Kilobars /Mol C ont r i bu t  ion - 
Si02 57.3 7.3 

14.6 1 2 . 1  
28.0 X 

A1203 
MgO 

418 
177 

28X 
595+28x 

6 Actual exp. value f o r  UARL 69 = 14.16 x 10 p s i  = 977 k i lobars  

.*. x = 977-595 = 13.64 kilobars/mol f o r  MgO 
28 

\ 

2.  Checking experimental da ta  f o r  g lasses  1, 4,  1 4  using t h i s  value for MgO 

Si02 52.3 7.3 382 
A120 3 18.7 12.1 226 
MgO 29.2 13.64 398 

1006 ki lobars  ca lc .  

Actual average exp. value f o r  glasses  1, 4 ,  1 4  = 14.96 x 10 6 p s i  measured 
on ground rods cut from a f u l l y  annealed specimen, To reconci le  t h e  
differences between t h e  "as cast"  (asp i ra ted  rods)  usual ly  used and t h e  
f u l l y  annealed rods used here ,  we f i n d  experimentally t h a t  we must sub- 
t r a c t  0.3 x 10  6 ps i .  

. * .  corrected exp. value f o r  UARL g lasses  1, 4,  1 4  = 14.66 x 10 6 p s i  = 1008 ki lobars  exp. 

3. Checking experimental data  for UARL g las s  #68 using t h i s  value for MgO 

Si02 53.4 7.3 
18.3 12.1 
28.8 13.64 

A1203 
MgO 

390 
221 
39 3 

1004 k i lobars  calc .  

Using t h e  values f o r  t h e  r p i r a t e d  rods and those as wel l  for t h e  ground 
samples with t h e  0.3 x 10 mi l l 'on  p s i  subtract ion correct ion t h e  average 
experimental value = 14.61  x 1 0  k p s i  = 1008 ki lobars  exp. 

16 
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4. Using t h e  experimental da ta  f o r  UARL g lass  114 t o  derive an y t t r i a  
fac tor  

Mol % Kilobars /Mol Contribution - 
Si02 51.7 

22.5 
15.8 

A1203 
MgO 

7.3 
12 .1  
13.64 

y2°3 10.0 X 

377 
272 
216 
lox 

6 But experimentally UARL 1 1 4  has a value = 16.69 x 10  
ki lobars  exp. 

p s i  = 1151 

. * .  Y203 fac tor  = 1151-865 = _I 286 = 28.6 kilobars/mol 
10  10  

5. Using t h e  experimental data f o r  UARL g lass  321 t o  check t h e  y t t r i a  
f a c t  or j u s t  found 

Si02 40 7.3 29 2 
15 1 2 . 1  182 
30 13.64 409 
15 28.6 - 429 

m2°3 

'2'3 
Mg0 

1312 ki lobars  calc .  

p s i  = 1288 ki lobars  exp. 6 Actual exp. g lass  f o r  UARL g lass  321A = 18.68 x 10 

6. Checking t h e  y t t r i a  f a c t o r  derived by use of data  f o r  g lass  129 

Si02 50 7.3 ' 365 
A120 3 13.33 12 .1  161 
MgO 26.67 13.64 365 

286 - 10 28.6 
1177 ki lobars  calc.  

'2'3 

But experimentally UARL g lass  129 = 16.57 x 10 6 p s i  - 1143 ki lobars  exp. 

7. Checking t h e  y t t r i a  f a c t o r  derived against  experimental data f o r  UARL 127 

Si02 60 
10  
20 

A1203 
MgO 
'2O3 10  

7.3 
12 .1  
13 64 
28.6 

438 
121  
273 
286 

1118 ki lobars  c a l s .  

But a c t u a l  exp. value f o r  UARL 127 = 16.13 x 10  6 p s i  = 1112 ki lobars  exp. 

17 
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8. Checking y t t r i a  f a c t o r  derived against  experimental da ta  f o r  UARL 
glass  #70 

Mol % Kilobars/Mol Contribution - 
Si02 55.3 7.3 

12.6 12.1 
29.3 13.64 

A1203 
MgO 
y2°3 2.83 28.6 

40 4 
152 
400 
I 81 
1037 k i lobars  calc .  

But experimentally t h e  value f o r  UARL g lass  70 = 15.23 x 10  6 p s i  on f u l l y  

= 14.93 x 106 corrected t o  

= 1030 ki lobars  exp. 

annealed ground bars  

correspond t o  asp i ra ted  bars  

9. Checking t h e  y t t r i a  f ac to r  by use of da ta  f o r  UARL g lass  #64 

Si0 54.6 
'l2' 3 
MgO 
y2°3 1.39 

15.5 
28.8 

7.3 
12 .1  
13.64 
28.6 

399 
188 
39 3 

40 - 
1020 ki lobars  calc .  

But experimentally UARL #64 on annealed, ground bars  has a value = 
15.18 x 10 6 p s i  correct ing t h i s  t o  obtain a comparative asp i ra ted  rod 
value = 14.88 x 10 6 p s i  

Checking t h e  y t t r i a  f a c t  by use of da ta  f o r  UARL g lass  #231 

= 1026 k i lobars  exp. 

10. 

Si02 40 
1 4  &2O3 

MgO 36 
'2'3 10 

7.3 29 2 
12 .1  169 
13.64 491 
28.6 286 

1238 ki lobars  calc .  

But experimentally UARL g l a s s  #231 has a value = 18.65 x 10  6 p s i  = 

1245 k i lobars  exp. 

11. Checking y t t r i a  f a c t o r  by use of da ta  f o r  UARL g l a s s  #235 

Si02 50 
A1203 10 

y2°3 1 0  
MgO 30 

7.3 
12.1 
13.64 
28.6 

365 
121 
409 
286 

k i lobars  calc .  

But experimentally #235 has an experimental value = 17.38 x l o6  p s i  = 
1200 ki lobars  exp. 

18 
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12. Checking y t t r i a  f a c t o r  by use of da ta  f o r  g l a s s  237A 

- Mol % Kilobars /Mol Contr i bu t  ion 

Si02 45 

'2'3 10 

A120 3 1 5  
MgO 30 

7.3 
12.1 
13.64 
28.6 

329 
182 
409 
286 

1206 ki lobars  calc .  

But experimentally UARL 237A has a value = 17.91 x 10 6 p s i  = 1235 
ki lobars  exp. 

13. Checking y t t r i a  f a c t o r  by use of da ta  f o r  g lass  #151 

49.4 7.3 
6.1 12.1 

y2°3 8.0 28.6 
MgO 36.5 13.64 

351 
74 

49 8 
229 - 

1152 ki lobars  calc .  

6 But experimentally UARL g l a s s  1 5 1  has a value = 16.9 x 10  
1166 ki lobars  

p s i  = 

14.  Checking t h e  y t t r i a  f a c t o r  by use of da ta  f o r  g lass  #159 

Si02 57.4 
6.6 

28.0 
A120 3 
MgO 
'2'3 8.0 28.6 

7.3 
12.1 
13.64 

419 
80 

382 
229 

__1 

1110 k i lobars  ca lc .  

6 But experimentally UARL g l a s s  159 has a value = 16.2 x 10 
1118 ki lobars  

p s i  = 

15. Computing t h e  lanthana f a c t o r  by use of data  f o r  UARL #263 

67.3 
A12 3 12 .1  

3.9 MgO 
La20 3 16.8 

si08 7.3 
12.1 
13.64 

X 

491 
146 

53 

But experimentally g lass  263 = 14.49 x lo6  p s i  = 1000 ki lobars  

. * .  La203 f a c t o r  = 1000-690 = 310 = 18.5 kilobars/mol 
x 8  

19 
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16. Checking lanthana f a c t o r  by use of da ta  f o r  UARL #136 

Mol % Kilobars /Mol Contribution - 
Si0 53.31 7.3 

15 56 12.1 
28.89 13 64 MgO 

La203 2.00 18.5 

&2'3 
389 
188 

ki lobars  ca lc .  

But experimental g lass  136 has a laboratory modulus = 14.4 x 10 6 p s i  = 
993 ki lobars  exp. 

17. Checking lanthana f a c t o r  by use of data for UARL #138 

Si02 47.31 7.3 34 5 
15 56 12.1 188 
28.89 13.64 384 

8.00 18.5 148 

*l2'3 

La203 
MgO 

ki lobars  calc.  

But experimentally g lass  138 = 15.3 x 10  6 p s i  = 1055 ki lobars  exp. 

18. Checking t h e  lanthana f a c t o r  by use of the  d a t a  f o r  UARL #135 

Si02 54.31 7.3 
15.56 1 2 . 1  

MgO 
La203 1.00 18.5 

28.89 13.64 
A1203 

396 
188 
384 
19 

987 ki lobars  calc .  
- 

6 But experimentally UA-RL g lass  135 = 14.3  x 10  p s i  = 986 ki lobars  exp. 

19. Checking t h e  lanthana f a c t o r  by use of experimental data  f o r  UARL #l52 

Si0 49.4 
6.1 

36.5 
M263 
MgO 
La203 8.0 

7.3 
12.1 
13.64 
18.5 

361 
74 

488 
148 - 

1071 ki lobars  calc.  

But experimentally UARL g lass  1 5 2  has a value = 15.27 x 10  6 p s i  = 
1053 ki lobars  exp. 

20 
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20. Checking t h e  lanthana f a c t o r  by use of experimental da ta  f o r  UARL #319 

Mol % Kilobars /Mo 1 Contribution - 
Si02 45 

La203 10 

u2°3 1 5  
MgO 30 

7.3 
12.1 
13.64 
18.5 

328 
182 
409 
185 

1104 k i lobars  calc .  

6 But experimentally glasses  UARL 319 & 319A have a value = 16.21 x 10 
p s i  = 1118 ki lobars  exp. 

21. Checking t h e  lanthana f a c t o r  by use of experimental da ta  f o r  UARL #63 

Si02 54.6 7.3 399 
15.6 1 2 . 1  189 
28.9 13.64 39 4 

18 
A1203 

La203 
MgO - 0.95 18.5 

1000 k i lobars  calc .  

6 on fully annealed But experimentally g lass  63 has a value of 14.7 x 1 0  
and ground bars and has a comparable value of 1 4 . 4 1  x 10  6 p s i  on 
asp i ra ted  rods = 994 ki lobars  exp. 

Using t h e  da ta  f o r  UARL experimental g lass  #117 we f i n d  f ac to r  f o r  c e r i a  22. 

Si02 51.67 7.3 377 

18.33 13.64 , 250 
Ce203 20 X 

10  12.1 121 A1203 
MgO 

#20X ki lobars  calc .  

But ac tua l ly  t h e  exp. value for UARL g lass  117 = 16.54 x 10 6 p s i  on 
f u l l y  annealed ground rods or = 16.24 x 1 0  
correct ion necessary for comparison with asp i ra ted  rods, i . e .  = 1120 
ki lobars  

6 p s i  a f t e r  applying t h e  

.*. Ceria f a c t o r  = 1120-748 - -  = 372 = 19.6 kilomars/mole 
20 20 

2 1  
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23. Using t h e  da ta  f o r  UARL experimental g l a s s  #72 t o  check c e r i a  f a c t o r  found 

Mol il; Kilobars /Mol Contribution - 
Si02 56.9 7.3 415 

25.4 13.64 346 *'2'3 
MgO 
Ce203 

15.1 12.1 183 

2.60 19.6 _I 5 1  
995 kilobars  calc .  

6 But experimentally UARL g l a s s  72 has a value of 15.15 x 10  p s i  on f u l l y  
annealed ground rods and ar r iv ing  a t  cor ected f ac to r  necessary f o r  com- 
parison with asp i ra ted  rods = 14.85 x 10 . We h ve a l s o  measured 
asp i ra ted  rods of # 2 with a r e s u l t  = 14.03 x 10 Average of these  8 

8 
p s i .  

values = 14.44 x 10 2 p s i  = 996 ki lobars  exp. 

24. Using t h e  data f o r  UARL experimental g lass  #62 t o  check t h e  c e r i a  
f a c t o r  found 

Si02 54.6 7.3 
15.2 12.1 
29.2 13.64 MgO 

Ce203 1.0 19.6 
A1203 

399 
184 
398 
20 - 

1001 ki lobars  calc .  

6 But experimentally UARL g lass  62 = 14.18 x 10 p s i  = 977 kilobars  exp. 

25. Using t h e  experimental data  f o r  Owens-Corning OCX-2124 ( R e f .  2) t o  obtain 
b e r y l l i a  f a c t o r  

Si02 70.0 7.3 
12.5 12.1 

X 
A1203 
Be0 17.4 

511 
151 

662+17.4X 
17.4X 

6 But Owens-Corning obtained experimentally 14.4 x 10  
f o r  t h i s  formulation 

p s i  = 993 ki lobars  

. * .  Be0 fac to r  = 993-662 = 19.0 kilobars/mol 
17.4 

26. Using t h e  da ta  f o r  UARL g l a s s  318 t o  ve r i fy  b e r y l l i a  f ac to r  j u s t  found 

Si0 45 7.3 329 
15 12.1 182 
30 13.64 409 MgO 

19 0 

&2'3 

Be0 10 19.0 
7 

1-110 kilobars  ca lc  . 
But experimentally UARL 318 has value .= 15.97 x 10 6 p s i  = 1101 ki lobars  exp. 

22 
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27. Using t h e  da ta  f o r  UARL #66 t o  ca l cu la t e  t h e  z i rconia  f a c t o r  

Mol % Kilobars /Mol Contribution - 
Si02 53.7 7.3 

Zr02 2.56 X 

15.3 12 .1  
13.64 

&2O3 
MgO 28.3 

392 
185 
386 

2 56x 
m 6 x  

6 But experimentally UARL 66 has a value = 15.14 x 10 
annealed ground rods and correct ing t h i s  t o  gbtain comparative value 
f o r  an unannealed asp i ra ted  rod = 14.84 x 10 

p s i  on f u l l y  

p s i  = 1024 ki lobars  

.*. Zr02 f ac to r  = 1024-963 = 23.8 kilobars/mol 
T 

28. Using t h e  experimental da ta  f o r  UARL 320 t o  ve r i fy  t h e  zirconia  f ac to r  

Si0 45 
1 5  
30 MgO 

A129 3 

Zr02 10  

7.3 
12.1 
13.64 
23.8 

329 
182 
409 
2 38 - 

1158 ki lobars  calc .  

6 But experimentally UARL 320B3 = 16.58 x 10 p s i  = 1143 ki lobars  exp. 

29. Using t h e  da ta  f o r  UARL g l a s s  155 t o  derive t h e  value f o r  t h e  t a n t a l a  
f a c t o r  

Si02 49.4 
7.05 A120 3 

MgO 
Ta205 7.05 

36.5 

7.3 
12.1 
13.64 

X 

, 361 
85 

498 
7.05X 

m 5 x  
6 But experimentally UARL g l a s s  155 = 15.675 x 10  p s i  = 1081 k i lobars  

.'. Ta2O5 contr ibut ion = 1081-944 = - 137 = 19.4 kilobars/mol 
~ 

7.05 7.05 

30. Using t h e  da ta  f o r  UARL g l a s s  #67 t o  check t h e  t a n t a l a  f a c t o r  j u s t  derived 

Si02 54.7 7.3 399 

0.76 19.4 - 
15.3 12.1 185 
29.3 13.64 400 

15  

A1203 
MgO 
Ta205 

999 k i lobars  calc .  

But ac tua l  experimental value f o r  UARL 67 = 14.43 x 10 6 p s i  = 995 ki lobars  exp. 
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31. Using t h e  experimental da ta  f o r  UARL 412 t o  check both lanthana and 
b e r y l l i a  f a c t o r s  

Mol % Kilobars /Mol Contributions - 
Si02 40 
A1203 1 5  
N30 15 
La203 15 
Be0 15 

7.3 
12.1 
13 64 
18.5 
19.0 

29 2 

205 
182 

278 
285 E kilobars calc.  

6 ' But UARL g lass  412 experimentally = 17.92 x 10 

Using the  experimental da ta  for UARL 276 to check both lanthana and 
b e r y l l i a  fac tors  

p s i  = 1236 ki lobars  exp. 

32. 

Si02 50 7.3 
8.33 12.1 
8.33 7.0 
8.33 18.5 

25 19.0 

A120 3 
L i  20 
La203 
Be0 

365 
10 1 

58 
15 4 - 47 5 

1153 ki lobars  calc.  

6 But experimentally UARL 276 = 15.82 x 10 p s i  = 1091 ki lobars  exp. 

33. Using t h e  experimental data  for UARL 232 t o  check y t t r i a  and c e r i a  f a c t o r s  
simultaneously 

Si0 48 7.3 350 
13.33 12 .1  161 
26.67 13.64 364 

A1263 
MgO 

10 28.6 286 
39 
7 

2 19.6 y203 

1200 ki lobars  calc.  
Ce2 3 

6 But experimentally UARL g lass  232 = 17.62 x 10 p s i  = 1215 ki lobars  exp. 

34. Using t h e  experimental da ta  f o r  UARL g lass  236 t o  check simultaneously 
y t t r i a  and c e r i a  fac tors  

Si02 43 
A1203 15 
MgO 30 

10 
2 

'2'3 
Ce203 

7.3 
12.1 
13.64 
28.6 
19.6 

314 
182 
409 
286 

39 
II_ 

1230 ki lobars  calc. 

Experimentally UARL 236 has a value = 17.83 x 10 6 - p s i  = 1229 ki lobars  exp. 
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35. Check o f  value found experimentally for UARL 494 g l a s s  against  ca lcu la ted  
value (CaO, y2o3, COO) 

Mol % Kilobars/Mol Contributions 

Si02 65 
MgO 1 2  
C a0 1 2  
'2'3 10  
c 00 1.0 

7.3 
13.64 
11.45 
28.6 
11 

475 
164 
137 
286 
11 - 

1073 k i lobars  ca lc .  

6 But experimentally UARL g l a s s  494 = 15.55 x 10  p s i  = 1069 k i lobars  exp. 

36. Check of experimental value f o r  UARL 480 g lass  against  calculated value 
(CaO, Y203,  BeO) 

Si02 56.2 7.3 
MgO 4.08 13.64 
C a O  12.25 11.45 
'2'3 
Be0 
coo 1.02 11 

LO. 22 28.6 
16.33 19.0 

410 
56 

140 
29 2 
310 
11 - 

1219 k i lobars  calc.  

6 But experimentally UARL 480 = 18.12 x 10  p s i  = 1250 k i lobars  exp. 

37. Determination of zinc oxide modulus f a c t o r  from experimental da ta  f o r  
UARL 266 g l a s s  

S i0  25 
1 5  
1 5  

A1283 
MgO 
L i z 0  15  
C a0 1 5  
ZnO 1 5  

7.3 ' 183 
12 .1  181 
13.64 20 5 

7.0 105 
11.45 172 

X 

6 But experimentally UARL g lass  266 = 16.73 x 10  p s i  = 1154 k i lobars  exp. 

, . zinc oxide f ac to r  = 1154-846 = _c 308 
1 5  1 5  

20 kilobars/mol 

Other calculat ions show 19.8 t o  20.1 
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38. Comparing experimental and calculated modulus for UARL 334 g l a s s  

Mol % Kilobars /Mol Contributions - 
Si0  35 

15 
30 

u283 
MgO 

10  
10 

La203 
ZnO 

7.3 256 
12 .1  182 
13.64 409 
18.6 186 

200 20.0 - 
1233 k i lobars  calc .  

6 But experimentally UARL 334 g l a s s  has a modulus = 17.48 x 10  
1206 k i lobars  exp. 

p s i  = 

39. Comparing experimental and calculated moduli f o r  UARL g l a s s  304 

Si02 35 
15 
30 

A1203 
MgO 
ZnO 10 
'2'3 10 

7.3 
12.1 
13.64 
20.0 
28.6 

256 
182 
409 
200 
286 - 

1333 ki lobars  calc .  

6 But experimentally UARL 304 = 19.23 x 10  

Calculation of modulus expected from UARL g l a s s  495 and comparison with 
experimental value 

p s i  = 1326 k i lobars  exp. 

40. 

Si02 57 
MgO 12 
C a0 1 2  
ZnO 8 

10  
1 

'2'3 coo 

7.3 
13.64 
11.45 
20.0 
28.6 
11 

41 6 
164 
137 
160 
286 
11 

_I_ 

1174 ki lobars  c a l c .  

6 But experimentally UARL 495 g lass  has a modulus = 17.24 x 10  
1189 k i lobars  exp. 

p s i  = 

41, Comparison of calculated and experimental values f o r  UARL 337 
(appreciable number of  c r y s t a l s )  

Si02 30 
A1203 15 
MgO 30 

'2'3 12.5 
ZnO 12.5 

7.3 
12.1 
13.64 
20.0 
28.6 

219 
182 
409 
250 
358 
1418 kilobars  ca lc .  

But experimentally UARL g lass  337 = 20.9 x 10  6 p s i  = 1441 ki lobars  exp. 
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42. Check of experimental and calculated values for UARL 274 

Mol % Kilobars/Mol Contributions 

Si02 25 
A1203 15  
Li20 1 5  
MgO 1 5  
Be0 1 5  
ZnO 1 5  

7.3 183 
12.1 181 
7.0 105 

13.64 205 
19.0 285 

300 20.0 - 
1259 ki lobars  calc .  

6 But experimentally UARL g lass  = 17.58 x 10 p s i  = 1212 ki lobars  exp. 

43. Comparison of experimental and calculated values for UARL 257 g lass  

Si02 40 7.3 
1 2  12.1 
12 13.64 MgO 

Li20 12 7.0 
ZnO 12 20.0 
La203 12 1-8~6 

A1203 
29 2 
145 
264 
84 

240 
223 

1248 ki lobars  calc .  

6 But experimentally UARL glass  257 = 18.06 x 10 p s i  = 1245 ki lobars  exp. 

44. Comparison of experimental and calculated values for UARL g lass  492 

Si02 47 
A1203 17 
MgO 17 
Li20 3 
ZnO 6 
'2'3 10  

7.3 
12.1 
13.64 
7.0 

20.0 
28.6 

343 
206 
232 

2 1  
120 
286 

__. 

1208 ki lobars  ca lc .  

But experimentally UARL g lass  429 has a modulus = 18.55 x l o 6  = 1279 
ki lobars  exp. 

Check of experimental and calculated values for UARL 360 
\ 

45. 

Si02 39 
12 
24 MgO 

Li20 6 
ZnO 6 
'2O3 1 0  
coo 3 

A1203 
7.3 

12.1 
13.64 
7.0 

20.0 
28.6 
11 

27 5 
145 
327 
42 

120 
286 

33 
ki lobars  calc.  

But experimentally UARL 360 has a modulus = 18.19 x 1 0  6 p s i  = 1255 ki lobars  exp. 
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46. Check of experimental and calculated values of UARL 329A glass  (ZnO, 
zrO2, ~ ~ 0 3 )  

Mol % Kilobars/Mol Contributions 
_I_ 

Si09 22.22 
11.11 
22.22 

A1263 
MgO 
Li20 11.11 

Z r 0 2  11.11 

'2'3 11 * 11 

ZnO 11 * 11 

7.3 
12.1 
13.64 

7.0 
20.0 
23.8 
28.6 

162 
3-34 
303 
78 
222 
26 4 
317 

kilobars calc.  

6 But experimentally UARL g lass  32911 has a modulus = 21.985 x 10 
1516 kilobars  exp. 

p s i  = 

47. Checking t h e  experimental value for UARL 336 against  i t s  calculated value 

Si02 35 
A1 O3 15 

10 
30 

'2'3 
Be0 
ZnO 10 

7.3 
12.1 
28.6 
19 .o 
20.0 

256 
182 
286 
570 
200 
1494 kilobars  calc.  

Bu UARL 336 glass  has an experimentally determined modulus = 20.95 x 
10 2 p s i  = 1445 kilobars  

48. Comparison of calculated and experimental modulus f o r  UARL 333 

Si02 39 
12 
25 

A1203 
MgO 
ZnO 12 
'2'3 12 

7.3 
12.1 
13.64 
20.0 
28.6 343 1354- kilobars  calc.  

6 But experimentally UARL 333 has a modulus = 18.9 x 10 
kilobars  exp. 

p s i  = 1303 

49. Comparison of calculated and experimental modulus for UARL g lass  331 

Si02 39 
A1203 12 

'2'3 12 
ZnO 12  

Be0 25 

7.3 
12.1 
20.0 
28.6 
19.0 

285 
145 
240 
343 - 475 
1488 kilobars  calc .  

But experimentally UARL 331 has a modulus = 20.85 x 10 6 p s i  = 1438 kilobars  exp. 
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50. Comparison of calculated and experimental moduli for UARL 471 g l a s s  

Mol _c_ % Kilobars /Mol Contributions 

Si02 25 
A1203 8 
MgO 15  

15 
C a  10 

15 ZnO 
Li80 
'2'3 7 
B2°3 5 

7.3 
12.1 
13.64 

7.0 
11 45 
20.0 
28.6 

7.2 

183 
97 

20 5 
105 
115 
300 
200 

36 
12'li-z kilobars  ca lc .  

6 But experimentally UARL 471 g l a s s  has a modulus = 17.90 x 10  
1235 k i lobars  exp. 

p s i  = 

51. Comparison of calculated and experimental moduli for UARL 464 

Si02 25 
MgO 1 5  
L i 2 0  15 
C a0 15 
ZnO 10  
'2'3 5 
'2'3 15  

7.3 
13.64 

7.0 
11.45 
20.0 
28.6 

7.2 

182.5 
197.4 
105 
172 
200 
143 
108 

k i lobars  calc .  

6 But experimentally UARL 464 g lass  has a modulus = 16.12 x 10 
1112 k i lobars  exp. 

p s i  = 

52. Computation of t h e  contr ibut ion made by t i t a n i a  t o  t h e  modulus UARL 501 

Si02 30 
MgO 20 
Li20 2 
C a0 12  
'2O3 1 2  

8 
11 

B?03 

Zr02 4.5 
T102 

coo .5 

7.3 
13.64 

7.0 
11.45 
28.6 

7.2 
X 

23.8 
11 

21 9 
263 
14  

137 
334 

58 
11x 
117 

6 
11 47+llx 
6 But experimentally UARL 501 has a modulus = 19.02 x 10 p s i  = 1312 ki lobars  

. * . t i t a n i a  f ac to r  = 1312-1147 e 15  kilobars/mol 
11 
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53. Calculation ( i n  advance of preparat ion)  of modulus to be expected from 
UARL 500 

Mol % Kilobars /Mol Contributions 

Si02 30 
MgO 20 
L i 2 0  3 
CaO 15 

1 2  
8 
8 

'2'3 
Ti0, B?03 

7.3 
13.64 

7.0 
11.45 
28.6 
7.2 

1 5  
3.66 23.8 Z r 0 2  

coo 33 11 

c 

219 
273 

21 
172 
343 

58 
120 

87 
4 

I_ 

1297 ki lobars  calc .  

6 But UARL 500 g lass  when made ac tua l ly  had a modulus = 18.97 x 10 
1309 k i lobars  exp. 

Comparison of modulus t o  be expected from UARL 499 ( i n  advance of 
preparat ion)  with t h a t  ac tua l ly  found 

p s i  = 

54. 

Si02 

A120 3 
MgO 
L i  0 
c a8 
Zr02 

Y?O3 
T i 0 2  
c 00 

40 
2.66 

18 
2 

16 
4 

10 
7 

33 

7.3 
12 .1  
13.64 

7.0 
11.45 
23.8 
28.6 
15  
11 

29 2 
32 

246 
14 

18 3 
95 

286 
10 5 

' 4  - 
1257 ki lobars  calc .  

6 But UARL 499 g lass  has a modulus = 19.50 x 10  p s i  = 1345 ki lobars  exp. 

55. Comparison of calculated value for UARL 449 with value found experimentally 

Si02 25 
MgO 20 
L i 2 0  6 
C a0 15 
ZnO 4 

1 2  
13 

'2'3 
B2° 3 
CUO 2 
T i 0 2  3 

7.3 
13.64 
7.0 

11.45 
20 
28.6 
7.2 

11 
15 

18 3 
27 3 

42 
172 

80 
343 
94 

45 
22 

ki lobars  calc .  

Experimentally UARL 449 glass = 18.08 x 10 6 p s i  = 1247 ki lobars  exp. 
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56 9 Checking predicted and calculated values for Loewenstein (Ref. 9 )  Glass 73 

Mol - % Kilobars /Mol Contributions 

Si0 47.2 
4.7 

17.8 
A12g 3 
CaO 
MgO 14.3 
ZnO 4.7 
T i 0 2  11.2 

7.3 
12.1 
11.45 
13.64 
20 
15 

344 
57 

204 
199 

94 
168 

kilc,ars CE .c. 

Actually this glass Loewenstein #73 has a modulus = 1017 kilobars exp. 

57. Calculation (in advanced preparation) of modulus to be expected from 
UARL 503 glass and comparison with that found experimentally 

Si02 
MgO 
Li 20 
CaO 
Zr02 
'2'3 
coo 
T i 0 2  

39 
15  

2 
1 5  

6 
10 
1 

12 

7.3 
13.64 
7.0 

11.45 
23.8 
28.6 
11 
1 5  

285 
20 5 
14 

172 
143 
286 
11 

180 
kilobars calc. 

6 But experimentally UARL 503 glass shows a modulus = 19.55 x 10 psi = 
1348 kilobars exp. 

58. Computation o f  the contribution of thoria to the mohulus UARL 502 

Si02 
MgO 
Li 20 
C a0 
ce203 
Zr02 

T102 
coo 
Tho 2 

Y?03 

45 
1 2  

2 
1 2  

2 
2 

10 
10 
1 
4 

7.3 
13.64 
7.0 

11.45 
19.6 
23.8 
28.6 
15 
11 

X 

328.5 
154 

1 4  
137 

39.2 
47.6 

286 
150 
11 

4x 
1168+4X kilobars 

But experimentally UARL 502 glass has a modulus = 19.02 x 10 6 psi = 
1312 kilobars 

. * .  Tho2 factor = 1312-1168 = 36 kilobars/mol 
4 
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All modulus calculations and computed moduli fac tors  a re  f o r  quenched 
samples and not f o r  heat t r ea t ed  samples such as those used i n  Klaus Leopold 
Loewznstein, U.S. Pa ent 3,060,041 - Example 7. Such samples have moduli 
approximately 2 x 10 2 p s i  higher, 
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