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1 l ' . :ABSTRACT

The fracture propert ies of elght glass conposft lons intended for

use in Èhe Skylab module were studied. Cri t lcal  stress fntenstty

fact,ors were deterulned 1n vacuum by the double cantf lever Cechnique and

a Eechnique whlch involved Èhree point bending of edge cracked specl-

ruens¡.  Both technlques gave ident lcal  stress lntensity values for Ehe

glasses studied. Preanneal lng ln vacuurn at 3000 C had no effecÈ on Èhe

m,'-asured cr i t ical  sÈress Íntensity factor.  Heasurements of crack

veloci t ies in r¿aÈer saturated air  s¡ere also conducted. Measured crack

velociEies were exponent lal ly dependent on the appl led stress intensity

factor for nost glasses studied, however,  excepÈtons to thfs behavlor

were noted. A dfscussion ls presented of the use of these data for

design purposes, and recon'-endat ions are gfven for an acceptance Èest

for glass plates to be used as Skylab w' l -ndoçs. Addft lonal research ls

suggested to elucidate the fracture propert ies of glass intended for use

in spacecraft  nodules.

tsirrYÈ
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1. SUMMARY

l . l  Cr i t l ca l  s t ress  in tens i ty  facEors  were  deÈer ¡ l ined  in  vacuum for

eighc of rhe glass conposit ions intended for use in the Skylab module.

Va lues  ranged f rom about  6 .5  to  9 .3  x  t05  N/ú t3 /2  depend ing  on  Ehe g lass

conrposit ion. Values obtained by the double cant i lever cleavage technique

r¿ere iden¡ical  to those obt,ained by che edge eracked three point bending

technique, and preanneal ing in vacuug aE 300' C had no effect on Ëhe

neasured values.

1.2 Crack propaget ion studiet t t lvacuum indicated that growth pr ior

to catastrophic fai lure occurred in sone of Che glass co4oslt ions

studied, but not in others. Crack grolr th was strongly dependenE on

Èemperature when í t  was observed.

1.3 MeasurenenËs of crack growth rates were made in air  saturaEed

with water for the eight glass eouposi¡ ions. The measured crack

velocl t ies uere exponenÈial ly dependent on the appl ied stress intensity

fact,or for most of the glasses studied, however,  except ions Eo thís

behavlor were noEed. Stress corrosion l ln i ts were not observed on any

of the glasses studied, even at crack veloci t ies as low ts 1O-I1 t / r .

1 .4  A  c r i t i ca l  c rack  s ize  fo r  fa i lu re  in  vacuum o f .2 .3  inches

a l o n g t h e g l a s s s u r f a c e a n ë , L L l 3 2 i n c h e s d e e p w a s e s t i n a t e d f o r g l a s s

disks 12 inches in diameter and 1/2 inch thick, exposed to a Pressure of

5 psl .  This large síze indicates Èhat astronauts on Èhe spacecraft  wi l l

have considerable warning before failure of the nodule rrindows.

1.5 Three methods of est lmating survival  t ime from crack velocicy

data  were  suggesced.  In  the  f i rs t  n reEhod,  s ta t i s t i ca l  in fo rmaEion on

dis¡r ibutíon of i iaws was needed to predict  survival  t ine under load.

å?ì.
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Ehe second method'a Proof Ëest 1s used Èo l in j . t  the naxínun size crack

tha t  cou ld  be  present  in  the  g lass  sur face .  Surv iva l  t ime was esc ina ted

from the måxitnun crack size. In the third neEhod, survival  ¡ ime is 
f f i
. r a :

esÈ imaÈed f rom exper imenta l  measureuænÈs o f  s t rengt .h  and t ime co  fa f lu r€  : i ; : -

É  ; . ,
o f  g lass  d isks  conta in ing  la rge  s ize  c racks .  Once the  growth  characEer -  r

i sÈ ics  o f  the  la rge  c racks  are  known,  p red ic t ions  fo r  fa i lu re  t ine  o f

smal ler cracks can be made, and visual inspecEion techniques can be

used to el Íninate specinens containing cracks thac are too large.

1 .6  An acceptance tes t  i s  recoutended fo r  g lass  p la tes  in tenc led  fo r

use as spacecrafE windot¿s. The glass plates should f i rst  be exarnined

opt ical ly aÈ a pressure of l0 psi  and Ehen be loaded to 20 psÍ for a

period of t ime not to exceed 10 seconds. this procedure guaranEees a

ninimum l i fet ine or.  2.6 x 103 days in moist environment for the least

sËress  cor ros ion  res is t ,an t  g lass  s tud ied  and an  in f in i te  l i fe t ime fo r

al l  glasses exposed to vacuum condit ions.

L ,7  Four  d i rec t íons  fo r  add iE iona l  research  are  suggested .  They

a r e :

L .7 .L  A  scudy  o f  f law s t ruc tu re  inËroduced by  gr ind ing  and

po l ish ing .

L.7.2 The develop¡lenE of non-desÈruct ive test ing procedures

for evaluaÈing surface danage.

L-7,3 The developtrent oi  a ¡nethod to deterur ine stress intensity

facEors along the boundary of large cracks in plates subjected co

bend ing  fo rces .

L .7 .4  Eva iua t ion  o f  the  e f fecÈ o f  temperaÈure  on  c rack

prcpagat ion in vacuum.

' !É+



2. INTRODUCTION

ThÍs proJect was lnl t iated to invest, igate the fracture ProPert ies

of glass intended for use as windows in Sky1ab modules. This use

represents one of the few cases 1n which glass nust r¡ i t i rstand Eensl le

loads for extended periods of t ine. The condlt ions of use are s¡r in-

gen¡ since blol¡ouE, of the windows means 1¡mediate depressurizat ion

of  the  spacecra f t .  There fore ,  Èhe des ign  o f  these

componenÈs must be fai l -safe. The data obEained in this report  is

intended to provide engineering fnfornaÈion to acconPl ish chis end.

The s t rength  o f  g lass  is  con t ro l led  by  Èhe d is t r ibu t ion  o f  c racks

wiEhin the glass surface and the grorrth of these cracks under i rnposed

load. Surface cracks are introduced accidental ly when glass is handled,

or dur ing f in ishing procedures, and fai lure occurs wtren the crack t ip

stress exceeds the theoret ical  strength of the rnater ial .  I f  a cor-

rosive envlronrnenÈ is present, crack groetth and failure occur at a mueh

lower stress as a consequence of reactfon beEween Ehe corrosive environ-

menE and the highly strained nater ial  at  the loots of crack t ips. This

process leads È,o a Èime delay-to-fai lure, the t ime delay being equal co

the t ime necessary for the cracks to grow fron sub-cr i t ical  to cr i t ical

s ize .  th is  p rocess . is  ca l led  s ta t i c  fac igue and normal ly  resu l ts  f rom

a react ion between glass and r¿ater in the environmenË.1-6 SCudies of

sr,at ic facigue indicate theÈ the t ime delay to fai lure is absent in che

dry environmenls. Propagatio:r of cracks fn glass depends on Èhe rela-

E,ive anounÈ of sraEer in the environmenE and uPon the temPereture t.o

r¿hich the glass is exposed. Fracture mechanics Eechniques can provide

informaEion on che response of cracks to sEress'  t ,elDPerature, and

t*;,.+¡t
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environment.6 These techniques are also useful  for design purposes.

This report  presenÈs the results of a fracture mechanícs study of

glasses inEended for use in the Skylab nodule. Eighe glass conposit , ions

r¿ere studied and crack propagat ion data rsere r¡btained in 1û02 relat ive

huuridÍ ty and in vacuum. A discussion of how these data can be used for

des ign  purposes  is  g iven .  In  addf t ion ,  da ta  Ís  p resenÈed on the  fa i lu re

of large glass plates subjected to the type of pressure loading expected

on the Skylab vehicle.

3. EXPERIMENTAL PROCEDURE

3.1  Cr i t i ca l  S t ress  In tens i ty  Fac tor  Data  Ln  Vacuum

The double cant i lever cleavage technÍque and a technique in-

volvlng three point bending of,  edge cracked specinens were used to

obtain data on the fracEure of the var ious glasses studied in thÍs re-

port ,  table 1. Double cant i lever speciurens consisted of glass rnicro-

scope s l ides ,1"  x  3"  on  each s ide  and 2  m th ick ,  f igure  1 .  The ¡n id -

plane of the specimen was notched to provide a guidlng path for the

crack. The unnotched thickness of rhe sl ide e¡as approxÍrnately I  n¡0.

Cracks were ini t iated in the specinen by cutt ing a\ray a porEion of the

notch near the loading point,s and applying the load to the specimen in a

laboratory environnenÈ having a relat ive hunidi ty of approximateLy..4O"/".

Crack growth was monltored until the crack length eras approxinrately two

cent imeters beyond the points of loading. Specimens were then removed

fron the laboratory enwironmeat,  placed in vacuum of <10-5 Torr and

loaded unÈi1  ia i lu re  occur red .  the  c r i t i ca l  s t ress  in tens iEy  facÈor

r¡as calculated fron Ehe fol lowing forr ,r l "r7 '8

. äá+
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K ,  =  [ e U ( r ¿ a ) 0 ' 5  r 1 ' 5 ]  ß . 4 7  +  z . 3 z  t / L ) ( 1 )

p is rhe load at fai lurei  L is the crack length pr ior to fal lure; w is

rhe thickness of the sl ides; "4" is the thÍckness remalning betveen Ehe

Èwo noEches; and t  is hal f  t i : re height of  the specímen. Tests were con-

ducted both with and without a 30 nin. preheat aE 3000 C Èo cvaluate

the effect of  e¡ater on Ehe measured value of Che crf t ical  sEress in-

tens i ty  fac to r .

Cri t lcal  stress inÈensity factors were detemrined on glass remain-

ing fron the double canÈi lever cleavage exPeriments. A v-shaped rrotch

was introduced into the specimen, f igure 2, Eo fni t iate cracks into

rhese specinens. three-point loading was appl ied to Ehe speclmens in

the laboratory environnent and crack growth was monitored under a micro-

scope unt i l  Èhe predeteruined crack length ¡¿as reached. These specimens

were Èhen renoved to e vacuum, <10-5 lorr ,  and a load v¡as applÍed unt i l

fa i lure occurred. the cr i t icaL stress intenslty factor v¡as calculated

fron the fol lowing formula:9

Kr  =  [ ( r .5  spar l ' ) l (u r ' ) ] t1 .95-2 .9r (a /w)  +  L4 . to (a / t t )Z  -

L

2 5 . 5 1 ( a / w ) - l

I^lhere P was the load applied for failure, S l¿as the sPan

loading points, [il was the height of the specimen, "a" Itas

lengÈh, and B was the thíckness of the specinen. S/W was

6 .

3.2 Crack Veloci tY Measurements

Crack veloci tY scudies were

100% relative hunidity and in vacuum.

24.55(a/w)3 +

( 2 )

between outer

the cratk

approxinaÈely

conducted in an environment of

A dead weight loading systen was

";lii
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used to apply the load E,o the double canEi lever specimens in environmenEs

of.  LOO"Á relat ive hunidi ty.  The equipnent consisted of a pan balance and

a semí-enclosed en\¡ i ronmental  charober that was mainËained aE LOO"/.  rela-

t i ve  humid i ty  by  weter  in  the  bo t tom o f  the  chamber .  The doub le  cant i -

lever specimen eJas attached to one arm of the pan balance and Èhe load

was placed on the other arm. Crack not ion r¡as monitored using a 20X

nicroscope Èo which a f i lar eyepfece was attached. Velocfty neasure-

ments ranged froo 10-3 co 10-11n/s. Specimens were introduced caut lously

into the environnental  chamber to avoid water condensat ion at,  the crack

t ip before studies could be conducted. Condensat ion always occurred i f

the sl ides rùere sl fght ly cooler than the water used to control  Èhe en-

vironnent.  To avoid cor idensat ion, an iniËial  wat,er terperature of

approxiurately 10 degrees less than roon temperature was used in the

specimen chamber. The specinen chamber was then enclosed and measure-

ments were made after the water had reached room temperat.ure. In this

wây, condensaË,ion was avoided at the crack EÍp during Èhe Íni t ia l  stages

of  the  exper iment .  DespíEe Ehese precaut ions ,  c rack  E ip  condensaEion

was alnost unavoidable ior crack veloci ty neasurenents of the order of

- ' l  n
10 

--  
m/s, as Ëhese required runs of the order of a week to accomplish.

Crack velöeiËy studies r¡ere conducted in vacuum as a funct ion of

teuperature. Double cant i lever specinens lrere used and load was appl ied

by a universal cest ing machina. Crack veloci ty ñeasurnents were made

wiÈh a 20X nicroscope contaÍr . ing a f i lar eyepÍece. Crack velociÈ, ies

- 5  - Ê
ranqed from l0 

'  
to 10 

-  
rq/s.  Glasses seudied in vacuum included the

lor¿-alkal i  aluuinosi l icace giass and the borosi l icate crown glass,

table 1. The high-si l ica glasses and the borosi l icate glass al1 fai led

ffi
l : ' -
$-
I.,+,:.
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l f i t h o u t p r i o r w a r n i n g , a n d t h u s È h e c r a c k v e l o c i t i e s c o u l d n o t b e

measured. Crack veloci ty rnêasurenents were not '  acteuPted on the 61 per-

cenÈ leaded glass'

3.3 Pressure TesÈs on Large Plate Glass Specinens

Disks of soda-l ine si l lcaEe 81ass 12" in diameÈer and Ll2"

t h i c k w e r e s e l e c t e d t o s t u d y t h e e f f e c t o f e n v i r o n m e n t o n t h e f r a c t u r e

, 
of  specimens comParable ln size to spacecrafÈ rr indows' soda-l ime

si l icate glass was selected because fracture meehanics data for this

glass were already avai lable and because plates of this size r¿ere easi ly

obtained and were ínexpensive. Eleven disks t¡ere broken in the as-

received condit ion. Three of the eleven r¿ere loaded rapidly Eo fai lure,

rvhi le Ehe others were held at PreseÈ pressures and the t ine measured to

fai lure. Five disks were scratched wÍth a dianond scríbe to introduce

more ser ious daoage inEo che glass surface Èhan was presen! in the

i  
\  as-received condit ion. These wpre then loaded to a Preset level and

Eines to fai lure oeasured. Fianl ly,  large planar surface cracks were

inÈroduced inco Ehe center of three dlsks and a preseE load was appl ied

Eo cause crack propagat ion. These three dfsks were mechanical ly shocked

once every second during crack ProPagation to provide surface ¡narks Èhat

could be used to Eeasure the crack veloci ty after che disks had fai led'

Cracks were approxinaCely 1 to 2 inches along the crack surface and

. I /4 Ínch deep. Cracks were introduced by scratching the plaEes in their

cenÈer, heating Èhem Èo 175" C and then thermally shocking them with a

drop of water. These cracks were easily visible and Èhe conmencement

of crack growth could be eas:- ly establ ished'

ffi
l ; : '' 1 , . . : '

. :
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The crack surfaces of al l  of  the disks e¡ere exanined after



f racture Eo locaEe the fracture or igin and to determine the size df the

f lar¡  that caused Èhe fractura. The fai lure sÈress of the as-pol ished

or scratched specitrens was deternined fron the fol lowing equat ionr l0

o = 3(3 + v)  a2 zq/32 c3
r

ft
I : ì :
L,iç( 3 )

r ¡here  V is  Po issonts  ra t ío ,  " t "  i s  the  loca t ion  o f  the  fa i lu re  o r ig in '

c is hal f  the thickness of the glass plaCe, and q Ís the Pressure aP-

pl ied to cause fai lure. Al l  tests on the glass plates r¿ere conducted in

an environment of L00"A relative hunfdlty. I.later was used as a pressure

:ransniEEing f luid because of i ts easy aval labt l i ty and relat ive incom-

pressibi l i ty.  The glass plates r¡ere ent irely supported agalnst a

loading annulus and thus were siuply supported pressure plates. No

addit ional edge effects are bel ieved t ,o have occurred.

4. PRESENTATTON OF RESIILIS

4,L  Cr i t i ca l  SEress  In tens i ty  Fac t ,o r  MeasuremenÈs

The resu lEs  o f  the  c r i t i ca l  s t ress  Ín tens i ty  fac to r  oeesure-

rûenEs in vacuum are given in tables 2 thru 4. Table 2 gives values

obtained in vacuuo using the double cantLlever specimen georntry r.r.iEhout

pr ior heat ÈreatEent.  Table 3 gives the data obtained on double cant i-

Iever specioens tr iÈh a pr ior heat treattrent of  300o C for 30 nins. and

Èable 4 presents data obtaine.d using the edge-cracked, three-point bend P-ã'r

spec ímens.  In  add i t ion ,  tab ie  5  p resents  da ta  ob ta ined on  boros i l i ca te

glass EesCed in ni trogen gas relat ive hunidi ty <0.02"/" .  In al l  cases, aE

least Ehree xeasureñents r .¡ere ¡nade for each Eest condit ion. The average

and standard deviat ion of tee neasurenenEs are presented in Èhe tables.
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The c r iÈ ica l  s t , ress  ln tens l ty  fac to rs  ranged f rou  approx lna te ly  6 .5  Èo

<  7 t 7
9.3  x  l0 '  N /m' ' ' .  Thus  the  c r l t , l ca l  sEress  in tens i ty  fac to rs  r , ¡e re  no t

sÈrong ly  dependenE on Èhe conpos iE lon  o f  the  g lass .  Pr io r  heat  t rea tnent

d id  no t  a f fec t  the  measured s t ress  ln tens i ty  fac to r  o f  the  g lasses

sCudred, r .r i th Ehe excepEion of Èhe borosi l lcate crowrt glass which

exh ib iEed a  sna l l  inc rease ln  average va lue .  I ^ I i th in  s ta t i s t i ca l  sca t te r '

ident ical  values were obEaÍned using the double cant i lever and che edge-

cracked, Èhree-point bend specimens. This polnt 1s of interest because

dif ferences Ín values have been reported for these two techniques by
l i

oEher  au thors  s tudy ing  o ther  ceramic  na ter ia ls .  F ina l l y ,  iden t ica l

values for the cr i t ical  stress ÍntensiEy factor are obtained in vacuu¡tr

and dry  n i t rogen.

4 .2  Crack  Ve loc i tY  Stud ies

Crack velociEy data are presented in f igures 3 chrough 10.

Data is plot ted as the logarí thrn of the crack velocíty versus the appl ied

s t ress  in tens i ty  fac to r .  Data  p lo tÈed fn  th is  manner  appears  as  scra igh t

l ines  over  the  enÈi re  range o f  ve loc í t ies  s tud ied  fo r  f i ve  o f  che  e igh t

glasses invest igated. For Èl¡o of che other glasses, sorne curvaÈure oc-

curs at the lower stress intensity facÈor port ion of che curve, and for

the remaining glass, the borosi l icate crordrr glass I I ,  a sl ight curvature

occurs over Èhe ent ire range of var iables. The data shoç¡n in f ig ires 3

Èhrough 10 r¡ere f i t ted by the meÈhod of least squares, r t in inizíng che 
"t ' r :å '

error along the stress intens--Ey factor axis.  The average slope and

in te rcept  a re  p resented  in  ta ¡ le  6 .  L ines  drawn th rough the  daca

represenE th is  leas t  squares  f i t .  SEress  cor ros ion  l i rn i ts  q ¡ere  no t

observed on any of the glasses scudied even at,  veiocicies as Iow as
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Condensate usual ly formed at crack t ips after exPosure to

Ì ra .e r -saÈura ted  a i r  fo r  a  fe r ¡  weeks .  c rack  ve loc i ty  daËa Èakcn f rom

such crack t ips agreed \ .r i th in experimental  error wiCh data obtained fron

speclmens thaE aPPeared to have dry crack t ips'  Thus, the presence of

condensate  a t  c rack  t ips  had l l t t le  Ln f luence on  the  pos i t ions  or  s lopes

o f c r a c k P r o p a g a t i o n c u r v e s o b t a f n e d i n w a È e r - s a t ' u r a E e d a i r .

Dat,a for crack ProPagaÈion in vac¡ ' lum are Presented in f igures

11 and L2 f .ot  the borosi l icate crowÌt  glase I  and the aluninosi l icate

glass, respect ively.  The daÈa also appears as straight l ines over the

range of var lables studied. Ho'¡ever,  the slopes of these curves are

considerably steeper Ehan. those obtained in the l rater envi :onnenÈs' The

positÍon of the curves depends on the Èe¡qPerature of Èhe study' The

curve shi f ts to lower stress i rrËensity factors. as the tenperature is

lncreased. In addit ion, the slopes of the curves decrease r¿i th in-

creasing tepperature. This observat ion suggests EhaE crack propagat ion

in vacuum is an act, ivated Process. The uagnÍÈude of the s¡ress inÈen-

siUy factor decrease for the borosi l icate crow¡¡ glass vtas aPproxinately

207! at a veloci ty of 10-6 n/s for a teEPerature r ise of 200o C' This

suggesEs a siûi lar decrease i¡  sÈrength for glass. AtteEPts at crack

propagaEion rfere unsuccessful for the other glasses used in this inves-. 
,ùlr;+.y

tigation. Failure was always very sudden and controlled crack ProPaga-

t ion could not be obtained.

4.3 Strengrh ì{easureme.nts on soda-Line si l icate Glass Plates

the sirengEh da:a for the soda-l ine si l icace glass plaËes

ÈesEed in  e í ther  as- rece ived or  sc ra tched cond i t ion  is  p resented  in

t0

>-*--_r-r''
: 1  =

k
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table 7. The appearance of the plates after f racture is shor¡n in

f igure 13. The fracture source 1n the as-recef.ved plates ranged from

Ehe cenÈer of the plate to 3.4 inches frorn che center.  Specirnens Ehar

r.¡ere loaded rapidly ranged in strength fron approxinatèly 5,000 to

7 ,000 ps i  and susÈa ined pressures  rang ing  f ron  30  to  50  ps i  p r io r  to

f racEure .  P laEes e :çosed to  s ta t i c  p ressure  ranged Ín  s t rength  f rom ap-

prox ina te fy  3300 ps i  to  near ly  4 ,000 ps1,  and sus ta lned pressures  be fore

fracËure ranging fron 20 to 33 ps1. The strength of the glass disks

could not be correlated with the locat ion of the fracture or igin.  The

scratched disks had strengÈhs ranglng from appro:ctnately 2700 psi  to as

high as 4500 psf.  Al though the strengths of the scratched, disks r¡ere

general ly lower Èhan those of the as-recelved ones, the sErength reduc-

t ion was not as great as night have been expected. In fact,  one of the

scratched specimens had a strength higher than mosÈ of the unscratched

specímens sub jec ted  to  s taÈ ic  load ing .  Pressures  fo r  fa i lu re  o f  Èhe

scraËched specinens ranged froa 16 to 26 psi .  The lower pressure values

were due to the central  locaEÍon of the fracture iniÈiat ing f law. Flarr

or igins in Ëhe as-received plates ranged fron 50 to 100Un deep and

extended along the surface for disEances > 1000pn. These f laws were

probably introduced by the g: inding and políshing process used Èo

f inish the glass surface.

An attenpÈ was naie Èo determÍne the largesÈ surface flaw thac +r:È

the glass plates could conÈ¡in and st i l l  support  a pressure di f ference

of  5  ps i .  To  accoop l Ísh  th is ,  la rge  e l l lp t i ca l  sur face  c racks  were

inÈroduced in to  the  cenÈer  o f  the  g lass ,  f igure  14 .  D isks  conta in inc

Ehese cracks htere pressure loadgd qgîr 'ngncing at a pressure of 5 psi .

1 1
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IncremenËs of I  Psi  were added every f ive ruinutes unEÍl  crack growth

1¿as observed. Crack groerth was PennitËed Eo occur at a f inal  preset,

p ressure  un t l l  the  p la te  fa i led .  Cracks  ranged in  s lze  f ro ¡o  1  to  2

inches on the surface and vtere 1/4 inch deep pr ior to catastrophic

fa i lu re .  Frac ture  occur red  a t  p ressures  o f  5 r  8  and l0  ps i '  The p la te

tha t  b roke  a t  5  ps i  took  5  days  to  fa i l .  Had Èhe p la tes  been Eested  in

vacuum, none of the plates tested r¿ould have fai led at 5 ps1. The fact

tha t  the  p la tes  cou ld  supporÈ a  pressure  d i f fe rence o f  5  ps i  in  saÈuraEed

air  with cracks of this magnltude suggests that plates for the space

lab r¡ i l l  be safe et a Pressure di f ference of 5 psi  provided no large

f laws are vis ible.  Iäai lure ís not expected short  of  col l isÍon with

sorrn external body

4.4  Ef fec t  o f  Condensat ion  on  the  St rength  o f  G lass

Some experinents r¿ere conducted to elucfdate the character-

isCics of glass after condensate had formed at Èhe crack t ip.  Fused

si l ica specimens r¡ iEh condensate at the crack Eip were Èransferred Eo

an environmental chamber ln whi.ch the percent relative hunidity could be

control led. The crack t ip was observed as the environnent was changed

from l00Z relat ive þ,rnr 'di¡y to less Chan 0.02"Å. CondensaÈe at Ehe

crack tip requíred approxinate!-y an hour Èo evaPorate. Furthermore ' a

residue was lef t  af ter the cor.Censate had evaporated. This residue

lefc the port íon of the crack surface near the crack ÈÍp non-ref lect ing,

suggest ing that the residue cLansisted of a si l lcate gel.  Condensate re-

appeared after introducing wa:er-saEurated ni trogen gas into the chanber.

The disappearance of the ref lect ing qual i ty of the glass sur¡-ace r¡as

attr ibuced to an increase in index of ref lect ion oÊ the gel as l tater

,Æ
1 r ' i
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5. DISCUSSION OF RESULTS

' Crack veloci ty data present,ed in chis reporE cart  be used Èo obtain

escirråtes of survival  t ine for gtass under load. Three nethods of

esE imat ion  w i l l  be  d iscussed.  The f i rs t  assumês chat  f la r . r  s ize

d is t r ibu t ions  have been ob ta ined fo r  che  g lass  pr io r  Eo load ing .  The

second uses a proof tesÈ Eo deter-¡aine the naximum f law size Ehat could

have been present in the glass surface. The chird ne¡hod uses visual

inspect ion to deternine i f  cracks present in the surface are snal ler

Èhan easi ly vis ible ones whose growth characÈerist Ícs are known to be

insu f f i c ienE to  cause ' fa i lu re .  In  each o f  Èhe th ree  Eethods ,  the  t ioe

to fai lure cen be calculated frou the ini t ia l  f lar¿ size and Èhe crack

ve loc iÈy  da ta .

The Èotal  t ine to faÍ lure can be determined fron the def inir ion

of crack veloci ty,  dL/dt = v,  ând the assr:npt ion thaÈ the stress ÍnEen-

s iEy  fac to r ,  K . ,  i s  re la ted  to  the  app l ied  load,  o ,  b ï  the  fo l lov ing
l '

equat ion ,

K, = cffi' ( 4 )

shere L represenEs Ehe depch of the surface crack. This equat ion is

appro:r i .nately correct for cracks that are snal l  rrrn t""necE to the

prate Ehickness and for which the length of the crack on È,he surface

is nuch greaËer than íEs Cept h. Assuutng a constant load, Èhe fol lowing

equaÈion for coEal fai lure t ' - roe, E, is obEained by subst icut ing equat. Íon

(4)  in to  the  de f ln i ¡ ion  o f  ccack  ve loc i ty . l l

: ¿ttt-

I . '
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-
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Kt^
f t t

Kt
(K/v) dK

1 3
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v  i s  the  c rack  ve loc iÈy  and K l  l s  the  s t ress  in tens i ty  fac to r  ca lcu la red

from Ehe lniEial  crack length and appl ied load'

Equat ion  (5 )  can  be  in tegra ted  e iEher  numer ica l l y  o r  ana lyE ica l l y

provided v is knor¡n as a funct, íon of K. For nuch of Che data obtained

for this report ,  the crack velociLy was found Èo be exponent ial ly

dependenÈ on Ehe app l ied  s t ress  ln tens icy  facEor '

r = ro exp ßKr. ( 6 )

For purposes of discussion, iÈ v¿i l l  be assuned that al l  of  the crack

veloci ty data can be sat isfactgr i ly deqcribed by this analyt ical  repre-

senta t ion .

Subsrir ,uEing equat ion (6) inÈo (5),  the fol lor^r- ing integrated

expression for fai lure t ime is obtained provÍded smal l  terns are

-  . L 2
neg lec  ceo,

t = 2Lrl}Ktrt = (2q)/(ßovoñ exn ßoñ-y' ' ( 7 )

v, is the iniÈial  crack veloci ty corresPonding to the iniÈiaI stress

intensiË,y factor Kr.  This equat ion has been checked wiÈh numerical ly

integrated t imes to fai lure using the actual crack velociEy curves and

agreemenE, was excel lent,  over the ent ire praet ical  range of crack grotth.12

The rime to failure depends only on the applied load o and the

iniÈial  crack length Lr.  Ttre cther therns of equaËion are consEants

obtained from crack veloci ty cata. I f  the ini t ia l  f law size is known,

equat ion (7) provides a unique relat ionship between appl ied load and

t ime Èo fai lure, and is of co:¡rse Ehe equaË,ion needed for design

purposes .  For  sa fe  des ign ,  the  in iE ia l  f law length '  L l ,  se lecEed fo r

equaÈion should be iarger than f lar¡s actual ly oceurr ing in the glass

surface. This procedure wi l l  guarantee a greater t ime to fai lure

i ò'Í3
, . - -  è¡ . \, , . "
'f.,. 
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than calculaced fron gquat loa (7).

Statistical laforoatlon on flaws contelûed 1n a glasg gurface can

be obtained frou gtrength nreasurernents under very dry condltions such ae

lfqutd niÈrogen wtrere sÈress corrosfoo d,oes not o""rrr .13 the staÈlstfcal

infornatlon can be rrsed to select a safe lnltlal flar¡ slze for substitu-

Èion lnto equarlon (7). The probabllfÈlt of the glass contal.ning flava

larger than that selected gLves the probablllty of fallure fn a tlæ

less than that calculated from equat lon (7)r.  Ttre stat ist lcal  est l t rat lon

of flaw severfÈy should be typlcal of thoee exPecÈed for Plates !n

service for thle æÈhod to be of value. The oethod aleo cennot guarantee

that the flal¡ distrlbgtlon has not been altered by accidental utshandlfng

of the glass.

Proof Eesting can be used to elLaLnate weak glaes platee and to

esÈ1trate the largeet posslble flar¡ ln the plates at the tlæ of testlng.

Survival of a proof tesÈ guaranÈeeE thet the strees lntensity factor

of the most serious flalt ln the glass Plate has not exceeded \a 
slnce

fracture 1s aluost instantaneous wtren KI - KIC. ltre uaxÍnr¡n flaw length

t
contained ln the glass surface ls glven ¡y Lt - (Kra/or)Z\n, wtrere o,

le the proof test stress. The ulnlnua t1æ to fallure can be calcu-

lated from equatfon.(7).  Greater safety at oPerattng etresses ls

obtained by proof teaÈ1ng at hlgh loads for short perLods of tlæ. Al-

though proof teEting guarantees a tlfnluun llfetine at the tiue of the

ffi'
,11,i:
F--ü¡.

ìü**

pressure loaded plates '

plate surface r¿ould have

a glass body under unl.fo¡m surface tension. For

Èhe varlaÈ1on of surface stress across the

to be Èaken Ínto account.

15



Eest ,  i t  loses  va lue  i f  subsequent  sur face  damage ls  incur red .

Ideal ly,  non-destruct ive t .est neÈ,hods are desirable to moniÈor

rhe surface structure of glass aE any t ine during service. Vlsual

inspect ion techniques can be used provfded the surface cracks exceed

I mm. Glass windows lntended fo= use in the Skylab urodule wi l l

be expecEed Èo support  a pressure of 5 psi  for indef ini te periods

of  t ime.  A t  th is  p ressure ,  a  max inun sur face  s t ress  o f  800 ps i

^ t
( - 4 . 2  x  1 0 ' N / u - )  w o u l d  b e  e x p e c t e d  i n  t h e  0 . 5  x  1 2  i n c h  g l a s s  d i s k s

used to sinulate spacecrafc wi¡dows. Sn est inate of maximun crack size

prior to fai lure can be calculated from equat ion (4) provided i t  1s as-

sumed that Èhis surfaie sËress Ís constant,  through the glass thickness.

2  q  Â 7
The es t fmated lengÈh,  L  =  (Kra /o) - /n  =  (8 .2  x  L0-  /4 .2  x  l0 ' )o / l ,  =

- )
1.21 x l0 

-  
m, is approxinately equal to the thickness of the glass

d isks .  S ince  the  ac tue l  tens i le  sEress  in  a  p ressure  loaded d isk  de-

creases with distance from the glass surfac¿, the above est imate is noE

correct, .  Much larger cracks lsould be expected. These should grow

preferentÍal ly along the glass surface and assume a pseudo-el l ipt ical

shape pr ior to fracEure as has been observed in this study and has been

repor t ,ed  
"a r l i " r .14

From the presenÈ reporÈ, i t  can be concluded that crack sizes of

the order of Er¡o fnches ln length and. more than 1/4 inch in deprh

rePresent  the  c rLÈ ica l  s Íze  f : r  fa í lu re  a t  an  opera t iona l  load  o f  5  ps i .

Cracks snal ler than this size wi l l  require considerable growth t ime for

fai lure and w111 be easi ly o ' : lservable by astronauts aboard Èhe space-

cra f t .  The pra te  b roken a t  5  ps i r fo r  example ,  con ta ined a  c rack ,  L .zs

inches  long,  wt r i ch  requ i red  f i ve  days  Eo grow to  c r íE ica l  s ize ,  2 .3

f,-:Ë;'- :'-
f  " :

¡ . 9
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lnches long and LL/32 iuches deep, before fai lure. In y¿qs'n !þs

faÍ lure EiDe for thls plate would have great ly exceeded f Íve days and,

in facÈ, fai lure probably ¡rculd not have occur-ed. For destgn purposes,

che fact that the cr i t ical  crack slze for catastrophic 
t f .acgure 

. is so

la rge ,  2 .3  fnches  x  LL /32  lnches t ,  leads  to  the  conc lus Íon  Èhat  f racÈure

of the spacecraft  r¡ lndolrc wi l l  not occur as long as vis ible cracks are

i loE present,  in the glass surface. Thus, spacecrafE nlndoÌrs can be

inspected wisually during service and safery can be assured by the

absence of vísible cracks.

In pr inciple, accurate est lnrtes of fal lure Èitre for large cracks

can be obtained froo. crack veloci ty data and equat ion (5).  Unfortunarely,

che nethod Ís not viable at the presenÈ tftre because a relationship

sinÍ lar Eo equat ion (4) is not avaf lable for large cracks in plates

subjected to bending forces. I t  is possible however to obt,ain an

esÈimate of fai lure t ine for large cracks at a reduced load l f  the crack

veloci ty and fal lure t ine are known at a higher load. The crack veloc-

i t y ,  v , ,  o f  the  p la te  b roken a t  10  ps i  was  1 .4  x  t0 -4  n /s  5  seconds
L '

prior to fai lure. From prevlously publ ished crack velociÈy data,6the

scress intensity factorr 
\ ,  

ât  Èh1s t Íæ is est imeted to have been
< '4  l t

7 x 10- N/B-'-.  Reduction of load to 5 psl 5 secoads prÍor to fai lure

would have ínposed a stress intensity factor, * l*, of 3.5 x 105 i¡^3/z

on Ehe craek t lp. From equatl.on (7) the fai lure t iue È* relative t,o

!,:*Éi-i'-

ir'-,Þf

'F rom erack veloci ty studies i t  is observed chaÈ

motion occurs when Kr t ,  KIC. Consequent ly,

to the cr l t ical  s ize for crack propagat ion

crack

c  lose

the onset of rapid

this dinension is

in vacuum.

L7
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EhaÈ acËua l ly  observed '  È '  l s  g iven  by

t*/c = vrKr/vr**r*,
* - 1 3

where vr" is the crack veloci ty at a stress intensíty factot Kl  From

prev ious ly  pub l i shed c rack  ve loc i ty  daEar6  , r r *  i ,  es t inaEed Èo be
I

- q c
2 x 10 

'  
r . ls and the calculaEed fai lure t ine is 7 x l0- seconds or 8.3

days which is in good agreement rr i th the 5 day durat ion of the plate

conta in ing  a  1 .25  inch  c rack .

6. RECOMME¡¡DAÎIONS

6.1 Acceptance lest for.  Spaeecraft  l { indor¡s

Proof test ing in conbinat lon r¿' i th visual examfnat ion of the

r¿-indows is reco-.endéd. lhe t¡'indows should be first loaded Eo a pressure

of 10 psi and examined for cracks. Any windows exhibiting cracks should

not be used in Ëhe spacecraft .  The rr indor¿s should then be loaded to 20

psi,  which is four È, ioes the operat ing pressure, and held at pressure

for a period of t ine not to exceed 10. seconds. This procedure wi l l

guaranEee a Efninum l i fet ine oí 2.6 x t03 days in saturated air  for the

SFI glass windows, which exhibLt che poorest staÈic fat igue behavior.

Al l  other glass conposicions intended for use on the spaceerafÈ wi l l

great ly exceed this l i fe expecËancy. Since the tensi le surface of the

spacecraft rrindows r¡'i l l norua.-Iy be exposed to vacuum, all windows pass-

ing this test should have an inf ini te l i fe expectancy in vacuum.

6.2 Suggest ions for Adc-. i t Íonal Research

6.2.L Exa¡r inat ion of Flar¡ StrucEure Introduced by Grinding

and Pol ishing

Since the  screngÈh o f  g lass  is  con t ro l led  by  the

sever i ty  o f  damage in t roduc :d  by  gr ind ing  and po l i sh ing ,  a  research

l8
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proJecr  i s  recommended to  deEern ine  a  re la t lonsh ip  beEwccn the  f in ish ing

procedures  and the  sever fE ies  o f  f lav rs  in t roduced by  gr fnd lng  and po l i sh-

ing. Infornat lon of this sort  can be obÈ,ained by varying the f in ishing

procedure, measuring Ehe strength, and studylng the f lat¡s that in i t iace

f rac ture ,  e ÍÈher  by  op t ica l  o r  scann lng  e lec t ron  mi 'c roscoPy.

6 .2 .2  Deve lopnent  o f  a  Non-Dest rucE ive  Tes t  Procedure  to

EvaluaÈe Surface Danage

I.Jtr i le proof test ing does provide information on surface

danage, the method does lncrease Èhe severity of flat¡s conEained in

Ehe surface as a resulE of crack growth. Non-destruct ive test ing r¿ould

not, have thís drawback. I,Iork at the National Bureau of Standards and

t[e Naval Research Laboratory has suggested the use of ul t rasonic

surface waves as a means of det. :ct lng soal l  s lze f l 'ar¡s in glass sui faces.

I t  is reconmended that this tecirnique be appl led to evaluaEe surface

flaws Ln spacecraft rrindor¿s.

6.2.3 Evaluatíon of SÈress Intensity Factors at the Boundary

of Large Cracks

A surpr is ing observat ion of the presenÈ study was the

abi l i ty of  the glass disks Èo support  a 5 psi  pressure di f ferent, ia l  in

the presence of large cracks. For large sÍze cracks, techniques for

predict ing fai lure t ine from :rack sl .ze cannot be used because of the

lack of a relaÈionship beÈween crack síze, load and stress intensity

factor.  I t  is recor"r 'ended thaÈ a relat ionship of this cype be developed

to better understand the root ion of large cracks in plaie glass. By

using a sonic pulse tecirniqr. .e,  i t  should be possible to trark successive

posit ions of the crack fron:,  and so obtain the crack front veloci ty as

,,#:
, . { .

r.,{i.

ii,ti.È
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a func t ion  o f  pos i t ion  a long Èhe c rack  f ron t .  .  Re la t i ve  s t ress  in tens iEy

factors can then be obtained as a funct ion of posi t ion from knor¿n crack

ve loc iLy- -s t , ress  in tens iÈy  fac to r  daEa '

6 .2 .4  E f fec t  o f  Tenpera ture  on  c rack  Ve loc iEy  in  vacuur ¡

The observed dependence of crack veloci ty data in vacuuul

on tempera¡ure impl les a reduct ion of glass stréngch wiEh increase in

ËemperaEure. Information on this reduct ion in sÈrength nay be ÍnportanÈ

to the design of the reusable space shuÈÈl-es, s ince Ehe windows of the

shuErle wi l l  be exposed Eo a therual cycle each t ine the shutt le re-

enEers the atmosphere. I t  is therefore recoEEended that crack growth

data be obtained Ín vacuum as a fu-nction of EemPerature for glasses that

are inÈended for use in the space shuEÈle'

\ *Êëå
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FÍgure Capt ions

Double Cantilever BeaE Configuratfon

n q  1 q
K-  =  [pL l ( r¿a ) " ' -  t ' ' - ]  13 .47  +  2 .32  t l L l

!

Edge Cracked, Three Point Bend Speclmens

Kr  =  [ (1 .5  spa l l ' l t < " i> ] [ r . es -z .9 r (a /w)  +  14 .10 (a / ! l ) '  -  r0 .55 (a /w)3

+ 25.51(a /w)a l

B is the specinen thickness ' not sholil¡ in the f igure.

3. Fused Si l íca, C7940, air ,  1002 RII .

4 .  H igh  S i l i ca  I ,  C7900,  a1r ,  1002 RH.

5 .  HÍgh  S i l i ca  I I ,  C79L3,  aLr ,  f00Z RE.

6. Alurninosi l icate, CL723, air ,  1002 RH.

7 .  Boros i l i ca te ,  C7740,  a i r '  l00Z Rt t .

8 .  Boros i l i caÈe Crown I '  BK7,  a i r '  1002 RH.

9. Borosi l icate Crown I I '  UBK7, air '  1002 RH.

I0. 617" Leaò. Glass, SFl,  Air ,  1002 RH.

11. Borosi l icate Croqrn I ,  BK7, Vacuum, 1O-5 lorr .

L2. Aluruinosi l icate, cL723, Vac.uum, 10-5 torr .

13. Fracture Appearance of Disks

a. Specimen 8, Fracture Pressure 16 psi .

b.  Specinen 9, Fracture Pressure 18 psl .

c.  Speclmen 15, Fracture Pressure 24 psi .

d.  Specineo 16, Fracture Pressure 33 psi .

L4. Specinen 19, Crack Growth at 5 psl .  Origlnal  crack size indicated

by two crayon m.rks on th3 side of the crack away froo the ru1er.

rÊÈ
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F i g . 1 . Doublc Canci lcver  Eean Conf jg ' "o tLot '

n  t  
. 1 ' 5 1  1 3 . 4 7  +  2 . 3 2  r ' / 1 , )K ,  =  [ P L l ( w o ) - ' -
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P/Z P/Z

Fig. 2.  Edge Cracked, Three pofnt Bend Specinens

Kr  =  [ (1 .5  spa l / ' > t  < " i ' , ] i r . es -z .91 (a /n )  +  14 . r0 (a /w)  z  -  2q .55 (a /w)3
+ 25.51(a/w)al i#*
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HIGH ALKALI SOROSILICATES
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F i g . 1 3 . Frac ture  Appearance o f  DÍsks

a .  S p e c i m e n  8 ,  F r a c t u r e . P r e s s u r e

b.  Spec inen 9 ,  FracÈure  Pressure

c .  S p e c i r n e n  1 5 ,  F r a c t u r e  P r e s s u r e

d.  Spcr - ' i rnen 16 ,  Fr¿rc tu re  PrL 's -cure

16  ps i .

l 8  ps i .

2 4  p s i .

3 . 1  p s i .

, i -  .
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F ig .  14 .  Spec imen 19,  Crack  Grorv th  aÈ 5  ps i .

by two 
"toior, 

marks on Èhe sicle of

0 r ig ina l  c rac l ' ,  s ize  ind ica ted

the crack away from the ruler.
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C794O, Fused S1l lca

C7900,  H lgh  S i l l ca  I

C 7 9 1 3 ,  H t g h  S 1 l 1 c a  I I

CI723, Alumlnosl l icate

C7740,  Boroe l l i ca te

BK7,  Boros f l l ca te  Crown I

UBK7, Boroel l lcaEe Crown I I

SFl,  612 Lead Glase

Glass

rJ)
@

TABLE 1.

s io
¿̂

9 9 . 9

9 6

9 6 .  s

5 7

81

69

70

35

Glass  Compos i t lons ,  Z  bY wght .

41203 uZo3 Naro *Zo

0 . 3

0 . 5

15

2

3

3

5

l3

r1

Mgo CaO

4

10

10

4

1 1

'ã

O c h e r s

7

10 67" BaO

o . 2

o . 2

27" BaO,

27" BaO

6rz Pbo

L% CeO

ll,, t ;



TABLE 2 .  Cr lc fca l  S t ress  InÈens lÈy  Fac tors r  K , r  X  1O-5  * /^3 /2
I

Double Cantilever Beam Specfnens

Vacuu.n, 10-) lorr ,  no preheat

Glass Kr Scandard Devíat ion Nunber of Specinens

:
€'JÈÈ
' : .-'

Ë*t¡.

lìTet.'*

c7940  7 .4L

c 7 9 0 0  7 . 0 0

c 7 9 1 3  7 . 1 5

cL723 8.46

c7740  7 .60

BK7 8 . 6 2

UBKT 8 .86

ò ¡ r 6 . 2 4

o . 2 5

0 . 2 4

0 .  0 7

0 . 2 3

0 . 0 7

0 . 3 2

0 . 0 1

0 .  09

6

4

3

3

6

4

3

3
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TABLE 3. Cr i t i ca l  SÈress  In tens i ty  FacÈors ,

Double Cant,ilever Beam Specinens
- 5

Vacuum, l0- '  Torr,  Preheat 300o C

- s  z l z
K - , X 1 0 - N / n -

I

for 30 ninutes

.

Number of Specirnens

3

J

4

4

3

4

3

3

rÈfif

r ilt'.îeÉfÈ

Glass

c7940

c7900

c79L3

cL723

c7740

BK7

UBKT

SFl

7 . 2 9

7 .  1 1

6 . 9 9

8 . 7 4

7  . 7 0

9 . 2 7

8 . 7 9

6 . 2 5

Kr SÈandard Deviat ion

0 . 2 3

0 . 0 9

0 . L 2

0 . 1 1  .

0 .  12

0 .  10

o . 3 4

0 . 0 8
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- q  3 1 2TABLE 4 .  Cr i t f ca l  S t ress  InÈens i ry  Fac tors r  K- r  X  l0  
-  

N /n :
I

Edge Cracked, 3 Polnt Bend Specíuens

- q
Vacuuo, l0 

-  
Torr,  no preheat :

Glass K, Standard Devlatfon Nunber of SpeeÍnens
I

I  c7940  7 .53

c 7 9 0 0  7 . 0 9

c 7 9 L 3  7 . 4 6

c L 7 2 3  8 . 3 6

c 7 7 4 0  7 . 7 7

BK7  8 .42

UBKT 9 .04

ù f  l - 6 . 4 3

0 .  3 0

0 . 4 0

0 . 0 9

0 . 3 2

o . 3 2

0 . 0 7

0 . 1 4

0 . 0 9

4

3

4

)

5

4

3

3

åffi
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TABLE 5.

Glass Kt Staodard Devl.ation

Cri t fcal  Stress Intensity Factors,

Double Cantllever Beam Speclæns

In'Nitrogen Gas, (0.022 RË

K r ' x to-5 xl^312

¡f,rnbs! of Specinens

c7740

c7940

7 . 6 4

7 , 5 8

0 . 0 8 5

I

tÞFt

ç esqt

42



Glass

c7940

c 7900

c 7913

cL723

c7740

BKT T

UBKT 1

SF1

TABLE 6. Least Squares

Data to \  
=

x 1 0 -

TJ
e

ffiz
6 . 9 3 1  0 . 0 3 4

6 . 4 9 0  0 . 0 4 8

6 . 5 0 7  0 . 0 3 4

7  .950  0 .041

6 . 4 3 1  0 . 0 2 8

7 . 5 3 0  0 . 0 7 1

7 . 4 0 6  0 . 0 6 3

5 . 7 L 7  0 . 0 2 3

FtÈ of Crack Velocl ty

a f b l n v

b o .
o

* to-o *tifr
L .342  0 .022

1 .388  0 .O29

1 .  298  0 .022

L . 7 9 7  0 . 0 2 7

L . 4 L 4  0 . 0 1 8

2 . L 6 5  0 . 0 5 2

2 .226  0 .049

r . 5 5 7  0 . 0 1 7

Least square f l t  on data for

l.qrl

h,s

rD"t .  exhibi ted curvature.

v  >  1o-8  n /s .
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