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Report Kg11105-1 

Determininnand Analyzing t h e  S t r eng th  and 
Impact of High-Modulus Glass 

SUMMARY 

A second experimental  g l a s s ,  UARL 417, has  been prepared i n  l a r g e  quan t i t y  
a s  a monofilament and used t o  form a number of g l a s s  fiber-epoxy r e s i n  t e s t  
specimens. The only p r i o r  UARL experimental  g l a s s  s t u d i e d  a s  a composite com- 
ponent,  UARL 344, had a f i b e r  d e n s i t y  of 3.29 grns/cm3 i n  c o n t r a s t  t o  t h e  f i b e r  
dens i ty  of 3.09 grns/cm3 f o r  UARL 417, a f i b e r  w i th  a Young ' s  modulus of 1 7 . 5  x 
l o 6  p s i .  The composite samples made contained 65% g l a s s  f i b e r  and. were used 
t o  measure f l e x u r a l  s t r e n g t h ,  f l e x u r a l  modulus, bending s t r e s s - s t r a i n  curve ,  
sho r t  beam shear  s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  t e n s i l e  modulus, and t e n s i l e  s t r e s s /  
s t r a i n  curve.  For s e v e r a l  of t h e s e  p r o p e r t i e s  t h e  UARL 417 g l a s s  fiber-epoxy 
r e s i n  composites gave r e s u l t s  a s  h igh  o r  h ighe r  t han  t h e  DuPont experimental  
f i b e r  PRD-49-1 incorpora ted  i n  a s i m i l a r  r e s i n .  UARL 344 g l a s s  fiber-epoxy 
r e s i n  composites a l s o  gave supe r io r  r e s u l t s  f o r  s e v e r a l  p r o p e r t i e s .  

A s i z i n g  a p p l i c a t o r  was developed during t h i s  pe r iod  and used t o  coat  UARL 
344 f i b e r  a s  t h i s  f i b e r  was pu l l ed  at h igh  r a t e s  of speed. 

Severa l  new g l a s s  compositions were prepared and t h e  Young's modu1.u~ of 
t h e s e  g l a s s e s  was determined on bulk  samples. Severa l  of t h e  new compcsitions 
were a l s o  f i b e r i z e d  and t h e  Young's modulus of t h e  f i b e r  determined. 

Research has been s t a r t e d  on t h e  ques t ion  of why a given g l a s s  should have 
an impact s t r e n g t h  s u p e r i o r  t o  o the r  s i m i l a r  g l a s se s .  Unfor tuna te ly ,  t h e  f u l l -  
s i z e  notched Charpy impact specimens used i n  t h i s  s tudy f a i l  t o  g ive  a c l ea r -  
cut  grouping of g l a s s e s  by impact s t r e n g t h  presumably because t h e  p repa ra t ion  
of t h e  notch i n  t h e s e  samples damages such b r i t t l e  m a t e r i a l s .  Other t e s t s  will 
be used i n  subsequent work on t h i s  s u b j e c t .  

INTRODUCTION 

The present  r e p o r t  i s  t h e  f i r s t  q u a r t e r l y  r e p o r t  f o r  t h e  new UARL-NASA 
Headquarters Contract NASW-2209, Determining and Analyzing t h e  S t r eng th  and 
Impact of High-Modulus Glass .  This c o n t r a c t  fol lows t h e  e a r l i e r  UARL-NASA 
c o n t r a c t s  NASW-2013, I n v e s t i g a t i o n  of t h e  Kine t i c s  of  C r y s t a l l i z a t i o n  of Severa l  



High Temperature Glass Systems and NASW-1301, I n v e s t i g a t i o n  of t h e  Kine t i c s  of 
C r y s t a l l i z a t i o n  of Molten Binary and Ternary Oxide Systems. The t ime perj.od 
covered by t h e  p re sen t  r e p o r t  i s  February 1, 1 9 7 1 t h r o u g h  A p r i l  30, 1971, 

The e a r l i e r  UARL-NASA c o n t r a c t s  were p r imar i ly  concerned wi th  t h e  COD- 

s i d e r a t i o n  of new and unusual molten oxide systems t h a t  could be made by c o n t r o l  
of t h e i r  k i n e t i c s  of c r y s t a l l i z a t i o n  i n t o  high-modulus, high-strength g l a s s  
f i b e r s  and pre l iminary  s t u d i e s  of t h e  v a r i a b l e s  of importance i n  t h e  nanufae ture  
of s e v e r a l  s e l e c t e d  high modulus f i b e r s .  This  con t r ac t  does not exclude t h e  
cont inua t ion  of t h e s e  types  of r e sea rch  b u t  w i l l  emphasize two a d d i t i o n a l  f i e l d s  
of g l a s s  r e sea rch ,  UARL w i l l  a t tempt  t o  f i n d  out  why a g iven  g l a s s  4s supe r io r  
t o  o t h e r  g l a s s e s  i n  impact r e s i s t a n c e  and t h e  d i r e c t i o n s  i n  which t o  move f o r  
t h e  development of g l a s s e s  w i th  s t i l l  g r e a t e r  impact s t r e n g t h .  UARL w i l l  a l s o  
t r y  t o  f i n d  out  why some g l a s s  compositions have g r e a t e r  t e n s i l e  s t r e n g t h  than  
o t h e r s  and what can be done t o  develop s t i l l  h igher  s t r e n g t h  g l a s s e s ,  

The l a t t e r  two research  i n v e s t i g a t i o n s  may, i n  a  smal l  p a r t ,  f u l f i ; i  t h e  
need f o r  more information about g l a s s  i n  massive form t h a t  t h e  N a t i o l a l  Ma te r i a l s  
Advisory Board of t h e  Nat iona l  Research Council  has i nd ica t ed  (Refs ,  1 , 2 )  t o  be 
a  p r e r e q u i s i t e  f o r  t h e  succes s fu l  use of g l a s s  a s  an engineering m a t ? r i a l ,  

NEW GLASS COMPOSITIONS 

The new g l a s s  compositions melted i n  t h i s  q u a r t e r  a r e  shown i n  'Table I, 
It w i l l  be  noted t h a t  a l l  of t h e  g l a s s e s  r e c e n t l y  prepared a r e  without  b e r y l l i a  
and t h a t  g l a s s e s  460 through 472 a r e  a d d i t i o n a l  extensions of t h e  UARL insiert  
analogue s e r i e s  of g l a s s  compositions. Glasses  473, 474 and 475 a r e  base g l a s s e s  
from which glass-ceramics of high modulus were prepared by McMillan (Ref ,  3 1, 
We have melted t h e s e  t o  s e e  i f  t h e  a c t i o n  of p u l l i n g  f i b e r s  w i l l  f u r n i s h  a 
s u f f i c i e n t  hea t  t rea tment  t o  develop c r y s t a l s  i n  phosphate ca t a lyzed  g l a s s -  
ceramics and t o  a s c e r t a i n  f o r  ourse lves  t h e  con t r ibu t ion  made by t h e  c r y s t a l s  
t o  t h e  r e s u l t a n t  modulus and s t r e n g t h  of  t h e  g l a s s  f i b e r s .  

RECENT DETERMINATIONS OF YOUNG'S MODULUS OF BULK GLASS SAMPLES 

Those va lues  f o r  Youngqs modulus r e c e n t l y  measured on a s p i r a t e d  e l r c h l e r  
rod bulk  g l a s s  samples a r e  shown i n  Table 11. None of our newer g l a s s e s  nave 
values  a s  high a s  many of t h e  e a r l i e r  UARL g l a s s e s  which showed Young's mcdulj 
of 20 m i l l i o n  p s i  o r  h igher .  Glass UARL 4 2 5 ~  i s  t h e  o l d  National  Bureau of  
Standards g l a s s  #389 (Ref.  4 )  prepared p r imar i ly  t o  s tudy t h e  problems e r e o u n l t r d  
i n  f a b r i c a t i n g  very high temperature calcium aluminate g l a s s e s .  Our Super-kenthnl 



Actual Ingrediect 

Si02 
MgO 
Li20 
C a0 
ZnO 

B2°3 
'2'3 
Ti02 
Zr02 

Si02 

*l2'3 
MgO , 
Li20 
C a0 
ZnO 

Si02 

A1203 
MgO 
Li20 
C a0 
ZnO 

Table I 

New Glass Compositions Expressed in Mol % 



Table I1 

Recently Measured Values for Young's Modulus 
(Circular Rod Bulk Samples) 

Young s Speciff:: 
Density Density Modulus Modulus 

Glass No. gms / em3 lbs/in millions psi 107 inches - 

XUARL 425 is National Bureau of Standards Glass #389 (~ef. 4) 



h a i r p i n  p la t form furnace  which reaches temperatures  g r e a t e r  t han  l700'C ~ 1 3 ' ~  

adequate f o r  t h e  f a b r i c a t i o n  of t h i s  N.B.S. g l a s s .  I n c i d e n t a l l y ,  t h e  l*aliie 
r epo r t ed  by N.B.S. f o r  t h e  Young's modulus of t h e i r  number 389 i s  19 .2  r 1!16 

6 p s i  i n  c o n t r a s t  t o  t h e  va lue  of 18.19 x 10 p s i  ob ta ined  i n  t h i s  laboraTciy ana 
6 19.51 x 10  p s i  ob ta ined  f o r  t h e  f i r s t  UARL melt  of t h i s  g l a s s ,  UARI, 425, 

COMPARATIVE IMPACT RESISTANCE OF SEVERAL GLASSES I N  BULK FORM 

As i n d i c a t e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  r e p o r t ,  one of  t h e  more ~nl?r,rzrz-~-'- 
o b j e c t i v e s  of t h i s  con t r ac t  i s  t o  attempt t o  d iscover  why a given glass hz-3 a 
s u p e r i o r  impact r e s i s t a n c e  compared t o  some o the r  g l a s s .  Eleven higk ~ ~ o d l i ~ u s  
g l a s s e s  were s e l e c t e d  f o r  t h e  i n i t i a l  s tudy  and t h e  r e s u l t s  ob ta ined  wnen f~ l l -  
s i z e  notched Charpy specimens prepared by c u t t i n g  t h e  t e s t  samples i"--om T - r l i y  
annealed g l a s s  d i s c s  a r e  shown i n  Table I11 toge the r  wi th  a s i m i l a r  r e s ~ l t  fro? 
t h e  common commercial f i be r -g l a s s  base ,  "El' g l a s s .  For "El' g l a s s  an(: JAFL 
g l a s s e s  237, 304, 350, 383, 419, 425, and 447, four  specimens were -1ested and 
f o r  UARL g l a s s e s  323, 336, 344 and 454A, two specimens were t e s t e d  -co ob ta ig  
t h e  average va lues  shown i n  Table 111. 

It w i l l  b e  immediately no t i ced  t h a t  t h e  notched f u l l - s i z e  Charpy irnpa.c"c 
specimen .does not  g ive  a clean-cut s e p a r a t i o n  of t h e s e  g l a s s e s  on the basi .s  of  
t h e i r  impact s t r e n g t h s .  One can say t h a t  UARL 323 g l a s s  has t h e  lowest, i c i ~ a c t  
s t r e n g t h ,  next  "El' g l a s s ,  UARL g la s ses  350 and 425 (N.B.S. 389) ,  t h e n  a t  slightly 
higher  l e v e l  UARL g l a s s e s  237, 304, 344, 383, 419, 447, and 455A, avid f i n a l l y  
UARL 336 has t h e  h ighes t  impact s t r e n g t h .  The sepa ra t ion  on t h e  basis o f  %heir 
impact s t r e n g t h  i s  much l e s s  t han  found i n  pre l iminary  experiments i n  which an 
unnotched Izod specimen was used (Ref. 5 ) .  It would seem, t h e r e f o r e ,  t h . x t  the 
formation of t h e  notch i n  t h e  specimen damages it and t h a t  we a r e  nol; me%s.d.rin& 
q u a n t i t i e s  d i r e c t l y  dependent on t h e  impact s t r e n g t h  of t h e  material .  because o f  
t h e  notch s e n s i t i v i t y  of t h e  m a t e r i a l .  When t e s t i n g  i s  resumed, unnotched Zzod 
and Charpy specimens w i l l  be  t r i e d .  

The appearance of a t y p i c a l  f u l l - s i z e  Charpy impact specimen a h e r  ~"alL"h-, 
i s  shown i n  F ig .  1 as observed by scanning e l e c t r o n  microscopy, The prapdgz.~,ct  
of t h e  Charpy impact across  t h e  specimen can be  c l e a r l y  seen ,  

RECENT EXPERIMENTAL GLASS FIBERS 

Resul t s  f o r  t h o s e  g l a s s  f i b e r s  produced r e c e n t l y  by mechanical ~ ~ ~ T v L I ? ;  

from UARL experimental g l a s s e s  a r e  shown i n  Table I V .  The values f o r  Y o t 1 ~  s 
modulus t a b u l a t e d  he re  a r e  measured using t h i n - l i n e  u l t r a s o n i c  equipnenc , ' c ;  
of t h e  f i b e r s  a r e  be ry l l i a - con ta in ing  g l a s s e s  wi th  d e n s i t i e s  g r e a t e r  t n s r  4,' 
gms/cm3 and, t h e r e f o r e ,  have s p e c i f i c  moduli t o o  low t o  be of i n t e r o s r ,  "1-e 

s i n g l e  except ion i s  UARL 464, a non-bery l l ia  conta in ing  g l a s s  of l o d ~ r  cLenslC, , 
bu t  which a l s o  has a lower va lue  f o r  Young's modulus. 



Table I11 

Impact Res is tance  of Bulk Glass As Determined By 
Ful l -S ize  Notched Charpy Tes t  Samples 

Glass No. Resu l t ,  f t - l b s  

Table I V  

New Values f o r  t h e  Young's Modulus of Mechanically Drawn 
F ibe r s  of UARL Experiment a 1  Glasses  (Sonic ~ e s u l t s  ) 

Modulus 
Glass NO.  yOuny;a s i  



TYPICAL NOTCHED FULL-SIZE CHARPY TEST SPECIMEN AFTER FAILURE 
FIG, 1 



SELECTED GLASS FIBERS PREPARED I N  LARGE 
QUANTITY AS MONOFILAMENTS 

As shown i n  our f i n a l  r epor t  on t h e  e a r l i e r  NASA con t rac t s  (Ref. 6 )  one of 
t h e  more outstanding compositions, UARL 344, was s e l e c t e d  f o r  i n t e n s i v e  inves t i -  
ga t ion  of t h e  problems a r i s i n g  when l a r g e  q u a n t i t i e s  of g l a s s  f i b e r  a r e  t o  be 
produced. Over a hundred m i l l i o n  f e e t  of monofilament were prepared from t l i i s  
composition over a v a r i e t y  of winding speeds, o r i f i c e  temperatures,  heads of 
molten g l a s s  i n  t h e  bushing, e t c .  This f i b e r  ' n  genera l  had an average s t r e n g t h  t; of 772,000 p s i ,  a Young's modulus of 18.6 x 10 p s i ,  and a s p e c i f i c  modulus of 
157 mi l l ion  inches. The monofilaments produced were made i n t o  epoxy re s in -  
g l a s s  f i b e r  composites and f u l l y  evaluated.  The r e s u l t s  of t h e s e  composite t e s t  
samples a r e  given i n  d e t a i l  i n  t h e  f i n a l  r epor t  ( ~ e f .  6 )  and shown i n  abbreviated 
form i n  t h e  next s e c t i o n  of t h i s  r epor t .  I n  add i t ion ,  a s a t i s f a c t o r y  sur face  
f i n i s h  and s i z e  were developed f o r  t h i s  composition a s  described i n  Ref, 6, 

The next s t e p  i n  l ea rn ing  t o  manufacture UARL 344 g l a s s  f i b e r  was c l e a r l y  
t o  l e a r n  t o  apply t h e  su r face  f i n i s h  and s i z e  a s  t h e  f i b e r  i s  pul led .  Af ter  
seve ra l  f a l s e  s t a r t s  t h e  s i z i n g  app l i ca to r  shown i n  Fig.  2 was developed, T t  
worked very we l l  but  t h e  s i z i n g  so lvent  proved t o  have t o o  low a f l a s h  poin t  
and t h e  i n i t i a l  s t a r t u p  of t h e  g la s s  f i b e r  inev i t ab ly  caused a f l a s h  f i r e ,  
However, about t h r e e  m i l l i o n  f e e t  of UARL 344 g l a s s  f i b e r  was success fu l ly  coated 
a f t e r  t h e  f i r e  was extinguished. To improve t h e  f l a s h  poin t  of s ize-solvent  
s o l u t i o n ,  h igher  molecular weight so lvents  were t r i e d  but  using t h e  method of 
mixing we had a t  t h a t  t ime,  t h e s e  so lvents  caused p r e c i p i t a t i o n  of t h e  s i z e , b  
Since then  t h i s  problem has been solved but  no add i t iona l  UARL 344 f i b e r  has 
as  y e t  been s i zed  a s  drawn. 

Recently, a second UARL experimental g l a s s  composition, UARL 417, has been 
s e l e c t e d  f o r  in t ens ive  i n v e s t i g a t i o n  of t h e  process of making l a r g e  q u a n t i t i e s  
of g l a s s  f i b e r  s u i t a b l e  f o r  t h e  prepara t ion  of epoxy res in-g lass  f i b e r  t e s t  
samples. To d a t e ,  approximately t h r e e  m i l l i o n  f e e t  of monofilament have been 
prepared from t h i s  g l a s s  composition and used t o  form composites. Although 
t h e  monofilaments from UARL 417 have been obtained under a v a r i e t y  of processing 
condi t ions ,  no problems were encountered i n  i t s  p re  a r a t i o n .  The f i b e r  has a 3 modulus of 17.5 x 106 p s i ,  a dens i ty  of 3.09 gms/em , and again a s p e c i f i c  
modulus of 157 m i l l i o n  inches. I t s  s t r e n g t h  as  a v i r g i n  f i b e r  has not y e t  been 
determined. I t s  p roper t i e s  when incorporated i n  an epoxy-resin matr ix a r e  shown 
i n  t h e  next sec t ion .  

PROPERTIES OF GLASS FIBER-EPOXY RESIN COMPOSITES 
MADE WITH UARL GLASS FIBERS 

Table V compares t h e  p roper t i e s  of fou r  epoxy re s in - f ibe r  composites. The 
S g l a s s ,  UARL 344, and UARL 417 g l a s s  fiber-epoxy r e s i n  composites were a l l  
made i n  t h i s  labora tory  by i d e n t i c a l  methods but t h e  d a t a  f o r  t h e  DuPont PRD-43-1 
f i b e r  composite a r e  taken from DuPont brochures. The experimental evidence 
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FIRST EXPERIMENTAL SIZING APPLICATOR 
FIG 
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i n d i c a t e s  t h a t  t h e  g l a s s  fiber-epoxy r e s i n  composites a r e  supe r io r  i n  f l e x u r a l  
s t r e n g t h  (both  abso lu t e  and s p e c i f i c ) ,  short-beam shea r  s t r e n g t h  (both  abso lz t e  
and s p e c i f i c )  and i n  abso lu t e  t e n s i l e  s t r e n g t h  i n  comparison t o  t h e  DuPont 
PRD-49-1 epoxy r e s i n  composite. F u r t h e r ,  t h e  UARL 417 epoxy r e s i n  composite has 
a s p e c i f i c  t e n s i l e  s t r e n g t h  80% t h a t  of  t h e  DuPont PRD-49-1 epoxy r e s i n  composition, 
This absolu te  s t r e n g t h  of t h e  UARL fiber-epoxy r e s i n  composite i n d i c a t e s  a very 
high s t r e n g t h  r e t e n t i o n  f o r  UARL 417 without  s i z i n g  and a f t e r  t h e  cons iderable  
amount of handl ing necessary t o  form a g l a s s  fiber-epoxy r e s i n  mat r ix .  

The composite t e n s i l e  s t r e s s - s t r a i n  curves f o r  UARL 417 epoxy r e s i n  com- 
p o s i t e  and DuPont PRD-49-1 a r e  shown i n  F ig .  3 and s i m i l a r  composite bending 
s t r e s s - s t r a i n  curves f o r  t h e s e  m a t e r i a l s  a r e  shown i n  F ig .  4 .  I n  both  cases  
t h e  comparison favors  t h e  UARL 417 g l a s s  f i b e r .  

We had a n t i c i p a t e d  t h a t  t h i s  r e p o r t  would a l s o  inc lude  a comparison of t h e  
compressive s t r e n g t h s  of UARL 417 g l a s s  fiber-epoxy r e s i n  composites wi th  t h a t  
ofDuPont PRD-49-1 fiber-epoxy r e s i n  composites b u t  ou r  t e s t  f i x t u r e s  caused 
mushrooming of t h e  UARL 417 g l a s s  fiber-epoxy r e s i n  samples a s  shown i n  F i g ,  5 
and t h e  t e s t  t h e r e f o r e  gave much t o o  low a va lue  f o r  UARL composite. Even 
t h e s e  low va lues ,  however, f o r  t h e  UARL 417 g l a s s  fiber-epoxy r e s i n  samples 
ranging from 117,200 t o  122,000 p s i  i n d i c a t e  t h a t  t r u e  t e s t  d a t a  w i l l  show tlie 
UARL composite conta in ing  UARL 417 g l a s s  f i b e r  t o  have a compression s t r e n g t h  
two t o  t h r e e  t imes t h a t  of t h e  DuPont f i b e r  composite. These t e s t s  w i l l  be 
repea ted  when new s p e c i a l  design t e s t  f i x t u r e s  become a v a i l a b l e .  

It should a l s o  be mentioned t h a t  t h e  f r a c t u r e s  obta ined  wi th  a l l  of t h e  
g l a s s - f ibe r  epoxy r e s i n  composites were gene ra l ly  not  i n  t e n s i o n ,  and accord ingly ,  
t h e  t e n s i l e  moduli t hus  obta ined  a r e  t o o  low. 

CONCLUSIONS 

1. UARL experimental  g l a s s  f i b e r s  added t o  epoxy r e s i n  form composites 
supe r io r  i n  f l e x u r a l  s t r e n g t h ,  short-beam shea r  s t r e n g t h ,  compressive streng-ch, 
and abso lu t e  t e n s i l e  s t r e n g t h  compared t o  t h e  new DuPont experimental  f i b e r  
PRD-49-1 epoxy r e s i n  composites.  These g l a s s  f i b e r s  should prove u s e f u l  i n  
aerospace and naval  s t r u c t u r a l  a p p l i c a t i o n s .  

2. The i n v e s t i g a t i o n  of impact i n  bulk  g l a s s  samples should be c a r r i e d  
out  wi th  unnotched specimens s i n c e  notching t h e  specimens causes premature 
f a i l u r e  and g ives  r e s u l t s  t o o  c l o s e l y  grouped t o  be h e l p f u l  i n  understanding 
t h i s  proper ty .  
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