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S Frac tog raph ic  A n a l y s i s  of Opt i ca l  Fibers

J.J . Mechoisky , S.W . Freiman and S.M . ~i1~~rey S

Naval Research Labora t ory
Washington , D.C. 20375

ABSTRACT

The f r a c t u r e  sur faces  of over 50 f ibe r s  t e s t e d  at  Hug hes or ITT

Research Labora t or i es were examined  on t h e  s c a n n i n g  e l e c t r o n  m i c r o —

scope(SEM ) . The sources of f a i l u r e  in  t hese f ibers  were determined

to be e i t h e r  m e c h a n i c a l ly  induced sha rp  cracks , cracks r e s u l t  l ug

f rom inc lus ions  or f o r e i g n  p a r t i c l e s , bubbles or i n c l u s i o n s. I t

was suggested tha t many  of t hese sources of f a i  lu re  can be e l i m i n a te d

by cha ng ing  p r o d u c t i o n  procedures . For example , some la rger i n -

(‘lusions can be eliminated by using sy n t h e t  ic , high grade silica ,

starting material. Another example for  e l i m i n a t l ug  low s t r e n g t h

d e f e c t s  is by us j ug  h ig ii qua 1 i t  y s i I i  ca t ub I ng I ii t he (‘VI) process .

The f r a c t u r e  s u r f a c e  demarca t  ions known ill g lass  as m i r r o r .

• m i s t , hackle and ( ‘rack branch ing  were ident  i t i e d  and r e l a t e d  t o

the stress , a , a t  f a i l u r e :

ar 1 c o n s t a n t  A

where r. is either the  m i r r o r — m i s t , m i s t — h a c k l e  or c rack b r a n c h i n g

boundary corresponding to a different constant , A 1. I n  a l l  cases

but  one f r a c t u r e  s u r f a c e  a n a l y s i s  agreed w i t h  measured s tresses

‘ dur i ng t e s t ing  within experimental accuracy. Th us , f r a c t o g r a p h y  H
can be used to  de te rmine  the  s t ress  and source ot unexpected service’

f a i l u r e s . 

_ _ _ _ _ _ _ _
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FRA CTOGRAPHI C ANALYSIS OF OPTICAL FIBERS *

J .J . Mechoisky,  S.W . Freima n and S .M. Morey
Naval Researc h Labora tory
Washington , D.C. 20375

INTRODUCTION

There is increasing interest in optical glass fibers as a means

of communication throughout DoD. Many applications , however , require

that the fibers be subjected to stresses in the 100—200,000 psi range

for long periods of time. It is therefore  important  t h a t  the f ibers

be as flaw free as possible. Fractographic analysis is an extremely

useful  technique for  i d e n t i f y i n g  the source of failure as well as for

determining the stresses and/or the  t ime  to f a i l u r e  of a pa r t i cu la r

f iber .

Several sets of fibers have been sent to the Naval Research

Laboratory from Hughes Research Laboratories , ITT Laboratories and

from ITT through NOSC after testing . As will be shown , in many cases

S the f a i l u r e  source can be related to problems in the manufacture of

the preform or in the drawing process i t s e l f .  Because the low s t rength

ta i l  in s t rength d i s t r i b u t i o n  is the cont ro l l ing  fac tor  in the s t r eng th

of long length fibers, efforts have been concentrated on analyzing

these failures , In addition , because of the lower stresses at which

they failed , the fracture surfaces of these fibers are most amenable

— ‘ to fractographic analysis. For ease of reporting , the fractography

- . on the Hughes and ITT fibers will be reported separately .

*More information concerning these fibers can be obtained in a Naval
~~ean System Center Technical Report: “High Strength Fiber Waveguides .”

- ~~~~~~ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



THE OR ET 1 CAL BA CKGROUNI)

Four d e f t  n i t  i ye reg b u s  surround Ing f r ac  t tire In i t  iat ing f l a w s
1 ,2,3

in silicate and non— sil1c at e~ glasses have been observed (Fig. 1).

I h e ’  m i r r o r  (a f l a t  smoot it reg i o~t is hounded by t h e  onset of mist

(a reg i on 01 sm a l l  r a d i a l  r i dg es ) wh iL ’h Is bounded In  t u r n  by hackle

(a r eg ion  of larger  r 4 d ia l  r i d g e ’s )  w h i c h  is hounded by macroscopic

crack branching . I t has been e x t e n s i v e l y  demons t r a t e d  t ha t  t h e

products ot the s t r e n g t h , a , and  t he ’ square  root of t h e  d i s t a n c e

f r o m  the  origin to t h e  onset of: mist ( i .e . ,  t h e  m i r r o r  rad ius , R I ,S
t h e  onset of h a c k l e  (R 11

) and  o t crack b r a n c h i n g  ( R
B g i ye ’ I hree c onst a n t

v a l u e s  for  s i l i c a t e  glasses :

A

wher e  i re fers  to  t he  m i r r o r — m i s t  , mist —hackle or crack b r a n c h i n g  boun da r  t ’~
I t has been shown tha t these r a d i i  are i’ela ted to the’ initial flaw

dept  h , a • or hal  I w i d t h  , b , t hr  oug h t he comb i oat i on of fr ac  t ure

mechanics  and f r a c t u r e  s u r f a c e  a n a l y s t s :

K
~~. 

~~ ~2A S

where  c ..,/iii~ , I is a c o n s t a n t  dependent  on l o c a t i o n  and geome t rv

o f t h e  crack and K R. is t h e  c r i t i c a l  s t res s  I n t e n s i t y  f ac t o r . The

m irror constants A . and K IC for silica have been p r ev i o u s ly  de t ermined .

I t  has been shown  tha t t he f rac  t ure’ m i r r o r  r e l a t i o n s h i p  observed in

bu lk  gla sses is a p p l i c a b l e  t o  o p t i c a l  f ib er s .4 More d e t a i l  of t h e

r e l a t i o n s h i p s  of t he  i n i t i a l  f l a w  sizes t o  t he  m i r r o r  r a d i u s  and t o

f r a c tu r e  a n a l y s i s  is described elsewhere.3~~
S h  

•
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1 T’l’ t i bers c oils i st  of a si  1 ica core w i I ii s i 1 icone coa t I ng and an

extort or plastic (- i)a t t u g  ( Hvt  re I ~i . I n order t o e x a m i n e  t he f r a c  t ure

st ir  f ace  o I t h ose ’ f i he ’rs , i t  is so me t i m e s  necessary t o  st r i p  t he f i b e r

of ’ the out et. liv t re I pias t Ic c oa t ing . l’h is is done  m a n u a l  lv b y i n —

ser t I ng a i-a .‘or hi  ade ’ c a re t  t i l l  ~ a r o u n d  t he’ f i her and t h e n  ma nua 1 1 v

p u l l  i ng 01 1’ 1 he Se ’\ e’red p 1 as t i c • The th ug tics I i bers con I a in a met a l i t  c

t’oa t t u g  . When it i~— necessary  t o  remove t h i s  c o a t i n g  t h e  f 5 
i hers are

p laced  i n  au aqua reg ia so lu t  I t ’ l l  t ’or 1—2 m i n u t e s  and t hen r in sed  in

wa t er . Be fore e’xaml ita t ion in a s ca n n  i tig e’lec I r on  microscope , bot hi t vpes

ot  1 t hers are  e oa t ccl W 1 t Ii go 1 ci

Three I vpos o f . t e ’st  ed t i bet’s were sen t  t o NR1~ . These i nc lude

de l ayed  t a t  l u r e  spec tm e i i s  i n  w h i c h  F i h e r s  were  wrapped  a ro t~nd a m a n d r e l

and t t ines t o  Va i l u r e  i n  a ii’ . or s a l t  w a t e r  were measured . T h i s  i nv o l ves

mere’l v w r a p p i n g  f i b e r  a round  a m a n d r e l  o f ’ a certain radi us . The r adi  us

t hen is re l o t  ed t o t he s t r e sS  induced  in I he f i b e r  . in  t Ii is case a

f u l  1 v u n i  f orm t e n s  i le St  ross is  n o t  a c h i e v e d , hu t  r a t  her a b e n d i n g

s t res s  is a c h i e v e d . The ou te r  por t  j olt  of t h e  f i b e r  is i n  t e n s i o n  and

he i ittte’i’ port  i o u  o f  the ’ f t  her is i n  compress ion . The ot her types  ot’

es ted t i tt e r s  were I hose t h a t  Wt ’X O subjt ’c t ed  t o t e n s i l e  s t resses  , 1 .e .

S 
e i t h e r  proo f tes t eel a t  a p a r t  i c u l a r  load or broken i n  t e n s i o n  on a

tes t m a c h i n e .  N o r m a l l y .  p roo f  t e s t  tu g  is done’ by p ass i n g  t h e

f i b e r  f r o m  one d rum t o  a n o t her  a t  a p a r t  i c u l a r  t’ate of speed w i th a

drag on one d r u m  a uid t he loa d I’ rom t he drag recorded . One wou ld  expee’ t

t he t’rac I ure s ur lace  observa t i ons f r o m  bend i ng or t e n s i o n  t es t s t o be

s i m i l a r.

* lit mos t cases a l u m i n u m .

I. S 
_ _ _ _ _ _ _ _ _ _ _ _ _ _
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P r im a r i l y  because of the silicone’ coating holding the fractured

g lass p1 ec es t o~ e titer , t r a c t  ur e  or i g t os could he f ound on 509 of t he  
S

1 I”l’ t i he rs as con t i-as t i ’d to less I ha t~ 1 0 on t t ie ’ Hug hes f i b e r s . The

lo t  t e r  low v ie’ld is pr m a n  lv lue’ to t h e  t a t - i  t h a t t he re  is no c o n s t r a i n t

to t he shattered glass , plus t h e  f a c t  t h a t  t h e  m e t a l  coa t ing often

c ov er s t he or ig in . E t c  h i  rig of - t he  a I urn i l i u m  or t i n  w i t  h an aqua reg Ia

s,) l u t  ton i’emoves t he  m e t a l , hut l i t  mos t cases the  f rac t ure o r i g i n  is

t h e n  los t as t he  m e t a l  coa t i ng  was essent iallv holding the pieces lo-

ge’ t h o r .

O b s er v a t ion  of t r ac ’  lu r e  sun f a c e ’s (1) hr i tt le mat erials and in

pa r t  icu  lan on fi b e r s  can be mis lead t og unless one can de t ermi gte t h a t

t h e  orig i n  is rea l and is p r i m a r y ,  t h a t is , t h e  m a i n  ca use of f a i  lure .

For example , if one observe’s t h e  t o p  v i 5 ’w in  F i g .  2 i t  could be c o n —

c lu d e d  er roneously  t h a t  a r e l at  i v e ’l v  l a rge  somew ha t i r r egu la r  mir ror

e x is t s  s u r r o u n d in g  t h e  or i g in . However , i t ’  ca re is t a k e n  t o  get 5

5

a n o t h e r  angle ’  ot observa t i o n( s i d e  v i e w )  one sees t h a t  in r e a l i t y  S

a cli i p ou t  of t he’ fi ’ac t u i-c sur f a c e  is be i ng observed . A t r u e  fr a c t  ure

m i r r o r  in mos t cases would not d e v i a t e  tro ut  t h e  t o t a l  p l ane  of f r a c t u r e

as much as i n d i c a t e d  i i i  t h e  f i g u r e .

A sec ond p i t  f a l l  is t h at  t here can be more t h a n  one’ f r a c t u r e

mi rror a long  a f i b e r  l e n g t h . I n  genera l , t h e re is one for  cacti break .

1’he “ pr imary  b r eak ( i  .e. the  f i r s t f r a c t u r e  caus i ng f a i l u r e)  is

i d e n t i f i e d  fo r us by t h e  research labora to ry  sending the broken t ib er .

One would  expec t the  pr i m a r y  break to produce t h e  larges t m i r r o r  and

hence ’ the smalles t stress , This would be reasonable because the S

larges t tIaw(weakes t link ) would cause f a i l u r e  co r r e spond ing  t o  t h e

towes t stress . However , in the  l imi ted  cases we were able to

exam i ne , the secondary breaks had larger mirror  radii  t h a n  t h e

I - - - 

- 
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primary break. ‘1’tie r ea s o n  for t h i s  is  n o t  known  at this t ime . l’he

smal l e s t  m i r r o r  ref lect s t h e  t r u e ’  s t res s  a t  f a i l u r e . Thus , it’ one is

not  sure w h e t h e r t he  break is t he  p r i m a r y  h i -oak , one can on ly  say t h a t

the s t ress  c a l c u l a ted  t rom t h e  f r a c t u r e’  m i r r o r  measu remen t s  is the

S least  t h a t  could hav e ’  oc c ur r e d .  I n t h e  case’ of low s t r e n g t h  f i b e rs ,

however , t he re  are u s u a l l y  o n ly  one or two  f i b e r  breaks and t hus i t

is f a i r l y  obvious  w h i c h  is t h e  p r i m a r y  break .

RESULTS A ND D I S C U S S I O N

m i t  i a llv  25 h u g hes and  20 ITT V ibe i-s  were  s e n t  t o  N RL . A l l

of t hese f i b e r s  ha ye ’ been exam i ned , and t he h u l k  of t ii is r e p o r t  w i 11

describe t hese resu I t s  . ‘l i t r e ’  r e c e n t  lv  we  have  rece i ~‘ed severa l  “weak”

f i be r s  hot ii f r o m  ITT a n d  Hug hes in  o rde r  t o a i d  in t he i r  produc t ion

S of f ibe rs  by a n a l v z i u i g  and  or c o n f i r m i n g  t h e  cause  of t h e  low s t r en g t  its .

These r e su l t s  w i l l  be d is ’ussed even  t h o u g h  t h e  a n a ly s i s  on some is
S no t c o m p l e t e . 

-

Hughes Fibers

Table I summar izes  t h e  25 H u g h e s  f i b e r s  e x a m i n e d  t o  d a t e . N o t e

tha t even when o r i g i n s  cou ld  not be d e t e r m i n e d , f r a c t u r e  m a r k i ng s 
S

p o i n t e d  back to t h e  area of t he  o r i g i n , i n d i c a t i n g  w h e t h e r  a s u r f a c e

or i n t e r n a l o r i g i n  was t h e  source of ’ f a i l u r e . A n example  of t h i s  is

shown i n  Fig . 3 where the origin is covered by a l u m i n u m  bu t  t h e  mark-

ings c l ea r ly  i n d i c a t e  t h a t  a s u r f a c e  o r i g i n  was t h e  cause of f a i l u r e

even thoug h t h e  exact o r i g i n , i .e . w h e t h e r  i t  is a c rack  or a dus t

pa r t i c l e , et c . ,  is not c l e a r ,  I n  f o r t u i t a t e l v , many  of t he  t’a i lu r e

or igins  are los t upon f r a c t u r e  due t o  t h e  l a rge  amoun t  of e las t ic

energy stored in the high—strength fibers . Nevertheless , t here are

some important observations and analyses tha t can be made . A l l

“ I
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or ig iris observed to eta t e on Hughes t t hers were li- nm sur lace d e f e c t s  • ~S

t hese toe - lu de  a s u r f a c e  ci -ae -k (. F i g .  4 )  and a b u b b l e  w h i c h  or ig  m a t e d  
S

i n  t h e  p r e f o r m  I-’ ig . 5) 
- I n  t he l a t t e r , t h e  bubbles  a I ong t h e  s u r f a c e

t rid i c -a te ’ I h a t  a I al-ge ’ bubb  1&~ iii t t i e ’  pl’e t orm was  d rawn  ou t  d u r i n g  f i ber

pulling - E v e n  w i t  it the large ’ de t e e  t (3~ ~ m ha 1 t —w idt it) it ‘ s s p h e r i c a l

shape resulted in approximatel y 160 , 000 psi  I. t r o u t  m i r r o r  m e a s u r e m e n t s)

b r e a k  i uig S I t- e’ss iii re~~ S 111101) it ’ agx’ceme n t w i t  it t he a p p r o x i m a t e l y  
S

200 , 000 PS ~ measured dut -  m rig I he’ t e’s t . O t her or i g t i t s  were not  f o u n d

h u t  t ie’ t i - a c t  cu re mark i Ii g S lead i rig hack  I o ( t ie st i r  lace ’  on a few o t h e r s

could r e a d i ly  he’ observed as in  F i g .  3 . I n  t a e ’t , the fiber in Fig - 3A

~c.I S v t e -he ’ei in  a n  aqua reg ca s ol u t  ion to i’t?ntove t h e ’  a l u m i n u m  coa t  i rig

bee - a iu ~,e I t  obscured t he de t a i I of t he ot- i g in  . F:ven t he n , t h e  a l u m i  n u m  r

~i ppt ’a i ed c -o i i e r en t  1 y 
~

- outuie c I e’d t o  t hO g l a s s  t i le !  ica t in g  t ha t an  a I umi  h u m

o x i d e  i n t e r f a c e ’ may he’ p r e se nt  b et w e e n  g l a s s  a n d  m e t a l . l)elayed S

f a i l u r e  spec imens  I t h r o u g h  5 i n  Table I a lso  showed a h i g h  degree

of e’oi- r o s io i~~F ig s  . 4 ~ 6) , b u t  t h e  cor r o s i o n  produc t has not  ve t  been

i de n t  i I t e d . As ait  be seen i n  F ig  . 6 t here are many  c racks  i n t h e

a l u m i n u m  coa t i ng . \ l au i ~- of  t hese  c racks  look l ike  t h e y  f o l l o w  t h e

i- a t o  boundaries i n  t he aluminum , T hi s  i nd ica t es t h a t  t her c o u l d  be

oce -u rr  t r i g  dur  ing  st  ress in g  , a l t  hough i t is not clear that corros ion

a l on e  wou ld  not  cause t h i s . A l s o , i t  is possible  t h a t t h ey  at-c a

S 
of s tr e s s  co r r o s i o n  c i -a ck i n g . One war  of d e t e r m i n i n g  t h e  cause

of  t h ese c-racks  is t o  exami ut e t h e  I i  her at - tel’ c o a t i n g  and dur i ng

S s t r e s s i n g, I n  addi  t i on  t o  t h e  c racks  t here is e v i d e n c e  of r o u g h l y

c i r c u l a r  p i t s . One would suspec t t h a t t h e  p i t s  wou ld  be e l o n g a t e d  i t ’

the~ occurred before  or d u r i n g  s t r e s s i n g , and more c i r e -u l a r  or spher ica l

i f  t h e y  occurred a f t e r  s t r e s s i n g. ‘l’hus , one wou ld  surmise  t h a t  these

S It
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p i t s  wei’e n o t  pre’e’ x i s t  log .

Sevez-a I l ow s t  x ’ezlg Ui I i bers wept ’ se nt  f r om  Hughes for  i d ent  i f l e a  t ion

of f rac -t u r e  o r i g i n s . A l t h o u g h  t h e  a n aly s i s  is n o t  comple t e , i t  is

q u i t e  e v i d e n t  t h a t  a s e m i — e l l i p t i c a l  r i d g e  on the s u r f a c e  o mos t of

t h e  I ibers  e x a m i n e d  is e’on s i s t en t  l v  t h e  -au se  of  f a i l u r e ( F i g  . 7 )

Because t h e  r i dge  a l o n g  th e ’  f i b e r  su r t ’ a - e  is r e l a t  iv e lv  s m o o t h  i t
S 

w o u l d  appeal- t h a t  t h i s  d e t e c t is be ing  caused i n  t h e  d r a w i n g  process

when  t h e  f i b e r  is i - e l a t i ve l v  h o t . One w o u l d  expec t a roug h gGu ge  i!~

S some obj cc t were p u l l e d  ac ross t lie sin- f a c e . F u r  t her c o m m u n i c a t i o n

between NRL and Hughes w i l l  h o p e f u l ly  t r a c e  t h e  exac t  cause of this

defec t and t hereby e l i m i n a t e  i t ,

ITT Fibers

S Table I I  s u m m a r i z e s  t h e  r e s u l t s  of ’ 29 ITT f i b e r s  e x a m i n e d  t o  d a t e .

Of t h e  e i g h t e e n  i d e n t i l i ed  f a i l u r e  o r i g i n s , 11 were i d e n t i f i e d  as

sur t’ace o r ig i n s  and 7 as i n t e r n a l sources of f a i l u r e .

ithe s u r f a c e  f ai lur e s  were a r e su l t  of a f o r e i g n  pa r t i c l e  ( F i g .  8) ,

f i v e  f rom cracks  or m e c h a n i c a l l y  induced ch ips  (e . g .  F i g .  9 and 10) ,

and  5 “ u n i d e n t i f i e d ’ sources of f a i l u r e  (e . g .  Figs.  11 and 12 ) .  I t  i s

suspe’c -t ed  t h a t  a t  least f o u r  of t he  las t  5 l i s ted  are f rom small crys-

t a l l i t e’  f o r m a t i o n s , bu t  th i s  has to be determined fo r  c e r t a i n .

A t o r~~1gn p a r t i c l e  is shown a t t a c h e d  to t h e  s i l i ca  in Figures  8

and 13. The p a r t i c l e  was a n aly z e d  us ing  an e lec t ron  m i c -roprobe ; the

resu l t s  in d i c a t e d  the presence of magnes ium and i ron  as wel l  as s if lca

(Fig . 13) .  This t y p e  of f a i l u r e  can be avoided by f i l t e r i n g  (c lean

room) .  Th i s  “ d u s t ”  p a r t i c l e  wh ich a t t a c h e d  to the  f i be r  dur ing  drawing

caused a small  (a p p r o x i m a t e l y  1. 5 ~ n)  c-rack , most l i k e l y  upon cooling ,

w h i c h  s u b s e q u e n t l y  lead to  f a i l u r e . The s ize of t h i s  c rack (2 ~ a) is in

- -- ~~A .  
~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~ - - - - - -
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good agreement with the calculated 3 ~nn f rom Eq . 2 ,

A l t h o u g h  most f r a c t u r e s  we re from s u r f a c e  ori gi ns , t here are

seven cases where internal origins occurred. One internal origin

was an inclusion c o n t a i n i n g  rare e a r t h  elements (Nb and La) Fig . 14 .

This  f a i l u r e  occurred due to a (0,2 pan) crack formed between the in-

clusion and bulk Si02. Failure from inclusions related to natural

forming elements can most likely be eliminated by using synthetic

quartz material rathe r than the natural quartz. This also applies to

preform manufacture used in the CVD process . If the outer tube or

preform material is natura l quartz , then defects such as bubbles and

inclusions will be transferred to the final silica fiber. Closer ex-

amination is p lanned  to de te rmine  the  source of these internal  fai lures.

Higher magnification is required to determine the source of these

failures because the size of the defect , in most cases, is less than

0.2 ~~ and consequently detailed analysis is difficult. r
Several fibers were sent that were known to have low strength

values . Fracture surface analysis determined that the low s t rength

(approximately 200,000 psi) failures were probably occurring due to a

defect that existed in the preform and was drawn out during the pull-

ing of t I~ fiber . This is concluded because there were several

in ternal  fa i lures  in the same general location in the  plane of the

fracture (cf Fig . 15a and b).

In addition , a step index fiber was examined and was found to

most likely  f a i l  f rom the in t e r face  between the  inner  and outer core .

This step index f iber  is now being studied in more detai l .

The f r a c t u r e  stress of all fibers except three in Table II agreed

with those expected from mirror measurement (i.e. Eq. 2 ) .  The f i r s t  
S
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M t  l~e~5S Iit ’ e’ai t s ’  I he ’se’ I a l l  e~j t ’c t ore the I u I I ‘- I ress was ac ’ RI .‘veel on
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S 01’ a 11 1 ito 1’ 1 14’ 15 otiso i-i ed t, ‘ t’ pa t i-s W h i c h  wor e  son I t rum NOS ’ ,

u n i t  t w o  ot’ i g l u t s  \iol’ e’ f o und - Fhi e ’ I ow v 1 o l e1  i s  elite ’ 1 o I he I a ct  I ha I

t heso fibers a l l  Inte l  a i’e’ lit t 1 Vt ’ ! V h i t  g f t  s t  r e ’ug ( I i  s i  t ie ’O I he’ p*’ ’ Ii ’s I S

l
~
reo t tu g  a t  300 ks i e ’ 1 Im I n a t  t ’d ( Ito weak I I t4’i’s - I’hc’~~e’ I i i  g It st  ri ’ng t his

: 0 0  ks 1 moan ( Int l (‘ r ae ’ ( U  u - c ’ or i g i n  tie ’ I o i’tU I l ir i  1 i cm I ~ V o r ’e ci t  ( f t  e ’U i t  ,

I t ’ not  imposs t i t l e  . h lowe~ ci’ , two of ( t i e ’  ( ht re ’ c .’ C r at ’ t nrc  st ir  (‘ ace’s we re

s j ut  i i  a r i ri a ppe ’n i’a ne t ’ F i g  . I - ‘ 1 o t ’a .‘ It e I h t e ’ t ’  h u t  no I t o  an y  ot ter
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MN nt 3 
— 5t)t ) ks t . incI te -a I trig I hat I h ose f rae I ur~’s a re’ pt ’oba L ii  v

se ’ee iuu d a  i’t - , t’it t h i c ’t’ t ban pu’ t ma t’t h i -o aks  . l lowe ’ve ’ u’ , I he’ e~~ue’~~ I ton at’ i sc ’s
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CONC IU S IONS
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low st  t’e’ng ( h i  t o t ’  u t i t i sun  1 ‘I i n  11 t ires lit  ~ t’eic’t’ t o  e ’ O I ’ I ’ e’ e ’ I 1tt ’ t c e I~ M M -

I rig or h and ii t ig proc ’edo i.e’S 1 o improv e  I It o I’ I bet’ it n et g et  a h i t  g i tot ’
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y told ot’ “good” tibet’.

2 . II igh quality glass sh o u l d he used in  a l l  p h ases ot ’ t in’ C ibev i’

p roe’e’ss he’c ause t he ’ weake ’s I 1 ink I h oot’ is a pp 1 t cahlo  t.o 1’ thor

process i rig , e .g .  a etc t’ e’c t or bubble ’ iii l iii’ I 111)0 tiSi ’d In  t lie ’ (‘VI)

process could  be’ t i’anspo rt t’ei 1 o I lie I tri al C ibc ’t ’  -

3 . Most of t he low s t r e n g t h  f a i l  n rc’s ot op t  tea I 1114’ i’s a i’c’ caused by

do fee ’ (s in  t hit’ pro f o r m  ( sue ’ It as h~~ h Ii  I e’S ) be’ I ug ci u ’n wuu t it rough in

t h e  t ibet ’ process , foreign ptt t’t I e ’ les 01’ ‘‘ St O t t t !S ’’ h i’om t ta tu t ’a l  l y

occu r r ing  e ’loments  . m e c h a n i c - al  damage’ d u r i n g  dt ’att ’ t u ig , or e’untam—

S 
d r a w in g  - One’ or se ’v e’ t ’a l  of  I Ite ’se cause’s could

occu r in  any i’m .

4 - On v a small  number  ot t’ rae lu r e ’  ,,i rig  i ns  We’re ’ I dent  I t  it ’d oti t iught ’s

f t  he rs ~n’e’aus( ’ of th e  coa t  i u u g s  w h i l e - l i  t e n d  t o  obscure (h e  oi ’ tgi  ii

Mo re’ or ig f i t s  w 1.11 prohab lv he t’ound I i i  I ito C u  I n  t ’ e’ bi ’ e ’~~usc ’ I owot ’

st t’c’uigt tt breaks w i l l  he’ sen t  . 01 h ot’ me’ati s of s t t ’  I p p t n g  (tie’ m e t a l

c oat i n g  wi 11 also itt’ sttid it’d au tc h  e ’utj l t t  V te ’i ci a Ii ighi e ’i ’  number  u t

observed o r i g i n s .

M a n y  f t-at - I  urt’ o r i g i n s  have bt’on f ound on 1’I”l’ (‘I bet’s • bi t t  n ot

S enough I ibers of di t fer t ’ut  I va r i o  I ic ’s I, t e n s i l e  (os t.s vs ma ndre l

vs eie ’lay od failure’) and TO W st  L’e ’tig t h i s  Itut~- i’ lie ’e ’n sent (‘ cii’ s t a t  i s —

( t e a l  mean t u g  to be g iv e n  t o  ( hi t ’  f a t  1 ui ’e’ SOU (‘ce’s

Ii - The’ at  t’oss levi’ is t’or I ‘L”L’ —N OS( ’ I’ I hers hut y e’  hc’e’n t em h i  g it (pr oot ’

t e s t  i’d at 300 , 000 p s i)  to exjn ’ e t  a in t g ’  nunibe ’ t’ of  ob~ t’t’~-nb lo

orig ins . liowovet ’ , t it is problem has beeti di ScUSSt4i  ittid pi-Imar i i

low s t i’ong LU breaks w i ll be’ s o tt t  in t lie ’ t’u t u z’e
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FUTURE PLANS

1. C o n t i n u e  to  a na ly i e  low st reng t ht (- 200 ksi) failures to tr~- and

e l i m i n a t e  t ttci 1’ soui’ ’e. S

2 , A t  t empts  t o  i d e n t i f y  wh o th or t tie observed break in a W eibu l  1

plot of glass fiber (‘allures can be cori’o]aled w i t t t  a change S

iii t he  t ype of fracture origin.

3. Examine a variety of failures SO t h a t , to t ’  example , the r e s u l ts

of mandrel and te’nsi to t e s t s  caut be compared.

4 . Comparison of de layed  f a t  lure’ t’rat ’ t ure sil t-face analysis wit h

f r a c t u r e  mechanic s predic t ions  01’ t imes t o  failure , i . e .  compa i’i—

son of f l a w  s ilo measurement and prediction .

5. Fiirt tier s t u d y  of secondary breaks so tit a t p r i m a ry  and secoitdar

fractures c-alt be distinguished. Th is will he’ ospe’cially useful

i n  (tie future for detei’minuutg t h e  source of a n y  u lt expoc ’t eei i n —

service  f a i l u r e’s .
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Fig . 1. Schematic of fracture origin showing idealized semi— S

elliptical surface flaw and surrounding fracture features

known as mirror , mist , and hackle . Crack branching is beyond 
S

the hackle .
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Fig . 2. SEM fractograph of a Hughes fiber (770209— H—SS—3 ) after

removal of metal coating. Top view shows appearances of irregu-

lar “fracture mirror ” around “origin ” (arrow ). Side view s hows

this to be really a chip that is missing f rom the surface (arrow)

giving the  false appearance of a f r a c t u r e  mirror. From the -!
-4’

f racture  markings beyond this los t area , one can conclude that a

surface defect initiated the fracture. (The silica fiber is

nominally 120 ~n in dia.). S~
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Fig. 3.  Matching halves of a SEM fractograph of Uughes fibe rs ‘

(A— 770725—37b : B—770725—37a) . These show that fracture features

‘point ’ back to the origin (arrows) at the su r f a c et ~’en t h o u g h

the exac t cause is unknown . 
-
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Fig. 4. SEM fractogi-aph of a Hughes fiber (770209 - H-SS-2) showing

fracture demarcations surrounding the fracture origin (most

likely a sharp crack-not visible on the  s u r f a c e) .
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Fig. 5. SEM fractogi-.aph of a Hughes fihei’ (770209 — II-SS-5) after
removal of the metal coating . Source of failure (arrow ) is
fi-om an ellipt ical defect , most like l~- from a bubble in the
preform tha t was drawn out with the fiber ,
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Fig. 6 . SEM microg raph of t he corroded sur face of met al an d f iber

as a result of failure in salt water. (Hughes fiber 770209-

H—SS—1) . Notice the cracks in the metal tend to follow grain

boundaries (C an d D). I
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Fig. 7. SEN fractograph of four Hughes fibers failed in proof test

at relatively low strengths . Notice that all fibers indicate t
surface failure from an elliptical cut with ridge . The smoot h-

ness of the depression in B and C would indicate this occurred
while the fiber was soft . Also , most likely the metal is de- L
bonded from the fiber in the area around the defect in B and C. 

S

(770725—: A—4a ; B—2a ; C—la ; D 3 )
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Fig. 8. SEM fractog raph of an ITT fiber (761221-4) that failed in

a proof test (200 ksi) .  The source of failure (crack between

foreign particle and bulk Si02 ,  as shown in lower right ) is

shown surrounded by th e fracture demarcat ions (lowe r lef t ). The

foreign particle is identif ied as containing Mg,  Fe , and Si

(Cf Fig. 13). The ‘mirror ’ size measurements indicate a fa i lure  S

stress of 315 MN/a2 (— 45 k~ i). This means that ~hi’~ fiber 
S

most likely failed before the full proof stress was achieved ,

i .e . around the edge of the drum .
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Fig. 9. SEN fractograph of an ITT fiber (761221—3) tha t failed from

a sharp crack at the surface (dotted line in lower right ). As

in Fig . 8, th is fiber failed well below the proof stress of

21400 MN/rn indicatin g failure on the edge of the drum before full

stress was ac hieved . S

23

-5 - -- -. -  -. 5 - __

~~~~~~~~~~~
_
~~~

_ - r- -S --~~S 5-S•5--5~ ~~~~~~~~~~~ ~~~~~~~~~~~~~ 

__
~~5 ~~~~~~~~~~~~~ S





3

Fig. ifl , SEN fractograph of an ITT fiber (761221-5) tha t failed

from a mechanically induced c rack . Al th ou gh t he crack is rela-
tively large , it is probably not sharp , an d thus , this fiber

most likely achieved the 1400 MN/nt2 proof stress .
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Fig . 11. SEM of an ITT fiber (770209—A ) failing from the surface .
The nature of the fracture origin and surrounding area (rough
surface) indicates a high stress (> 2100 MN/rn2). The exact

source of failure is unknown ,
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Fig. 12. SEM of an ITT fibe r (770209—1) failed from the surface ,

The nature of the rough area surrounding the origin (arrow in

B , C , and D) indicates a high stress (— 2070 MN/rn 2 ) .  The exact

S nature of t he fracture origin is unknow n , but could be due to S

a therma l expansion mismatch between two p hases (i.e. glassy

Sb 2 and crystalline Si02 or crystalline metal or cr ystalline

- alumina ) ,
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Fig . 13 . A) SEM fractograph of Fig . 8 for reference . B) Rea l image

of A as given by micro probe unit .  C and D) Micr oprobe electron

images showing relative concentrations of Fe and Mg, respectively.

Arrows indicate fracture origin for reference .
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Fig . 14. SEM fractograph of an ITT fiber (761221—2) showing failure
from a crack at the interface betw een a rare earth (Nb and La )
inc luejon and the bulk Si02 fiber . The size of the fracture
“mirror” region surrounding the origin agrees with the 1400 MN/rn 2 F
proof stress recorded .
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Fig. 15 . SEM fr act ograph s of three ITT fibers f a i l ing  from interna l

sources . (A—77 0708—4 ; B 770708-3 : C and D-’770510-- 9 ,, )  The 5

locat ion of the orig in in A & B an d the other fib ers of th is

set (Table II) indicate tha t the same type of source is

S 
probably caus ing failure . Alt hough no t certain , t he wh i te dot

evident in D could be a small microcrystallite of silica .
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Fig. 16. SEN fractograph of an ITT fibe r tested (at 3500 MN/rn 2 ) at

NOSC. A and B - 4-8 ; C and D— 2-6 . These very large defects

are unidentified , but would be expected to cause low strength
2 p

(< 700 MN/a ) fractures . One would suspect, then , tia t t hese

are probably secondary failures and do not reflec t the primary

break , or that the inhomogeneity is not a high stress concen-

tration .
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