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It~1kUULL T 1ut ,

~‘e  c ’ t i r e  J i s c i ~~1ine o’ so l id  eL r u n i c s  ~us originally developed

a s a ‘ t anS t. do ,~ ribt ’ ‘ n “rs;:on~ t c~ 
“ i deal” r~ate rials , materials that

. . r ’ o t n ~ r a l 1 , - ‘ L o ~ e r ,~ Ous ( i .e. , ~r I ~ one ater ia l  phase can be d i s t i n —

~~~~~~~~~ Qii .i S d ~~o o ’ 1e !y th pc r t i r ment  to engineerin g co ns idera t ions) ,

‘ a d  ~ni’ om’ . ‘ a t e r r a ~ ; ro ;o r ~ u e~ f ro ’ point to  point , were cont inuous ,

and in ~o :e  c a e  ~.v - r r also l inear , e las t i c  and isot rop ic .  As notch-

s e n s i t I v e  r ra t o r ia l s  bec ar ’ e more comonly used for structural  app l ica t ions ,
p

e oec t a l l y  dur - inu ~ .-. rld ~s a r II , ~roa t ren t s  of behavior dominated by

s inj le  rc tj ies , cra c~.s or other d e I e . t s  appea red , and the subdiscip l ine

c a l l o d  “ ‘ rac t u re necnanics ’ ,‘ tas dev eloped. Fracture mechanics was a

si gnificant depa rtur e from toe phen or’ eno logi cal y ield theories or failure

tneorie s that had peon the only alternative earlier , ‘in that it recognized

t’ .e importance of a da ra je state , a cnaracter istic condi t ion that was

c ommon to notch ~ens itive materials , which controlled the state of

stress and state of strength for a given geometry and loading, namel y, a

single cracL While fracture mechanics is not generally thought of as a

mechanistic approach , especially not in the sense of dislocation theories

of strength which were also developed during that time , it is based on

what might be called a me chanistic characterization of the most important

aspects of the damage state which controls response in many homogeneous

notch-sensitive materials at the eng ineering level.

Composite materials are not homogeneous , and , using our earlier

definition of that word , the individual material phases are large enough

in characteristic dimension (volume , leng th, etc.) so that their individual

— —~ — —- 
- 

*-u*yr ~~~~~~ ~j



as well as com bined response is of importance to engineering consider—

at ions. The single most important consequence of that fact is that when

these nmateri a ’ s are subjected to significant load histories a very

complex comb~nat i on of defec~~ may develo p in each phase as well as

between phases. In fact , since fiberous composite materials are generally

used in laminated form with certain l ayers oriented in one direction and

other layers having different orientations , and since the strength and

stiffness of each l ayer is highly anisotropic , when severa l layers are

la minated together with different orientations they will develop very

differen t types and degrees of damage during a specific loading. Hence ,

the resulting laminate damage state will be non—uniform through the

thickness in a manner defined by the anisotropic material properties of

eac h p ly and the stack i n g sequence of the pl ies.

In the context of even these simple and obvious facts , the roost

comon approaches to the description of damage development in composite

laminates (as well as the resulting strength , l ife and stiffness) are at

least incomplete ; in some cases they are unreasonable. The most widely

u sed app roach i s the “fa i lure theory ” concept whereby a phenomeno log ical

philosophy is adopted which results in a realtionship which is imagined

to represent the strength of the laminae in a laminate . Some systematic

reduction of lam inae properties may be effected for sequential application

of the failure theory to successive ply failure and eventual laminate

fracture . This apprcach is of great value to current eng i neer i ng design

cons iderat i ons , but it is inherently limited by i ts phenomenolog ical

nature . Moreover , the stress states calculated to compare with such

fa ilure surfaces are calculated using the ideal undamaged condition

2

L 
_

-
_ _ _ _ _ _ _

_____________ _—__—.—~~~J



-~~ -~~~-~~~~~~~ - ‘-- ~~~- ‘ 
-
~~~~~~~~~

.

rather I h art some t t i l t ,  t i ’ r i — ,t it  t r i o s  - .t r I ,  i .  a Lii- , m - - f i r  the de t e r ’

unit m ,i m i . Wit t ie i t  m t r w  t i u , i t  ‘ou r,- rop ,-rt i,~
, 

~ij ’ , r j , r l  i s  - .t l f t r r , ’’.- .

iii,) ’, P’’ , i , i r ln i t ’ ,l to s imuumi l it , ’ a s.t ,iiuu i,i ’s.l ‘ mmd m l  mi m i  • I lie ‘ i i i , ’ t ’ ’ i i i r , I , r i ’s S

r e t —b u m (r ’ei’ ,s’’,e i tt i n t l  t Pie id, ,r I uru hour,n ui ’it st ilt ’) m - — ui - , ui ’ r ’ , r l l s  ‘.,‘I’,i’ l .

W b m i ’i ‘- (ri-’- -- , Omi, i ’nt ‘ a t e  r’ - an ’ ,’ p r o - i -n t • ( he ‘ ,~ — ‘  a ll,~ f rm ~ t lied r’ i’’_ pt l ns ( ’

M u L j ’ .t lit ’ t t ’ i it  i’d ~I i l l  ,‘r ’,’ nu t 1 isua ll l’s ‘-c i i,’ r ’ i t u , ’ - t , ’d ”  or it  t ed ”

1 li ttOn’  o l a ’ - t  1’, f u , r ,  t o r t -  ittet h t ami L ,r; ’ p r ’ t i m ,  ii . or a , i o s t ’ l ’ , r’ n -la t i ’,i r i - l i f e

riu, ’ni t of -. Inqli’ — i i  ow iii i l v ’ — i ~ ii i t  It add i t  m nina 1 pa t aint ’ I or- — [1 1 . !\i i t  ii i’ if

t ies , ’ a p p u ’ t , i~ ii’ - has ,iri\ tI n t - i t ,‘,‘l,i t t i , i , P u  ip t o  I ii,’ ru , ’, ha n i - - iuu- - ,‘t l,n n ,r gt’

i l e ve lo i iuuu , - iu t  or I m’ ,n~ ( mire.  Nt ’ uth e r  of ( lies, - ,rppr o rt lie ’- i s  - - en’ - i i i’ , ,’ t o  S

s f i ,  k i r t i ‘~i’ i 1 i’ni o’ - , od~~’ r ’f t ,‘c t s , unt t erla nn r n a r ‘ I ri s,”. . t i u t  i r ’ 1 . n r m r m a r

onu- ~t ta i t t  t e l f , ’, t ‘. ott st r,’nig (Ii , or mit r ’ s  t r i m ,  I m i r i  1 dot a t  1 of iii’, k r ri ,i .

Th e ‘.u , , i ’s ~~t ’ , arid t o  l b  m e ’ -. of t i , ”,,’ two  ,rl’pro ,i i re - - ar,’ not t h e  ,m1 ’i~ , t i - I

(hi -— u ’epor’t I lien’ ’ or~’ 1 i n n s  ide r ’ i tm i,~ riutit hor of each

A rat  io im, i  1 gen ni ’r,i 1 approach t o  I l it ’ nmi ’s.hiii I c - . of f r i  lure of 1,rnn t i,n t ed

ompo’,i h e  rn , it i ’ri,i i — , ha- — not  betunm t’sti hl ished . ‘ r ’ in tm a,— i ls I’,’i ar i s e a

horoim i~lr and cou n t’ li— t o r rn,h, ’r’— t ar id I rig of damn a iut ’ has r t im t been i ’ . at’ ii ‘-lied

,, c lu , r r , r , t o r i - - I ic damage stat e or o itd I t t ori ha’. rot  be&’ni i ,h, ’ nu t  ii t i ’~1 . arid

t i me c it rr’ ,’’ _ i i on id  m u m imm ec hart ri —. prob u — u i lr,r -. rio t been so t  . I nd~i’d . i I u u n ~

not  be po- - ’- m b l e  t o  id e nt i t  a ‘. i r t g i,’ c h iara t - t e r i s t  t ,  datit agt ’ state for ill

1 m m i i ’ s , hut it is c o r t a  m ii i rmi’t i tr’ ,’.t b le t o  ,hea 1 wit hi ,‘vo r ” , , r i c k  on

an i rid i v I dum , il L a - . i s . Nor ca n um iuch roil pr’ogr ’o’. ‘~ be itiidi ’ t~\ coil t 1 rimm ed

r’ i’f 1 0111,1  il l Otlt~ i f ~ it  ii or pl ie it ouuui ’t io  log i , n i  ,l,’’ .t n-i pt ion- . w h i c h  lii ’ ,,’ von’ s

1 ir im i to i l s, ’ri’ . i t lv i  Iv  111 t Ime p h v - i ,  _ nl daruua gt ’ in i ’ , - o l s r ’d.

In lie , ont i ’’.t of t Ii , ’’,,’ remark ’ , . f lit ’  t ,n l l  ‘IV u t i ~ ii ’ t ’ l iii’ ot’ ,iec t  i s

of t tie pr’ i’ - .i’nit inV i ’s t mgi t t ori .
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1 ) to identi f~ the prec ise nature of damima ge development. in

quas i - I s iu t r in i r i c  qraphi te-epoxy lam inates under various load

hi s t o r i e s ,

2 ) to dot i’ n ’ r u u I t ie the physical parautieters which lead to a lo-;s

of strength arid /o n’ l i fe ,

3) to establish the urnechan ics of the In d ividua l and comimb i ned

action of these param eters as they inf luence mimech a n ic a l

response , arid

4) to address the question of how these findings can best be

described by analys i s.

The purpose of uni dertakinu these objectives is Lo attc -ruipt to

deve lop an understanding of the precise nature of dammm age so that a

rat ional  approach to the nmmecha r mics of failure can be determined. The

mimotivat io ns for these activities are both practical and acadeuiuic. The

designer who uses conmposite lam um inia tes, as well as the acadeni iician ,

should be able to predict lam inate response from lamn ina response. to

est ima te no tc hed or unnotc hed stren g th accurately , to estimi uate life , to

predict the change in stiffness of a component , and to design rmtateria ls

and riiater ial systemiis for speci fic service (including reliability ) spec-

ific atio ri s.

4
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SECTION II

APPROACH

The approach to attaining the objectives stated previously was

l argely exper imental. Analytical treatments of some of the situations

observed in the laboratory were introduced to enhance the learning

process and to develop an understand ing of the mechanics which applied

to the observed behavior. The general approach was to attempt to

determ ine completely and precisely, the nature of damage , that is , the

i nit i at i on , growth and interaction of damage modes in composite laminates

during various load histor ies. Secondly, a study was made to identif y

an underly ing characteristic that related the many details of damage

development to each other in order to properly and uniquely define a

damage state for these materials. Finally, an attempt was made to

develop analytical descr iptions and models , based on the well def ined

damage state , wh ich could be used to generalize the understandings and

to antic ipate behavioral response without recourse to excessive testing.

The experimental investigations were conducted using AS/3501

graphite epoxy composite laminates having the following stacking sequences :

• (O,±45,90) , Type I

• (O ,9O ,±45)~ , Type II

• (O,902,±45)s , Type I l l

Type IV

All specimens were normally 178 mmiii (7.0 in.) long by 25.4 mmiii (1.0 in .)

wide and had end taps. Type I and Type II specimens had a 76 m (3.0

in.) test section , and Type III and Type IV specimens had a 70 mmii’ (2.75

in.) test section . The same specimen geometry was used for static

5
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tens ion ,rrnd t t ’ nu ’ , ion — terms i ott fati gue test s . A numm uber of i rives t I qa t i ve

techniques were  em mmplo yed before , durin g , and after the mimech an ical test-~

to mime asure the response of the immaterial and study the damim aqe state in

the spec m u o n  s. The tec Fin i ques i tic 1 ude

• muu icroscopy

• ul trasoni ic c—sc iii

• ultrasonic attenuation

• acou stic emiiiss ion

• replication

• x-radiogr aphy

• st iffness

• theriuuoqraphy

• sectionin g .

The analytical work used to assist in the interpretation of data and

representation of the dammiage process includes :

• a laummi n ated plate theory stress analysis with therma l residual

s t ress  and inte r la m iminar norm uma l stress approximat ion

• a finite e lemmment stress analysis of the transverse plane of the

spec iumm ens

a on e—dimmi en ,sicm r ia l mimode l of a characteristic damage state

• a three-dim muensiona l finite difference solution of the stress bala n ce

equations for a variety of cracked-ply problemmis .

St a ti t tension tests were conducted in displacemmment control on an

I nistron testin g ma chine and in load contro l on an MTS load franme . Strains

were mime asured using strain gages (single element and rosettes) and a 25.4

mmmii (1.0 in.) extenso ummeter. Tensile loads were applied using a slow rate

6
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ramp function . At selec ted interv als in the loading, the tests were

interrupted to observe edge danmage using nuicroscopy and repl ic at io nm

techniques while the specinmiens were in the testing mi machine and urm der

load. Some tests were terr n inm ated prior to fracture and the spt’~ m u o n s

were sectioned to dete rmmmine the extent of damuiage growth throug h the

width of the specimens . In ot he r cas es , the tests were run to fracture .

Material arid lar u minate propert ies are g iven in Tab les 1 and 2 , respec-

t ive ly.

Cyclic loading tests were perforr imed in load control at 15 Hz wi th

a stress ratio R = 0.1. Strains were mmmea sured by a 25 .4 mm (1.0 in.)

extensometer attached to the specim mu en and the load and strain signa ls

were processed on-line by a Tektronix WPll OO data acquisitio n systenmm .

At intervals of 1650 cycles , the systen um provided data on mmm a ximummm load ,

maxirm iuumu strai n , com p l i anc e , dan umping, ari d specific daniping. At selected

cyclic intervals , the fat igue tests were stop ped and the s pec im u m ens were

held at mean load for a short period of tirmie while um aking replicas of

the damage on the free edges of the spec im in ens. In some cases , the tests

were term inated prior to one m ill i o n  cycles so that through-the-width

sect ioning studies could be miiade to examul ine the dammmage mi  i n t e r i o r

regions. Spec iummens which survived one mu llion cycles were either

sectioned or loaded to fracture in tension to determ imine residual stress.

During the sta tic and fatigue tests , atte mm m pt s were nm ade to fo l low

the initiation and develo pmmme n t of damage in a nondestructive ummanner.

When poss ib le , these investigations were carried out in real ti u mme or

wi th only short inte rruptions in the loading history . Three techniques

for the study of danma qe states in composites have been developed and

7
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TABLE 1

ROOM TEMPERATURE MATERI AL PRO PERTY DATA

TYPE AS/3501 GRAPHITE EPOXY

Pro perty T~p~~I Typ~~ II ~~p~~ III Type IV

Average 0” Tensile Strength (KSI) 232 225

Average 00 Tensile Modulus ((‘iSI) 20.0 19.4 -— -  - --

Fiber Volu iu ue (
~
,,) 63.8 60.4 63.4 62.2

Resin Content (‘
~

) 28.87 31.95 29.0 30.0

Density (lb/in .3) 0.0577 0.0570 0.0578 0.0574

Void Content (~
) 0.13 0.04 0.16 0.47

Pl y T h f tkne ss ( i n . )  0.0054 0.0054 ---

TABLE 2

AVER AGE MECHAN ICAL PROP ER T I E S  OF

GRAPHITE EPOXY LAMINATES

T)p~j Type II Type III T1pe IV

Elast ic Modulus (MSI) 6.2 6.5 5.5 5.0

Tensile Strength (KSI) 67.3 70.4 55.6 59.3

Fracture Strain (o in/in) 10,400 11 ,430 ——— ——

8
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applie d du r m u g  t h I s progr a m uu . Thes e techni ques . um a u nm el y the repl I ~ at  i on

tec hnique , a mni o di ti e d pulse-echo ultraso n ic technique , arid vibrot herruioq-

r , n t nt us , are JOst ribed in umnor e detail later in this section .

A mi uuur ben ’ of nnore conm mn moni t o . hiu iques have also been used in con cert

w i t h  each other -  and w i t h  the m mewi y developed techni ques. A brief

desL r i pt ion of each  t e chm n ique toll ows

1) M ic r ’ os co 3 ry - L i m i t  mmi i croscopy and scanning ci ect ron mm ii c roscop y

we re used to  observe the de ta i l s  of cr o cks and delamin a t io u is.

Ear ly in the proqram iu , a t ravel ing l ight mm ui croscope was at tached

to the cr osshe ad ot the t e s t i n g  machine to observe the edges

of t h e  s pecin iren i s duu’ing s ta t i c  t e s ts . A nm uajon - 1 im i ta t io n  of

th i s  fo r ’ muu of m imicroscopy was the 1oca1 i~ u.’d f ie ld  of v iew arid

the 1 onig t iuime requ in-ed to scan and photograph the emi t ire

length of the t ree edge of the specimm uen . In niami~ cases , the

dam uuage events just prior to fracture occurred outside the

f ie ld  of v iew of the numicrosco pe . This form of l ight muu icroscopy

was replaced by the replication techni que.

2 )  U l t rason ic  c -scan  - The c-scan is one of the mimore frequentl y

used nondestructive methods for inspection of composite miiate- 
‘ -

r ia ls . It is pn - at i cu lar ly suited for detecting defects in the

plane of a lamiminated plate , and mmiappin g regions of n’e lat ive

qood arid bad qualit y in the plate. Howev er , it is riot possible

to  quan t i t y  the severi ty of a defective region on an absolute

scale and t I nt ’ data is utmost accurately interpreted when it is

couu p ar i ’d  to a c - s  air of a calibrated test standard . Iii the

lir~’sem n t i nu ve ’ - t  l u a t  loni , the c-scan was ur rin umari iy used to r

9
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deteriuuine the extent of the through-the -width growth of edge

de lauumi nat i ot is.

3) Acous t ic  emiss ion - During several s tat i c ten s i on tests ,

acoust ic  enm miss ion was monit ored to detect the initiation of

damage in t Ine lamimiriates. Generall y,  the t irst acoust ic

enm u issio ns wet -C recorded at st resses between 15 and 25 percent

of the s ta t i c  tenis lie strength , and the acoustic emission

count rate increased steadily until the applied stress reached

appn ’oxim um atel y 70 percent of static strength. At higher

stress , the couui t n-ate becamute constant or decreased slightly

until just  before fracture . Al though the acoustic enmission

data is d i f f i c u l t  to interpret inn term s of discrete daniage

events (nm iatn ’ix cracks , fiber fracture , del amnu ination , etc.),

the trends n the data au- c con s IS ten t w i th  observat ions made

using other techniques.

4 ) Radiograp~~ - The acceptance of \-radiogr aphy as a couuiiron

nondestructive evaluation technique for graphite epo~v cOni-

posites has been impeded by the need to use an im unage enhance-

uiient agen t , such as tetra-bromiioethan,e (TBE), to umuake the

danuaged reg ions opaque to \ - rays.  However , it is possib le in

sonne instances to create a s i tuat i on which per unmits “ soft ” \-

radiography of graphite epoxy without the need for an image

enhari cemmuent agent. Alt h ough a ll aspects of the technique an’e

not carrpletely understood at the present time , some success

has been achieved mi our laboratory in resolving the details

of iuiterna l damage such as ummatri x cracks , de laur min a t io rns , amid

f laws .

10
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5) St i f t ne ~ s - U mil ike streniq th , st I ffnm ess decn -ea - ;es utnot iotoni a 11 ~
with damage arid the change m m stiffness carl be mimon itored to

f o l l o w  t he deve 1 opmuieni t of dauiu anje throughout the load i mu g

history . m i  somune designi situations , stiffness changes ummay be

incorporated in the t a i lure cr 1 ten on. Change inn s t i f f n ess

data corre la tes yen - v w e l l  w i t h  dat a fronm other techni gut ’s

w h I cli measure da umu aye in com umpos i to lanu i n a tes.  Spec i fi c m l i  y , a

sharp change in u l t rasonic attenuation and , in some cases ,

acoust ic  en umis si o n count n-ate occur at the sante stress , at a

knee on- stop in the static stress strain curve. Durin q c y clic

loadi n g of Type II l aummin a tes , the static arid dyna uuu ic stiff-

ure sses m mm a y decrease by as muuuch as 10 to 12 p er c e n t  w h i l e

~t r e n m g t h  decreases by em ily 2 to 3 percent over one m i l l i on

cyc les .  The stn -e nqth of Type I lan ut i nates , for exa m p le , tested

in fat igue at the same u mm axi mn un u m stress (3 10 MPa ) decreased by

15 percent after’ one m u l l i o n  cycles , ari d the stiffnesses

dec rea s ed  by 8 to ii percent.

6) ~e ction i n q - In order to conip lete ly and precisely d e t e rm i n e

t he n at u r e  and extent of damage in the composite laumuinates , a
large numiube r of specimmuens with mmmo ni otonic and cyclic loading

h i storit ’s were sectioned parallel to the loading d\~~S and

exa umn ined using the replicat ion method . Sectioning studi es aid

in the interpretation of the nondestructive investigatio n

data and provide a detailed descript ion of th e daumiage state

,ul onq the 1 enig th and through the wid th  of t he specinmue ni . The

resu l ts  of these studies are preseni ted iii U m i  s report.

11
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Pt’’~ el op r ru erm t e t New It - s t  Met rods

The deve 1 ti t l nu ue ni t it scvt -n - a I e s po t -  uurueir  t a 1 techni ques that are di S —

i n~ I -
‘ nd vamnta it -~~ s t i -  the -- t ud~ of the i ni it I at ion arid qr- om , t i

d o~uagt’ u r n c on iipo sut t - mu i a t e r-i als has been l u re of  the niajor aux il i nn’ ~ c o n —

r I but m on of t hi - prom~ramuu . Rep l I cat I on • a umnod I f i ed pulse—echo ultra —

s o n i c  ~ Ot  ‘r u m  m i n t ’ , arid vi bro thrt - r - u L r rr - aplu , have proven their versati ii t and

m r n pcu - t anuc  e as c onmip l emume nt ars , e~ pei- imuuent al uuiethods for monitoring t h e

u u t ’chan it  al b e t r r s  i ou -  of gra phi t o—epoxy laui mi rua tes The rep l ica t ion  tech—

ni itlue U~~O5 a ce l l 111 t r s e — a c o t  ate tape t i  reco nd the surfa ce topography of

a ntr ’rma l arid , as applied to coiumpo sit es, y ields nm uch information on the

Jove 1 op ri ren u t of damuraqe al oniq t n c c  edges (amid can also he used to i n f e r

m t - F - i on damage - -e  mod i f i ed p u l s e — e c h o  m e t h o d  , on the other ha n d

el ds n-cal — t l u r e  iii f on-r n _ n t I on about I Inc deve I opiruenl t of dam imaqe in the

i niten i or of the co umipos i to .  Ft ra i l y • the v i  brothermirography technique

i mid icates damaged n-eg io ns thr-ouqhout the ent i re vol unie of the s pec i r r en

TI ne dove 1 cupmuient ~t eac I’ of these t cc hni i q ues arid the Ii . ut iii t~ for-

oht a i nii rig dat a in the pn ’esenu t pi-og ramir a r t ’ discussed i n  t h e fol 1 owl ito

st ’c t ion.

The re p l ic a t i o n  rmuethod , as indicated above , uses a cellulose—

a c e t a t e  tape to record the sot -t aco to pt iq i- a ph, of a i imatt ’rial . The tape

u s appl ted to the dt’_; i red surface pa rt ia l ly d i s s o lv e d  or’ s t ’ften it ’d m~ it Ii

acetone arid al l  owed to set  on the ~u n - t a c e  . Pt ’c am _ m s e of the good wet —

t a b i Ii t~ of the p l a s t i c  for ’ graph i t e — c p o s v  immaterial s the s t ’ f t e n t ’J t a p e

w i l l  flow into the under]~ i o u  surfac e anti whet i set  , create an es~ict

dup l ica t  e record of that sun -f act ’. Rep l icat io n pn’oct ’du n-es t u r ~ o been

eniployed f o r -  a lon g t itune f ’ u ’  the st uds ‘f nuieta l lographic m n i c n - o — s t r u c t n n n - c s  -



-~o~ t’~ t’r , as fan ’ ~is t tn ’ l i t ’s t - u n t aut  ours an- c awan- e , t lut ’ t eL u n i q u e  ~-,o’ - 
-

i F -st applied arid a d a p t e d  t v  ,. trnupos i t  ~ dun no t hu I s prograr u . I or cOu ’rtuos Ito

‘- ‘ - a t e r u a l s  r e s e a r c h , th e tec lu ru i q u t ’ nOs r-~~t ’’ i n v a luable ds a nr uea ns of

rOL Lrn ’J i ng ho s t a t e  o r da imm aq e at  i n u t e m u re d  i a to poi n it du n - i rug tt rc 1 ead-

t i m e h i s t o r ’ v  app]  l t d  to  a spe c - lu me n . T t r t - f ina l fa i  l u r e  s i t e , for - exarirp le ,

c u ir be followed hackwa n-d t h r o u g h t 1 ro  repl i c a s  to a s c e r ta i n  the  p a t t c n i u

of damage devel opmuu eni t i n th i s  n -eq ion. Furtherr u on - t - , as di scus s t - d  t hr ouq b n—

out th is report arid in earl icr’ reports , the re p l i c a t i on  method has been

directly and imuu iu ediate l~ u-os pons ib le for obtaini n g the data required for

the devel opu r eu r t  of th e charac t o r i  st c dauisnqe state murodel . The develop-

-r~ ni~ of the f~ rs t  tran sverse c r - a c k s  in the ~ej kes t  layers , the subsequent

n~ul t ipi icat io n into an equ i ii b r ’ I um um set of uni f o r - u - n 1~ spaced cracks , t h e

addi t ional  dov el opm uient of t ransverse cracks  in the adjacent layen’s , and

th e f inal develop nnnenu t of dammiage in t I me  reg io n of final fa i lu r-c is

easily followed arid interp n-eted on the r’eplicas.

Much wor-k has also beerm done to develop the technique t o the point

toat free edge inifornu ation carl he used to infer damm uage develop tu rent i n

trio interior , t h a t  is , across the width , of the coniposite specimens. A

large nuumiber of sectio n i n g arid n-ep l icat ion tests were perfor muued to

ve r - if y that , at least at the hig her loa d levels , the information contained

on the rep lica s taken fn-omri the free edges is quite cons istent l ., in dicative

of the damage state acr-oss the w idth of the niate n -ial.

The ultrasonic pulse-echo uiueth od for- mn measu ning atten uation of

-~tn’ess waves in niaterials was mmiodif i ed as part of this project to measure

the atte n uation in thi n , composite lamuminates with the use of a buffer’ ,

or delay , b lock . This procedure has been detailed in earlier reports
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e e L  - i n  t r i o  - 0~
’ la r ’ irr ae ari I a lar ge c lrrr u ue als u vs occu l ’ n- t u at t o  load p

cit .;o ’rJ r i g  to re ku u ,-e hi tn t ’ h i — i  i t iea r 1 o o d — s t n - d iii cur - s t ’ , n t u e

large - - i  : , r - r t -  01 n- r j uus , u e - ,e char iot ’s ~‘r” ’s pt r undr ’d to  an Fit r o a s o  in

at  ,‘ n r u a t  io n , but i n n  a f , ’t ~ c a s e s , t un e a t t e u r u a t ion i  de~ n- eased,  Aga in ,

t i , ’ s ,~ e t — c an b~ u c  t:t r u r r  tOt 1 t o n - h~ t ire di t I  - -ut u our tir otle 1 slien one
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1 arr n i r n t o  roo f i m nm n -j t lori s arid in a niu triber — of dif fe rent ro~,’ t s - In e~ ‘ i t

case , it i t i  ds a — luau - p ini di cu t i on of daruraqe i nit i at  ion that has been

le d I-’t ro t hen- nneth ids such as sect io ni tu g arid \-n’ad io g t -aph ~ -

A t m i  rd Nih t ~~~ bin t itl e that is b oth i r t ic ci amid unique n~as dov el roped

f r n o n u g t r  the support of th u is ‘ ro iec t . \ I brot hern~tr rr ap lr , [t~~] enrpl ross

ltn~—~ r u p l m tud o uu uech a n i ic i l  ib r at lori s to t ’\ ~t0 t !ron- ~i ,n1 p a t t e n ’ r r - ~ ar~r u nr ~1

da i- ’rge d n , ’ u I inns - l i t ’ t u,’ n ’ ira 1 pat t e n’nns a r e Jet cc teti arid d is t ’l a~ ed b~ a

u - ca l— t brie v idn ’o— t ron -~ o u r - mn’ h 1 c caunen -a. The rnr echa nii ca l vih n’ a t IOn s in the

r
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spec i- ’ ren are pn -efe rent ia l l ,  t n’ans~ i r ,d I ni tc t in e r n - ui u - nr t -r g y b~ cit ‘or 
-

coulo m b or n v s t e r e t u c  str ess—stn -a i ni efte~ ts in a r , u - , of i n r t t r n a l  dam iqe ,

S t r e s s con ce nt r ut  i ro nu s  j r ’O umnd t h e s e  r-eg iori s ~j e r re r ut  e r oa te r  l r v s t ~- n u t  ic

hea t ing  at t O O s t ?  l o c a t i o n s .  Th e p r e l e r e i r t i a l rod ’ m y deve lops tiuc- rn al

g ‘-a: r e n t s  that are eas u 1’. Jet cc u L’ le ~,i tIn a ‘ hn t ’  n-nsrg no glu i~ c arrie r - a , he r- c

are t~ o i - - :on -tant a s p e L t s  or t h i s  techn i q ue ~r i iUr should be rmoted ; ( 1 )

t o e ni gh f r -egu eric i  ( 2 0  k : )  ‘ n e c f r u u n r c a l  v i t ’ r a t i o r r s  m p pl ue d to the

sp e c i r - ren are of such low a m u up l i tu de that t in , ’ - , do not cause add i t iona l

m e c o a n i c a l  damage ari d (b’ ) s inu ce t oe deve loped h ’ a t  pat ter ’ nus are dire~ t 1 y

re lated  to t ire s t ress  ‘~ie lds , t h r o , are a lso c lose ly  correlated w i t h  the

ac t ~ a 1 ‘ nec han uic a l  s ta te  of Jar~iug e. The l us t  poimi t should he c ror usiden ’ed

in co m par ’ iso ni to  the mono us ual t h e n o i r a i t u l L  othod used e lsewhere

-~nereb. an e- \ t en ’nai ‘r ou t so u r c e  is used to pass ive l y ~rou t a r’ nute ri al and

the t ’ re rr - -og raphic :u ei -~u is used to de t e~ t t rue  rr’o l g rad ien ts  e s t a b l i s h e d
I’

b:. regions of van - , irug t herrru a l ou rdu c t i  v i  I, - Such req ions ray be caused

b~ ji r -, nurrr her ro t v a r ia t  i onus ( P r e t e r og e r r e o us  uruat o r i  uls for- esa ni rp le) that

L

a n-c not neces a n i l s  d i rec t ly  related to the m ec irani ca l damage state.

A n a l y s i s  Lh] has shuo wmi t h a t  for - u n ’a : ’ ln i te-t ’ pO\ t  la n-r i  ra tes  the s u rface

heat p a t t e r ns de tec ted  b , the t hen - ur r o graph i c  camnera a r e  near1~ ident ica l

to the unde rl~ ing d a r u a t e  zon e ,

The vi bn’ot ire r ’ ro t rq ra p P r y technique bias r’ecen tL at t rac ted  some at tent i on

in t o  aerospace i n rd nns try arid in a nuur rbe r of research laborator ies  as a -i

possible -ct cod for detecti ni~n dama ge i n coiiiposi to s t ruc tures .  Further

developmen t and discussions are on—go lnrtu between those organizat ions arid

con ’ 1 ahora t Ot’  I 0 t ie 1 p o I fec t the tee hriol ogy t ra ns  fen ’

These I Prree expe r i m en ta l  tech ni i limes that h ave been developed under

he support ro t t Iu l S pi-o j oc t  in our labor a to m-y ar’e uniquely capable of

15

—‘-- -



- - ~~~~~~~~~~~~~~~~~~~ 

determ ining, w ith a high degree of accuracy and reproducibility , the

dammnage state in a composite laminate. The three techniques are corn-

plenimentary in that each yields differing information about damage in

different regions of the specinnuen . Taken together , they yield reason-

ably complete information about the degree of damage in the laminate .
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STA fI C 1LST RI SULTS

As ui nen iti oiu ed pn-ev iuus 1~ , I n-o h m studies of rep l icas mu made at inc r ’ as  m g
I o m d  , t~ t - au observe pro n u n - e - ,s i ye da mniaqe at t hm o s pn ’c m ien edge , I hr ’sn ’

s tud ie s  have beeru ummad e of 511cc 1 r ictus loaded quasi — S td t  ii a 11 ~y to hi qb m

s t r - e s s  l eve ls  arid c y c l i c a l l y  ,nt lowe r st ress leve ls .  F~o sn j l ts of oh- - r -n’va-

t u oni s i rid I c a t  t ’ tbu a t two di st i ni~ t dam mua q e pat ter m s dove lop i mu Ui 0 -gin - c i nuucni s

de iuend iniq on the s tack ing  seqnmo mrc o , i .e. , the dam umage s t a te s  in ly 1ro I

aiid Ty ire II na ten a I s were repn -oduc ~n b 1 e fro umu spec i m en to s pec im imen ari d

w e u r - di s t I n c t  1 y di ffe rent accord i mi g to the spec m ien type . Fun’the rmiuon ’e ,
thie n-epn -oducab lt ’ “Cha racte ni st Ic Dam uuay e State ” was ide nt ica l  for spec I -

urm eni s loaded quasi—statically arid c y c l i c a l l y .

I mu the cast ’ of both Ty pe I amid Tv i re II spec i uterus , dani mayt’ i mu the

fonru o f t i- an isve n’ si ’ i n- a c k i rug ap pear - s f i r s t  . I ni bot h cases . it appe an- s

f i n s t  in 90<’ l amuminae . i .e., the ia m u mi n u a whose fibers are perpendicular t o

thin ’ load aid s or the lau mu ina w i t h  the lowest stn -ength along the load 2

d \ is . In i t ia l ly , these trani sv- -rse cracks are arrested at the l anr u i n ua

i m iter-faces, and do riot pr’o poyate to adjacent plies. Wit ii i nucn - oa s i no

load , cracks appear for a tim u me a lnrr ost solely in these 90<’ laiuu iniae .

Stated differently, the general t ,’enud is for the damage patte r-ni to

develop along the en tire length of th e spec ium men rath er than through th e

l anm u inate thickness to adjacen t l an m u i nna . Fronnn this point on , howeve r , the

scu m m mn ’ n i c e of events d i f fers for the two stackinq sequences . In Ty pe I

[0~~45~90]~ laminates , as load i n icn ’eases, the number of transverse

cr-au -ks in the 90<’ lanuina increases until a constant or saturation spac i ng

is reached . These transverse cracks extend continuously acros s both ‘)O’

laniu ina and mii i t ia l  ly stop at the oO ” / — 4 b ”  laun iina in t e r - tac o s  (r ig . 1A , B , C).
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I

As the load innc n’eases , however , these cracks extend into the adjacent —

-15 l an tui nna arid terniiinate at the _45°/+45<’ l amunina interface. Hence ,

cracks in these -45 la um nina are frequentl y associated with transverse

cracks in the 90<’ l aunn i nna. While all transverse cracks in the 90° l airmina

an’e flat , i.e. , an-c perpendicular to the l au m u in a interfaces , the cracks

in n the -45 l amm ui na are a n gular- . They appear at angles approx itruatel y 45° -

fr~ un the horizontal as shown inn Fig. 10 , E. All cracks along the

length of a -45° Iam m nina have the sau te orientation and make app roxim unate ly

tIne sam ime angle w ith the horizo mn tal . Furthermore , as the figures sh ow ,

cracks in the opposite -45° l amnu ir ua (on the other side of the 90<’ lanm u inae )

are nmirn ’or i umiages of the afore uui enutio ned cracks. Again , all cracks

within those Iauuninae are consistanit in orientation . Cracks in the -45”

lamin a on the opposite specim mu en i edge have a reverse orientation , in the
L

se n - n ’ that they n ’x t e n d inn a di n’ec t i on wh ic hu foru ms an ang le wi th  the

throug h-the— thickness ‘ :“ directio n which has an opposite si gn commupared -

to its coum iten ’part on the opposite edge , i f the origin of their’ rotat ion

is taken tc be the point at which they join the transverse cracks in the

90° plies. Agai m u , cracks in the opposite -45° l aimuinae are mni irror

iummaqes. Exa umu ination of specinue ni s sectioned lengthwise through the

center of the width revea ls that the transverse cracks in the -45 <’

lamni na are colinear wit h those in the 90° pl ies. Coincident to the

appearance of the transverse crack extension into the -45<’ l amuu i nia .

longitud inal cracks appear in the 90 ’ i ann i nae. These lon git ud i nal

cracks seem to grow fromnu transverse cracks as indicated in Figs. 1E , F

and G . Event ually all of these long i tudinal cracks join also , linking

all transverse cracks (Fig. 1H). Lxan u nination reveals that in exte n di n g

over the specimim en length , the longitudinal crack will at times “jog ” to

the 90°/-45° inter-face (del anm uina tion ) and then “jog ” hack to the interior

20
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< i f a h~ 1 am nii nra or to tine t oil tra l <10 < ‘ / 9 Q 0  1 an u mi rid in ter face as show n i mu

Fig . It . In n other in sta n ces , cemt tr~ l longitudi n al cracks have been

r ftn- -eoved to intersect a transverse crack ~nd “jog ” sinuiultaneou sly to

b o t h  90 ° / -4 5  - interfaces , forming a fork pattern such as that show n inn

F in 1 . lJ . In tine case of static loading , once transverse crack satur ation

--pat m u g Ira ’, heenu n-eac hed , branc h ing into the first adjacent 45 ° lau nu i nma

has her-ni completed amid tine lonq i tudi ni al crack/de lamimination has extended

i V t ’!’ the  spec iiu memn 1t ’nig P h , no new danum age appears . Very few cracks were

ot rs n ’ m’~ed in  the p 45° lat i n 1 n a  f o r  s t<n t i c  loading, even whenu loading was

t ar n -l e d to failure . When they did appear , however , they were horizontal

in) o r i t - n ut a t io n i  arid r-\tended fro urn tire _45 ’7+45 <’ interfa ce to the n45 < ’ / 0 <

interface (Fi g. 1k). If loadin g conti nued , the centra l long itud in al

crack ope n ed further , extending fron t the edges toward the center o~ t i r e

spec iumme r m , until fai lure occurred. This can be demm mons trated by com mi pani m g

tine longitudinal cracks in Fi gs. 11 and 1K.

Danmiage in the Type II [0.90~~45J~ speci uunens again begins inn the

tori: r of transverse cracks inn tine 90<’ l amm u ina. Again they initially span

only the 90° l am m u ina and do riot cross tine 90<’/+45<’ interfaces , as shown

in Fig - 2A - These cracks become munich umuore numnuerous than tire transven se

cracks m u  tine Type I immateria l , i.e., tine saturation spacing is m uc h

smuna ller (0.332 niiuu average for 6 Type II specimiuens vs 0.735 mu ave n’aqe

fo r  5 Type I spec iminens). The 90<’ l anmii na an’e not adjacent in this s tack in g

sequenr ct ’ and constra int on the 90° lanuuina is a lso niiuch greater (t ire

,nd l a ct ’uu t la mum ina have 0” and +45” orientations as opposed to -45” and 90°

or ie r ntat ic nnus in the Type I mmi ate n i~nl). Tire stiffer plies surroundi ng tine

90” p1 ies transfer the stress back into the 90<’ ply over a shorter dista n ce

above and be low a crack than for’ the tylno I 1 am uu i na t e  caus i rug the nmo~x t crack
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I c ‘ < i ’i~ close,’ to a q i o ur ret <‘<P l u ;  n -uk K . Because tine cracks are nuuch

srr rj 11c r amid miion’e nnunuuer ou s , obse n ’~ at n ,ruu beconuues rruu Pu unnore di f f 1 cu l t  i nu

t rio In pe II —~,nt t - r ’  i ,r 1. This , in tu r ’nu , - iake s Ii xinu q the exact chronuolog)

of d a ’ u g e  eve mn t s more di tm  icu l  t , A- , lt ’ l oad  jOt t e a s e s , transverse

c n’a~ ks appear’ u ni all the n’enuua inn i m g  tr t P —a - u s lami ni ae . These subsequenn t I -

c rat ks d no niore rnu mm nerous inn t hue -~ 
5- - 1 aumu i n iar ’ adjacenrt to the 90° 1 anii m a

I t r • nr r urn the i I t t ’ u or 45 <’ 1 aiim i nae . n1 nt ’ sat un-at ion s pac i rig inn the + 45<’

~m~- r ru ije w as 0. n°3 nr n umm I or 0 spot l r rs ’u r s n- s 1 . -‘12 m u m  for ’ tire — 4 5 < ’  lau nni n a  iii

n rc ‘- <u~ue stat  it- a l l  1 o~d~tl sjre, i non  s . ) As nuenu t i onred earl ier - , these
p

di te n ’emn t crack spac I tu gs a m < ’ cm i t i n ’el a result of the rate at w h i c h

st r< -sS bu i lds hack up t n-o u r :<‘ u < ’ ,nI t h e  crack lace inn a broken pl y . The -

s t  i t  t n m es s oP t i n e  L ’ u < ’ k < ’ uu i’l ,pr i I r e -~~ i - Iu r r ’ss ot the surn ’oun rdinq plies

<It ’ t t ’ n ’ r i i  ru t ’ th i s  n’ a t e c’ i’ r Id ui u n  , r r ’n ’t ’ ore • t hut ’ ~p~ic u r u g  of tire

cu - a< k s .  The c l o - ~r- st di st an u <c r i - t ri’ ~ atm t’ \ i s t  mn i g crack that a m ew on e canu

n < ,1~ -~ i~ the d i s t a m m < e  < ‘<p r -ed to I r an is r< ’n- stress back  into the bn’ok emi

up to t h e  m m d i  sturhed love I tha t  t on -u rued the ti n’s t crack.  Figures

C m 1 lu- j t  r ’jte thicse d m 1  t t ’ r o m r c t’r, , 01 the cracks in the 45 <’ lau m u inra I 
-

~m dja< 
,‘uit to 00 l a uuminu _ n , nue~ r l ~ b r a ) ’ ‘i t hem appear - to be l inked t o

c r I ,  • ‘  in ’  t i r e tlQ’ la ni r i rna.  i Pns  is purI icu l an ’ ly  evident at e levate d loa d

<u - , ‘
~~ . Thu s  is s i nun i lan’ to t ire ‘I’-~t ’ n - n a t i  cnn that a large niumuihe r of

t r ’ anr sv e n ’ se cr - at  1 ; inn tire — -15 <’ I a r r u n a e  inn the Type I uitaten ’ ia l appean’ed to

de~ e lop I ronni tr an usve r’ se c rae ks inn the ‘1Cr ” 1 anmi nae . However , in tire c 1use

of t fme In pe II urma te r ’ ial umn ost ct the tn ’ a n u s v r ’rse cracks were al ignued at

ap i’r’ox im u n a t ci 45 ’ ann g 1 es to the t n’ a nrsv er - s e p1 anne at t u e  outside edges

Figure 213 sh ows that st~rie tn ’a mm sv eu ’ sr ’ cracks in the ÷45 <’ lauuu inae ar-c

li on -i - < r u m t •n l ( 1 m m  the u- < nuus ~ e r’se p 1 ,rne) anu d others form at somiue angle to

the hon - u :onutal t ,’~ t lii s c as e .  As was flue ar~o for’ i p e  I nutate r - ial
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n ’ rc k-~ un the double runt err or plie s ( — - 15 1 a n ti nuae t tu u pe II ira ten a 1 ,

~0 Iamn mi m n ae for- t I nt - Type I nrr a te n ’ia l ) extenuded across both interior’ plies

as set ’ u u inn Fi g. ~‘D, A lso si m nui l a r  to the Type I niuate r- ia l was t he a pp e aranu nt ’

01 l o n g i t u d i n a l  e n ’ a c k i n ug,  ag a in  in  tire 00 la nutina or at the 90- + - ~5<’

in nt e r-f a< e ( F i gs. CL , F ) .  In Type II nrrate r ial  , buowever , this lo n rq i t ud in ra l

c rdt K i rug did mu ot i’x tennd a I oui q t h e  en t i r’e spec im m nen length. It occurred

on 1 ~ in —h r ort st qrrremr t s in cure or two locat i ons along the spec i nueni length ,

The dept bu of <‘riot rat i on of the long i tud i nal edge cn’ac ks was a lso less

t han it w a s for ’ tIre Type I unu a ter - i al . In genen -a l , each off axis lauuni na

ser ’ks to achieve a sa tun ’at ion r crack spacing before ult inuate lam un irrate

f a i lu re . Thi s can be den unonstrated by comurpari o g F igs.  2G arid CC w h i c h

cover  the sa u te general s pec im umen area.

At t h i s  poimrt we inntroduce the concept of a charac ter is t ic  dam u mage L.
s ta te .  W h i l e  the precise arid c~ mi p lete mratu i-e of this concept w i l l  be

o\pl< n i nied in subsequent sections, a staten uuent of the concept w i l l  be

u~ ef  ul at this point. We have di sco v er- e d that tire tn ’anusven ’se cracks

that form in the of f— as i s p ii es do muo t fonnru i nr a n’ando uum way , hut fo miii a

regular patter - n w i th  a regular spacing of cracks in each layer of each -
-

lani n iriate. The utmost inumporta nit aspects of this regular crack spacing an-c

that it is a la mm u inrate property (entirely determined by the nuua ten - ia l in

each  pl y, the stacking sequence of the pl ies , anud the la nuu in a te pm ’opem ’t ies

hut imudepem udent of load history , geoiume t ry , residual stress , etc.) arid

that it is stable in t ue  sen se that when that pattern has fon ’miued no n ew

tranr sverse cr - a< Ks fou ’mum inn that pl y unti l  quite c lose to fu ’act uro at

win i c h Ii mime cracks gn’ow t hrough t h e  th i c kmut ’ s s fronu p 
~
y to ply . We have

conic to c~n1l th is conndi t ion the “cha rac te r i s t i c  damage s t a t e ’ (CDS ) of a

l anuinu ate.
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Having described tire genera l sequence of evemrts leadin g to failure

and inntroduc ed the concepts of saturatio n spacing ari d a characteristic

damage s ta t e  (Fi gs .  lD , E and 2G) , we will now look nuore closely at the

de ta i l s  of t h e  physical  beh av io r .  Inn tine in te res t  of present i ng data in

i t s  most useful and muueani inug fu l context , inforn umation defining tire observed

characteristic dam umage s t a t e s  w i l l  be reported in terms of crack spacing.

This earn be in ut t ’rpr-eted , p h y s ic al l~~, as the average d is tance between

tra n sverse c n a c k s  w i re m n tire whole length of the lanui na is ex anmi rued .

These distannces wen e deter-r uined by dividing the l anm ina length by the

total miumi nb er of transverse cr-aLk s observed i n a given lamin a . These

values wer e obtained by scan nn iu u g the replicas of speci nne ni edges and

counting the nummuber of tramnsverse cracks in each la uuu ina. These num umbers - .

wi l l , of course , be ide nt ica l  fou- the ce nter -  two iauu u iniae (-45<’ pli es for

Type II r~rate n ia 1 arid 90 ” pl ies for - Type I immateria l )  since cracks in

these l auumi na extenrd across both plies. However , values obtai ned for

each ÷45 amn d -45<’ (Type  I) l aum mi mn a and each 90<’ and -45” lamina will

gen erall y differ’ s l i gh t l -u . Inn t h ose l amuninae we were muuonitori n rg dammuage

inn two “i de n tical ’ plies syumm nmuetrica lly positioned about the l auuu inate

ur u idp lane. To siu nuplify the data presen tation , the ave rage of those two

values was used inn subsequent calculations. The validity of this operatio n

is seen when Figs. 3 and 4 are exauu uined . Figures 3 and 4 show the total

n umber of cracks over the 75 n~uu (3 in) gage le n gth in each 90<’ l anuina of

specinruen 265C-l4 (edges I anud II respectively) at low stress levels.

These f i gures show the crack deve lopmiuent in each 90<’ lam u mina to be quite

constant ;  indeed , they co i nc ide at several stress levels.

It can be shown that this procedur ’e is equivalent to physically

m ume asuring the distance between each crack and taking the numiuen’ical

27
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avera ge. Wh ile this later process was used to provide data from which

the standard dev iation and variance was determined , it i s a very time

consum ing process and would have greatly limited the number of specimens

wh ich could have been examined. A comparison of crack spacing data

obtained by both methods , and a statistical characterization of the

crack spacing data will be presented ‘in the sect ion on Fat igue Test

Resu l ts. This comparison wi l l  demonstra te the validity of the chosen

procedure . j
In add ition to the ease of operation , there are other advantages to

mak ing and reporting damage state observations in terms of the number of

transverse cracks found. Figures 5 and 6 show the results obtained for —

Type I specimen No. 1-6 and Type II specimen No. 2652-10 respectively.

When the number of cracks is reported in this manner , the stable satura tion

levels are easily perceived as plateaus in the curves. Comparing these

figures with Figs. 8 and 12 , it can be seen that determining the stress

level at wh ich saturation spacing is reached is much more difficult when

crack spacing is plotted versus applied stress. In the later case , the

resolution is not as great because we are essentially plotting the

inverse of a whole number (the number of cracks) multiplied by a constant

(specimen length). Comparing Fi gs. 7 and 12 also reveals another advantage

of recording damage in terms of numbers of cracks. Figure 12 shows that

the saturation spacing values range from 0.385 mm (for the 90° l amina)

to 1.65 mm (for the -45° lamina). At first glance , the small di fference

may seem to be insignificant. When plotted in terms of numbers of

cracks , as in Fig. 6, the values range from 204 (for the 90° lamina) to

46 (for the -45° lamina). When presented in this manner , the differences

in damage states from lam ina to lamina are much more obvious.
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As -
‘ ta ted ear lu e r in time report , observat . i onus were mnncn de frm j niu

n- ep Ii n as  takeru wi n r le I i nn ’ spec m u o n  Was unuder load i ru tine I m’s t unuac lu i nu(’

grips. Si nice aco m m s t i n . c n n  u s - , i onu arid ul traso ni Ic tn’amusduc e rs were o ft e n n

at ta~ me d to tune spec menu s , ac ct-s s to ho tin spec imn ue mu edges was nnot a 1 ways

poss u b le .  In t inese ~‘-n”~ , r’ep l I cas were made of only orne edge. Much of

tine data pn ’ese ru ted lucre wa s go thered in tuu is uuianner. Al tinouqh onu ly orue

s pet m mm cm edge w as n’ sa nuu i ned , tin is inn fo ruu ma t i omu is n ’e Inn ’ t ’ se m u ta t  I ye ~f t ime

s pec nnmu em n beinavior. F igun- t ’ 7 siuows the n. n’a k sp a cimu g inn t h u n - ~0” a ru d  ~~~
1 anu mi nuae a t  bot iu m ’d ut ’ ’ , of  s l n m ’ inmueru No . ‘6b; ’ — 14 . It shows that win i 1 e t iuc

av erage ci-ack S i ro t  iru g s on ci the,’ edge dli to ned at low s t resses , the

v a l u e s  d i d  coale sce ~ns th in ’ ap lul ied s tn - e s ’ , increased , Th is  i m nd i ca tes

that wh lie it is ti n ’s i rain le t o  uuuonn i ton- da utmaqe onu botin edges s inu mul tan ieous 1v

the va l Id i ty of t ine  chan ’ac lo ris tic danum age -, t o t  e conucep t does ruot su f f e r

w luenu omi lv o rue n ’ni ’ ue is cx au imi rued.

F i u n m n - - s  8 arnd illustr at e tine develop nument of the :ha rac tm ’ n - i s t i c

dam itagn ’ st ate inn two Type I -
‘ nec iuu ie mus . No i thor spec imuuen was 1 oaded to

fan I um’o , ( Rotin -Spe c imune nn s we re loaded to 3001) lbs.  ) Speciunm e ru I— n was

in ’’ - t n ’ni inn load ;onutrol ; spec iu mueru I — q was tes ted in stroke connt ro l

Sn-vet-a I funud aum io rut a 1 ch at- a c I n ’r is tics of damage deve 1 optu uenit inn s ta ti (-a 1 ly

1 oadcd I ype I tuna t en a 1 earn be see nu i uu t luese fi gun- u’s , F r I  , therm ’ w as

no apprn’ m iable danitaqe i mu tine n - I n ° 1 aut ui n a  . Tin is was true of a l l  spec inn ue nus

tes ted , event t h ose loaded to failur e . 1 lue figures also denuuomus ti - n to t lua

trann svm ’r-se cram - k s  appear f in - s t  in t i re 9d’ ’ 1 a u nm i na , and crack siuac I rug

values m ea n’ tine f i na l  satura t i on spacinng va lues are attai n ed early in

t int ’ l o a d inm g .  Sat um — a t i o n n s pa cinn g is mint attained in tine — l~ ’ la nm ui nu a

urn ii i nnucin là ten ’ i ri tine load i rig hi  s t o r y .  For spot- ium nenu No. I — n . tine

i n  m l -,,n tu n-at m orn valu e of 0. bn4 nun nu m was ii m’st n’eacined at - 41 ~ MPa but at
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.~7 Ml’a , the crack spaci n g was at ~h) of the saturation level ( i .e., 0.764

m u m ) .  Satun- atio mn spacimi g in the  -45° la mirina for 1-6 was first attained

at 450 MPa . Sin m uilan - ly, inn speci nmuen No. 1-9 , saturation spacing fou the

9U i amu u in ae was fin ’st achieved at 400 MPa but it never was reached inn

the -4~-~ l ammu i niae. Whe mn thue test was halted at 3000 lb load (520 MPa

applied stress) a crack spacing of 1.30 mimi was attained . This is

appm ’oxiun uate ly equal to tine average value attained by severa l otiien’

specinuenn s w bu iciu were loaded to failur e . It is believed that h ad ioadin ng

continued , crack spacing would have ren rua inued at appnoxi nmuately this

valu e. p

To denuo ni strate the reproducibility of the characteristic daumuage

state , the ~n-ac k spacing vs applied stm’ess histories of five Type I

specinuuens have been plotted in Fi gs. 10 and 11. Two of the specinue nn s

were tested in load con trol , the re mmmain in q three in stroke control. Tue - 
-

horizontal lines in each figure represent values predicted earlier’ by

Reifsnider using a modified Shear-Lag analysis which we will discuss inn

a subsequent section . Fi gure 10 illustrates tine results obtained for

the 900 laun i nae. Saturation spacing was attained in all specinuens.

Al though the init ial portions of the curves uumay differ in slope , and

values nuay differ at low stress levels , they all did coalesce to the

same approxi muuate crack spaci mng. Fi gure 11 shows the crack spacimu gs in

the _450 l anuinae for the samume five Type I speci nuuens. Exan uination of tine

dota (see Table 1 ) shows that saturation spacing was achieved in tinree

of the specimens. It could not be stated conclusively tinat crack spacing

values in the renmua lning two spec inmens, whic h were not loaded to failure .

had stabilized. i-however , the values attained at urmaxin iunu load were corn-

parable to saturation spacing values reached in the other thm’ee specimens .
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,mn r s t e  fruunr tine t i  g un t  tii~ t , as i in t i n .  COSC of the 90~ 1 arid m a

al throug h we see a van - j an i c e  in the c urves in n ti ally, consi stamut final

~alu es w o n ’t’ ach ieved.

Tables 3 and 4 pn’ovide furthe n- inmfornnrat ion fro mur the speci nuuens

descn’ i bed m u  the f igun - es . Table 3 g i ve s  thue s t n e s s  level at whic l u the

cran.k spacing first attained its fi n al , c o n s t a n u t  value. The table also

lists tire ultimrmate stn-ess level of tire specimimen or’ the highest stress

le vt ’1 applied when the specim mn enr s were trot loaded to failure . Table 4

pn - c rv ides tire niumrrber of c racks  arid the crack sp a c in rgs  a t ta inued at those

stress leve ls .  It shuould be enn r phrasized that the  stress levels reported

inn Table 3 f un tire 90° lam unin ra are the values at which the co nstant  crack

spacings were first achieved . As tine fi gures illustrated , not only does

extensive cracking occur at low load m r these p~ies but it also reaches

e n - u c k  spac ings comr n par abl e to the fi n r ol crack spacings at low load levels.

We m ow comrsider tire Type II [0,90,’45]
~ 

l arrmir u ates. Unlike the Type

I speci i re i us , ex te u rs ive  daunmage in tire fonrm of transverse cracking, appeared

in all l amu u i nu ae. Transven -se cracks appeared first in the 90° l anr i niae ,

then in the +45° la mm mi nae and f inal ly inn the interior -4 5 ’~ laurninae. Inn

general , the appearance of cracks in a l aunuin a did not seem to be linked

to cracki ng in adjacenr t l am ininae . That is , tire cracks did riot appear to

be linked as they did in the 90° and -45~ l aumni nae of Type I specime ns.

Then’e does , however , appear to be sonute crack growth between the 90° and

the  +45° la m m u ina jf loading corntinues after the saturation spacing has

been achieved . Also, unlike the Type I mumaterial . there was little

long i tudinal cracking. When it did appear , it was in short lengths

confined to a 90° l anuuina or a nearby interface.

Figur’es 12 and 13 trace the deve lopuuuent of the saturation spacings

for the 90~ , +45° and ~45° la nuninae of two Type II specinrens. Bot h

40 
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TABLE 3

STRESS LEVEL (MPA ) AT WHICH SA TURATION SPACING FIRST ATTAINED

TYPE I SP ECIMI N

L u rrr I nra

Spot: iun neru No  — 4~~ H t i m at e  St 0 5 5

1—3 3- ) , ’ — — —  430 611

1-4 4~~ 
_ ~~) 504

1-6 415  45 0 520 1

- 7  330 - --  520’

477 4

Ave ra nt’ St n-e<, s
Level : -TO .2 - - -  - 100 . Ir

St an rda m- d
Ob v ia t i on : 4n .7  - - -  ~2 4

Note: Speci nu ue nr Nos. 1-3 , 1-4 arid 1-9 tested iii stroke contro l
Sp o ciunue nu Nos. I-n and 1— 7 tested inn Load contro l

1 Spec i uuuen nuot loaded to failure (3000 lb nnia x load )

~Specin :eu r riot loaded to Fai lure (3000 lb umax load )

~Sotu n-a t iomn span. m u g  not attainued

4Speci nnuen riot loaded to failure (3000 lb uma x load )

5Saturation spacing not attained

4 1
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TABLE 4

NUMBER OF CRACKS/SATURAT I ON SPACING I:
ATTAINED BY TYPE I SPEC IMENS

Lamina
t~i•So ecimmue n r No. 900 +45 -45°-

_

1-3 120/ .B46muinu - - - 95/1.07mm

1-4 135/.753mm --- l04/ .977ninu

1-6 l53 / .b64 niuu - - - 77/ 1.32mm

1—7 l38/.736uunu-mr --- 70/ 1.45 mur nu
1-9 l30 / .78 lmm vur — --  78/ l .3Ouunuur

Aver age Number 
135 ---  92 1of Cracks : - -

Standard Deviation: 12 13

Average Saturation
Spacing (mm); .756 - - -  - . 1.12

Standard Deviation : .06 .17

Predicted Saturation
Spac i ng ( n u n) :  .760 .755 .879

Note : Cracks were Counted over 4 in. length

1Averages Based on Resul ts Obtained from Specinuens 1-3 , 1-4, 1-6 .

42

I -



29

_ _  _ _ _  -—__  ‘ TT ’ ’~ -~~~~~~~~

I I 

,

± ~+ cii ~~~~~~~~~~~~~~~~~~~~ 

-

‘

(I) 
0

CNN) SNIOYdS )13V~ 3 ~ 9YèI~~AV

43

I Aa - - — ‘  -- - - • ~~~- -~~~~~~~. ~J
- ---- -- - - - —-——‘

,- -=-
, - -



~~, ‘ ~~~~~ nw~w ’r- , - - - - — - ,~~

1-

~~
1 J  Cl’) L’ a)

~~~~ ‘D ’ U

m
0 ~<—1—— 0 

_~ ‘

(‘~J U ’ 4 ’

j i t~~

- i i

0

U ’

I I

0 0 0 0 0 0
0 0 0 0

(0 (‘J

(NW) 9NIOVdS )43Y~33 3OVè~3AV

-I -I

_ -
5 ~- - - - — 

~~~~~~~~~~~~~~~~~~~~~~~~ — ~ 2~~~~



a - ~~~‘~ ‘ t h m u m r ’ nus won’ t’ 1 oamioti to  t ,nii un - ’ u n  - - I n ’ n ’kt ’ out n’oI - - i  I un - a t  non - .pam 1 rug

wa’~ at l i lt ”, Oni for a I 1 t int o1’ m rm ’ it ’nu ta t t e rm- . u r n ‘- pet u nion N o - _
~u ’ ’ ’,’ — 10 arid t t i n ’

l it,- ~i~
’’ and I I :, ’ l a m m n i r a  ~t - -p t — n r m uion n No - - n ’’ .’ - 0. l int’ I in m al cr - ,rtk - -I ’ .tm m u t t

t’ t’m ‘r~ ied ‘t ’t  u n - I ’ I n n  lure in (hut ’ -P’ 1 au rr nu n ur w a - . ‘ 
- mO m m mi arid ti u t ’ aVom agt’

-.at nra t I trim - - I ru g  t on - t i m m ‘~ I aiim i m a  wa . 1 . m’.l rum • - - m g mjt ’ - I lun g t b na t (in n ’ - - ‘at rug

n5t~ inam e ber ’nn . rpj ’ n -oacin I uig ,n tm iiun j m a u _ ut m le ~— a 1 Ut ’ when f_ n n 1 ui’e ~nt :mr’ rt ’d . I ti n’

fi g mm r ’os a~n an m m dt’uun~n us t r a t e  t h a t  t n’ an t sm- en ’ n - n ’ t t O t  k l u n g aI’pI’,m n - ~ I m m t  urn th e

00’ ’ l a r n r i n n a ,  hit ’ ‘10’ l,ni m umn u . n ~mj u ’n. ’s are a l— -u f l a t  m m d i ’ . at  ir n t t t iu ’ .u( er a ’ . k

-
- spac I m u g - . inm unp a r abl’ t m ’ ‘-a t nra t n ouu .11 m um ’- - wt’n - t’ at tan tied qm i i t o  earl un

3, th e 1 oa~1 rug - 1 he en r v t ’’- b r  itn i ’ of hen- two Pl ‘, or i t ’ mu t at oti s niem umo nus I n a  to

t h u r I a lt Pm ’ .’um g i n c ra’. k umu g app oan ’- . at hum mOm en 1 n.n ,tn.h . , i t  r ain 10 h .r~ h um n ’~ n ”

~m rtu n’ .n t Ion ,

tO ti . lde’n - i u n n I 1g .  1.’ .itua i nn • we ‘.-j nn ~on ’ I i uat  .m it  iu o m ig i t - . t t  m mn’ .nt to ur

-- pnc I tu g wa- j app .nr- m-n m t I ,t ch n u t ” ,n’m t nor  a l l  I h it t’t’ I u be n - on - i omit ,n t m on u s . t b u t ’

t 4 , lan nu i nn .n ~alue’- dot I i nue sl igi n t h nit ’ar t int ’ enud o f (ito lt ’sf - Inn I ut i ,

‘ • a cor’r’o- -p o i n m t un ntj t nut  r oast ’ mm tint ’ ununnt k’ r :1 ?  t n’am ks us tin mit’ ,‘m’ i donut a’-

-— a si t ‘n ii u m nm,  roa sm ’ i n n I hno nmu tun be ,’ of r u n - 1 anti i ia i a ’ .  k-. - lii i s p h uo tu o r m t e r mo n t

iu,ts a 1 ~o t’r’omu oh -n ~i~~n - mt 1 mm ot lion’ i m I’m ’ i i  ‘-p ot n mnronm s ,nnu mt u s t’ol i e~ ed t o  ho

due to n a t  k t t t ’ ow t  in bet won - n ti n t ’ ‘~O” .nrud I -i , - - 1 ,nnrr u mat ’ -

0” II -g em inte rns won’t’ t n ’ - ted mr t a i l  ur ,’t’ - I hut ’ i’ - - - m m it  ~ m ’i four

- 
-

- ~ I Int ’- n ’ t es t  - - wt ’n-o plot ted u mu I n g- - , 1.1 . I S amnml i i- - 1 hu e - .,- f m ‘m ui r’ ,’-

(but ’ n_ n’ .r’. k spac n rug inn f l i t ’ ‘ m o ’ • • 45” , n rn nt — -P’ ’ I .ruu i unman ’ m e -  pet t n’ l - 1 hi’

re- - i :  ii - - of o mi t  tour t ’ f  t int ’ to - - tn .  w o re d i -.p) .n~ ~~ t o  -
‘ inug’ l i t  t hue I unum j, ’o’ — -

Tint ’ m on- I .onn t a 1 1 nnu n ’- — m u ,‘a’. hi I imm ure n-o l’n’ esen nt (hu t ’ h1,’etl i t  tn ~d 01:: , -- - . lint ’

ron n l _ t ~ ~i,’ n u n oni - - t  n ’ a t t ’  ti nt ’ o n n s m - ,t a n nex -‘I t in t ’ h n a u ’,nm tn -r’m- — f it -— ,nt m n n ,nt n t u n

n u n  ~a l in t ’- - I n’ouun .i’t ’t m nun t ’nu In.’ ‘-‘p, ’’. imnnt ’nu , “ t i m :  n - at n m m ‘-p at u rig n~n’. at f i t  ,‘d

t~m t ire ‘nr , unn , i t is ” 1 an nninae u n a l l  ‘-j’On tu n nonu s .  I t  w a -  lOO t h n n ti m u n  ( b un ’

-- 1 ’ ’ 1 ,nu rr m u m ’  o ,nl 1 - —i ’ m ’m rmmn o ns ext - o pt  , m ’ S _ ’ — O A ] I i nomm t j l n ‘‘Onni r ’ v _ n i’ n aunt e u’ .

~ 45

-



_______________________________________________________________________________
-

0
0
N

F
Uq)

0
‘-I 0co

a)

I_ I
0

LI) —J-q~I vu
0 <  -

~~

0
I L)

~~~~ 
a)

~~
La)

0
I_J —

U)
L

I 0
0 0 0 0 0
0 LI) 0 LI) 0

— 0 0

(NW) ONI3YdS ~QY~~ ~CY~~~AY

46 

1
-____ 

—‘ 
- - - -  —



0I- I’ I 
0
N

E

- - 0  -~a. 0 -‘

(0 ml)

>~F-

Li.i I’-

0
LI) 0 L

LI) o
+ 4-

L U)
‘I,

I.~~

z
H

I— +

1< 0~ ,~~~

0

• I—i ~LI) a
vu

I a. -~~

C <
LI) C

(‘J

0
C) U)

>

C
0 0I_s — vu

a-’
:3

I I I

O C C C C C
0 0 0 0 0 0
LI) (Y) —

(NW) ~NI~ YdS >1~~V~I3 ~$Y~I3AY

4/

L~ 
-—

~~~
-
~ —- —

~~~~~~ 

- 
- 

_
‘n~~

_
~ 1 ,L

_ 
~~~~~~~~~~~ ~~~~~~~~~~~~ -- - —- — 5--- - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~



(14W) 9NIDVdS )43Y~~ ~ E)Y~~~AY

- —-—‘ -~~~ ‘-  ~~~~ - -  -5-



~~~~~~~~~~~~~~~~~~~~

seem in the initia l portions of the curves , crack spacing values coalesce

to the cinaracteristi e Ln ’ack spacing values for each fiber orientation . - -

The figu n es al so den nmo mustn’ate tinat thue se cinaracteristic values are uni que

for each l aumm inna.

Tables 5 annd 6 p,-ov ide f’un’tluer i nnfon ’umm ati or u on tine test speci uunens

Table 5 gives tine stress level at whi ciu a constant c r a c k  spacing was

first attai n ed inn each of tine specim im em n l amm u ina c . It also lists the

L 

u lti um mate stress level of each specimen. Table 6 pm’ov ides the nubuurer of

cracks and tine crack spacings at satur atiomu . Alt inough Figs. 12 arid 13

deumuons tn- a to that cracking occurs t i  rst im n the 00 - l~ nni na , then in th e

+45° and finally inn tine -45° l am umina , Table 5 shows that they al l  
-~

achieve saturation spacing at approx imunately the same stress level . The

average stress levels at which saturatio n was attained was 471.5 MPa,

-173.4 MOo arid 473 MPa for the 90” . +45° and -45° lam m n ina respect ive ly .

In the Type I specimumemus , saturation was achieved ummuc in late,’ in the —45°

la muui na thanu in n the 90° l aunn ina. The average values for those specinunens

were 402 .2 MPa fon’ tine 90” lamuu in a amid 485.6 MPa for the -45° lann u ina. As

in the case of tine Type I speciunuemus , it nuust be emm uphasized tiiat inn tine

Type II 90~ l anum in iae , crack spacing values near to saturatio n values were

attained at relatively low loads. Although cracking first appears in

the 900 la m umina of bothi speci nuen types, a com par i son of these ave ra ge

stress levels also reveals that damumaqe occurs at a nuuch l ower stress

level inn the Type I 900 launnina c than in the Type 11 900 lanninae. The

average threshold saturation stress level was 471.5 MPa for Type II spec i nmnem i s

versus 402.2 MPa for Type I specinmuens. Tu e average th reshold saturation

stress levels for tue -45° lanuina were sinui lar buowever , 485.6 MPa for —

Type I arid 473 MPa for Type II spec i mmu ens. While these stress leve ls an’e riot

important or precise , they indicate a significant difference in behavior.
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TABLE 5

STRESS LEVEL (MPA) AT WHICH SATURATION SPACING FIRST ATTAINED

TYPE II SPECIMENS

Lann i na

~p~~junien No. 90° +45° -45° Ult imate_ Stress - 
-

26 52-7 432 417 487 54 3

2652-8 468 483 ~~~~~~~ 514

2652-1 0 508 523 47 7 570

2652-11 477 477 477 523

2652~ l2 2 477 477

2652-13 467 467 451 512

Average Stress
Lev el: 471.5 473.4 473.0 532 .4

Standar d
Deviatio mn : 24.4 38.0 15.4 24.3

1 Saturatiom n Spacing not Attained

2Speciuumen Failed Duri n g Loading at Time of Failure Load Was Jumping in
50 lb. Increnuents due to Electronic Control Problems . Saturation
Spacing not Attained in +45° or -45° Lanilna.
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TABLE 6

NUMBER OF CRACKS /SATURAT ION SPACING (MM)

ATTAINED BY TYPE 11 SPECIMENS

Lamumi na

~~~~ uen No 
_ _  

-45°

2652-7 202/.3771 1061.7192 46/1.66

2652-8 193/.395 107/.712 38/---

2652-10 198/.385~ 9l/.837~ 45/1.69

2652-11 198/.385 1l2/.680 51/1 .49

2652-12 193/.395 83/-—- 33/---

2652-13 l8O/.423~ lO3/.739 44/1.73

Average Numunber of
Cracks: 194 103.8 46.5

Standard Deviation : 7.6 7.8 3.1

Average Saturation
Spacing: .393 .737 1.64

Standard Deviation : .016 .059 .10

Pred i cte d Sa tu rat i on
Spacing: .363 .875 1.21

1 Rapid Increase @3500 lbs Load frcmm 200-226

2Rap id Increase @3400 lbs Load fromuu 106-135

3Nuuuuber Increased Slig htly @3400 lbs Load and Again @3500 lbs .

4Numnber Increased Slightly @3500 lbs Load
5Nunuber Increased Sl ightl y @3300 lbs Load
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Test Result s ; 
- 

F n t  i~ i mt ’ :~m dnmu ~

Cyclic tensile lo ad im n y of time specituue m n s was conducted umnd er load

comu tn’ol on a sm’rvohydn’aulic t e s t i n g  uni achin e wi t b u  R 0 . 1 .  About half of

the tests wt’re interrupted at se~era1 imnter v al s for the purpose of

nun akin y replic as ,rt the on.iqn.’s to obt aim n a record of the danunage develop -

umnent. Tine dynamm u ic st i ffnuess as wel l is t i n. spu n. i t ic energy dissi pat i orm

(hysteresis loss) was n’ocordn.’d inn n-cal t innue during tes t ing  by ann on -l ine ’

c onmuputer aided data ac quisitionu systemmm . S t a t i c  s t i f t n r e s s  amid residual

stremngth was mmmeasum’ ed at the crud of the c y c l i c  loading history in about

m al l of the tests. Other spo ciu umen s were nuot fractured so that damage

patternns could be studied . Sommue specim utens wen’e sectioned so tinat tine

damage state inn the i mut er- i on’ of tine spec i uire un s could ho asses-;ed amid

comumpared with the observations unmade on the specimunen edge. No signif i-

can t diffem’ enmce inn tiuose obsen’v ation s beyond the obvious absence of

delau u m imnat ion (ply separation ) amnd longitudi n al cracking (log itud imn a l

cracks with i mn a l aunu im na) in tine interior was observed. Figure 17 i l l u s t r a t e s

how the danumage state infon’unnati on was gathered.

The sequemnce of develop uument of danuage under fatigue loadi nng mi tine

laminates e”.am rrined is sim un ilar to the descri ption give m u ean ’lier for’

quasi-static loading. However , cycling at a given stress level causes

additional cracks to fornum as a function of additional cycles of loadi n g .

The type of cracks that f o rmuu (i .e., the type of laminae that develop

cracks) is controlled by the load level , but the number of cracks i nc reases

for successive cycles of loading at that level until a satun’ation nnuu umbe r

of cracks is reached imn each respective ply, fornu i n g a “charac teristic

damage state ,” as we have seemi for the static loadimng case. Cy clic

loading does not appear to ch an ge the stress threshold at wh ich cn’acks 
n

52 
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f oninn imn ann o f f - a x i s  pl y, but it w i l l  a l ter the mnunuber of cracks that

occur ton - a given stress level if a stable numunber of cracks has not yet

fornuied .

The Type I arid Type II lamn u inn ates discussed earlier will also be

used in this sectiom i to deumuo mnstrate the nature of the ohysica l behavior

during fatique loading. Figure 18 shows an exauiuple of crack deve lopmuuent

in the Type I l aiu ui nn ates. Cyclic loading at 40 ksi (275.6 Mpa) stress

amnup litude (R=0.l ) was interrupted long enough to unmake replicas of the

speciuuuen edges at intervals which were chosen according to the rate of

cha nge of data. The niunuber of cracks counted in the 90” plies (on the

midp lane of the [O,-45~90]~ lam uminate) is shown by the top curve , the

nunuber of cracks in the -45° plies is given i by the nuidd le curve and the

bottonu curve is the run nning crack count in the +450 plies , The gene ral

nature of this data is similar to the quasi-static loading case. The

nuruuber of cracks becommues stable (or alnnost stable in the case of the

+45’ ply at this stress ampl itude ) at sonue point in the load history .

Fo r th i s case , the num ber of cracks beconues stable after some nuuuuber of

cycles a t a constant load , rather than at sonue load level in an in-

creas ing load h i story . T he sta b le value i s reache d at about twen ty

thousand cycles in the 90° plies , at about fifty thousand cycles for

the -45° p l i es , and a tru ly stable value does riot seem to be attained in

the +45 0 plies for this load level and number of cycles of loading. The

stra ig ht l i nes shown on F i g. 18 are the stable values predicted (for the

two cases where stable values are reached ) by an analysis to be discussed

in a latter section .

Since a nuore universal representation of the data is had by using

crack spaci ngs instead of crack counts , the data in Fig. 18 is converted
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t o cran. k spat m y -  ur n F m y . 10 , (Th e  ordn’ rn m n g ot the e ur ~ u’s n t ’~ n.’ u st’s of

Ou n s~’. i , n ~n.’ V t ’ m , u m m uc i n g r ’ e a tn .’ n ’ ac c;nn -acy can be obta im ned h~ t a ki n g  the

data Os Cr,n~ k coum nts because of tine l a n -ye  ni unnuben ’ of c ra t  ks and the t a c t

t u na t t fln ’ c o u m u t i r n y of a c r a c k  is a b im n a n ’ v udyor :n enn t w h i l e  :- n.’a su n’ i ng a

n’ac~ spac imuq im nv o l yes e-n. perim uue nta l em ’ro m ’ for L’JL h c n’ack . We d i d  do

ennouy h of each to ho sure t inat ouu resul ts won -c cons is temut .  Of cour s e ,

co n ve rt ini g crack counnts to ra~ k spa~ m u g s  in n np l i es t i uat t iuere is oumly ont o

v a lu e ol stable cn ’ack spac m u g ,  i .e. , that c racks  eve mitua lly form i n ’ a

n -eo ; lan ’ drn ’dV e~Iu id i s tau n t f n ’ui; n.iuin.’ a unot i ne n’ . It i s  ; ‘n’ ec 1 se ly t h i s  t e r ndn.’u n cs

which cn-eatos the ‘ c ina rac t t ’ri s t i c  dau nnaqe s ta te ” tinat we nave mm nennti amin. ’d
0

b u t , of course , the spacing is not p r e c i s e l y  n’equlan’ the n- c being l oca l

variations in stn’ en n q t iu , geometric irn ’o y ulari ties amid other pertum ’hati onn s

~o used b~ the r’ oa l i t y  of tine s i tu a t ion n . We w i l l  pn’o~ ido a quan t i t a t i ve

ch~nn - a c t e r i : a t i o m n  of t iuese s - a r ’ i a t i onn s  at the e n d  of this sec t io m n . Tine - 

-

t ac t re mm nains th at tine crack cou n ts level  off ari d tine crack spa c i nnes - -

beconune constant for’ both quas i -s ta t i c  arid fa t i g ue loading because a

stable chan’ act cri sti c danmnaqe st at e does forunn cons i s t i nn y  of a un ique

r e g u l a r  a r ra~ of c r a c k s  in tine o f f — a x i s  p l i e s ,  This cha rac te r i s t i c

da um naqe s ta te  is dete n ’ u mn in ’med by tine mun a t en’ ia l  propert i  as , the ply or’i emuta—

t i o rns amid the st ack i m uy seq uen nce. Figures 18 ar id 1’-~ sinow another im nupon ’ t au ;t

fac t .  Ton.’ crack spac inugs (or nuun mnber ’ of cracks at tine s tab le  level )  nre

t he  sanue for’ tine cyclic loading as it was for tine quasi-static loadin g .

Hence , we conclude that the chardcteris Ic ~~~~ state i s a w e l l  def ined

i nuateriajjjanni nate), property i ndependent of loan .His~~~y.

Figure 20 shows three individual data sets takemu from f a t i g u e  t e s t s

of three Typo I lauuui nnate s . The crack spacing in the 00 ’ pl ies is plo t ted .

-‘ 
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fine on’di m a  to has Iueem u expa n ded commipa red to I ig. It ) Sn.) t iua t a hot te’r

percept n onn of tint’ corns i s tem ucy of time data can be oh ta i  ned . Win ii e so m ume

siuu a 11 var i oh I In t y us sn.’n.’ii m mm the data inn t ine early part of time t n - , ts ,

tine coins i s t enn ey of tin e s tab le  crack spac i iN corresponidi nn.i to tine cha r’ — 

a c t o r ’  u s t  in.’ n.l,imtiaqe s t a t e  us reim ma n-~ab ln.’ . F iyun ’ t’ 21 u s a s m mmii la m ’ p lot  for

tint ’ — 45 p i n e s , l ine s ainin. ’ n’enuiark s about corns i ste m ncy ca n be n n n~nde . Ut; ’

sa mm mt ’ yem en-a I beh,n v ion’ is observed fun’ tine ‘15’ p l ies I n’on uu tint ’ samume tinree

~1u~’~’ h um e rus sinownn inn I 1g . 22 . Tine *45” p1 in’s do not reacin ann equ i 1 i hr’i um mu -4

crack s pac i m y  f un , these t i nre t -  t e s t s  connduct ed at 40 ks i ( 2 7 5  .6 MPa) .  (Tine

spec i umue m n s were m e t  to ’ ;  ted  to  f a i l u re  - ) Tine test  data aga inn sinows good

comns i -
‘ t em m c y .

Tine Type II 1 aiim i m a  tes ex in ibi t tine sa u te type of ’ crack devel opnuuenn t in

tine sLu so tinat. tiney foniu m equi 1 i h r ’ium i u crack pat ter m s or c h a n ’ actu ’ n ’ is t ic  4
damnua qe s to t n’’~ as we m o v e  ca l led them nu . I u gure 23 sin ews ann ex amm ipl n’ of tine

observat ions em a Type II s) i e c i m u me n n dur i ng cyc l ic  loadinn y at 40 kn i (275.6

MPa) . Time t op cun’ve t ’ep n - e se nn  t s  t ine m n u m n mher of cr ’~mc ks inn tIne 90” p l ies

(average cut tine i m d  iv i dual n’ead I nnqs t’ ,’om mn tine two se inara to p1 i es onn tine

edge undo,’ obse’rvat ion ) , tine m mm i dn.1 1 e curve sinows the crack count t s for ’ tine

+45’ ’ p i l e s  arid tine bottonun cun’ve prese n t s s imi la r  data for ’ the ~4 5° p 1 it ’s

win i cli m ow a n.1j oh mu onne another a I onig tine s lut ’c m m m cm mm mi dp l ann e. Al 1 t iui’ee

o f f — a x i s  p1 li’-~ re,nn.;iu a s t a b l e  crack count , arnn. 1 a s tab le ( ,‘oq milan’) spat,’ tu g

of c r r n. ks IIS sinownn inn I ig . ‘-i. However ’ , tine nuuuuber of cracks in n e,nn hn

1 a,yer (am id tine u r’ uc k span. u mu g )  is very n.i i ff e n ’em nt t’u’ouuu I hue’ vo l ut ’s ol’su ’t ’vu ’,l

i nn - thin’ Type I spec im u m em ns win i ch di i tn-red urn ly in t ,rck i m g  st’n.lut’nuce ( n’n.’ca 11

that T y pe I iias a s t  an k i n n q  sequem nce ut 0 , ‘45 ,90] am id l vpe is arr’amnqed

i mn a 1,() ,‘ t m t , ‘ -15 I , ur’ den’ ) , Figures 10— .’’ sinow , for’ exann n~n 1 u ’ , t lua t tine

mnumu mhe r n ut n’ ,’an ’ks 1 m m 1 me ‘)u3 ’ ’ 
~ l ies  nnt ’ar’ ly doubles when we go f n’ouu m a Type
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I to a Type I I  stac ki nnn.~ sequennce. (Tine St ro I g u t  1 I ru es correspond to

predictio n s of c n-ack n.’ounnts fr-omit our- a u na lys is , discussed in a lat ten ’

secti orn . ) Tine di fferemnces are roost seuns I ti v ely shown’n by crack coun t

plots . hut cr-ack spacings are nmnor ’e easily commnpared to other data so , as

before , co use that repn’ n.’se m nta ti on hereafter.  For t he  90 ° pl ies inn

sev e r-a l Type II speciu u me n u s tine crack spacings are shown in Fig. 25. The

or ’ dimn at e is expounded fun’ tine purpose of assessi ng data consistency . It

is evide n t that tine crock spad ing at the stable condition is extre umuely

r’epr’o ducib le, Tine variabili ty in the early develop mm uental stages of the

dammuage is si mm up l y further evide mnce of the no mnu m niqueness of tinat part of -~~

the phenomumenon . The sa m mue type of data is shown in Fig. 26 for the +45”

pl ies of tine sa u te Type II specim um ens reported inn Fiq. 25. The nature of

the damumage state develop inuein t is esse n tially iden tical to that in the 90~
plies , except that the stable cr’ack spacing is very different front that

observed inn the 90” plies. The -45° ply data are shown in Fig. 27.

Again , the consiste mncy of tu e data is good arid a very stable crack

spaci n g is reached , creati n g a very well defined amid unique character ’istic

damage state for tinese l anm ui m nates.

It was intentioned earlier’ that darunage state deve lopnnemnt data were

generated inn two ways . The munost eff i c i en t and accurate  wa y of obta im ’u i m nq

an average crack spacing was to s im umply count tine total nuiniber’ of c r’ack s

in a given l ayer and divide by the spec iunnemn len gth. Because a large

nuuu ub er of cracks were coumnted front each l ayer in a given speciru nemn ami d - ‘

each crack involved only a binary decision (is it there or not), tine

crack coun t umuethod was very quick and very effective. It did riot .

however , provide any infor num ation regarding tine distribution of crack

64
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spac m ugs arud , tim eu ’efon ’e , did not reveal winether tine stable crack co um nts

ac tua l l y  c o rr - es po m nded to a wel l  defined crack spacing or not. To obtain

such im nfo u ’m nn a tio m n we took umue a su reu uuenmts of crack spacings d i rect ly ,  one by

omn e frounu a large  m nuumube u ’ of daunn age s ta tes.  The data are su mniummarized in

Table 7; histo g r ’ a uu ms of the observat ions are show n in Fi gs. 28-30.

Data fon’ i nnd i- .- idual speci um iem ns are shown to provide a perspective on

spec i mumen to spedinumen variation s as wel l  as on the var iab i l i ty  of crack

sp ac i nu gs w i th i n  a g i ve n s pecim en. T he values in pare n theses are da ta

whicin have heemn corrected for crack coup l i ng  by disregardi ng a crack

which r’esults from growth of a coupled crack in n an adjacent layer in the

crack cou nts. While the standard deviations for data takemn fromnu a given

specinuen are somumeti u nmes large , tin e data are co n s i sta n t , especially front

specimnmen to spec i nume ni inn tine Type II l am u n imnates. Conuparison with the

figures sh own earlier verifies that the two methods produce essentially

identical average values. The distributions shown in Figs. 28-30 indicate

a nuon-e or less normuma l shape ; a skewi n g to the low crack spaci n g side

with tails on th e high spacing side can be seen in Figs. 29 and 30 , but

the di s p lace umu en ts are not large. The ranges of the data are s igni f i can tly

lar ge , reflecting the coiunp lexity of the material and the local variations

in su ch  things as strength , vol ume fraction of fibers and geounnetry . but

the centra l tendency of tu e distributions is certainly well defined and

the distributions are well behaved .
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TABLE 7

STATISTICAL ASPECTS OF CRAC K SPACING OB SERVATIONS

Spec innen No. Avem ’aqe 9OC’ Ply Crack # 45 ~’ Ply Spacing ~45 0 Pl y
TYPE I M A T E R I A L

1-10 = .665 ( . 7 6 4 ) = i . -~o5 (2.20) ~ .722 (.789)
S.D .  = .207 S .D.  = .900 S .D .  = .300

N = 7 8  N = 3 4  N = 7 1

1-11 = .819 ( .819) = 2.96 (2 . 7 1 )  .soo ( .946 )
S.D. = .229 S. D.  1 .33 S .D .  = .347

N = 62 N = 17 N = 58

I-i s = .722 ( .738)  = ~ .24 ( 2 . s 6 )  = .~~02 ( 047)
S.D. .199 S .D .  1.15 S.D. = .2 74

N = 7 1  N~~~ 22 N = 6 4

TY PE I I  MAT ERIAL

II- 5 = .363 ( . 3 6 5 )  = .469 ( . 5 5 2 )  = .894 ( 1.03 )
S. D. = .12 3 S . D .  = . l4 ~ S .D .  = .299

N = 137 N = 105 N = 57

II- 9 = .32 ( .380)  = .53 ( .~~2 4 )  = .93 (1 .07 )
S.D. = .10 S. D.  .21 S . D .  = .38

N = 162 N = 96 N = 53

11-20 = .363 ( . 343 )  = .594 ( . 5 6 7 )  = .873 ( .908 )
S.D. = .142 S. D.  = .23 1 S .D .  = .358

N = l4l N = 8 6  N = 5 8

= average value of crack spacing
S . D.  = standard deviation of data

N = number of observations

~
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~u u-v e~ Tests on Comn~ ari surn Lamni ir na t e s

Two addi t i onnal ia mm u i m a t e s  wem ’e studied inn order to t - - ~ tabl I sh t in e

effec t of pa rammueters such as the in fluence of h uav i nuy two 90” p1 ies m u s t

to one another , aund the bebnav ior of launmi nates hay lun g (double) *i ’ p1 mc- -

urn the outside sun - t ac e s .  Th~ inn- p 1 an~e s t ress t i ~‘l ds amnd i nut e n m n u  r

St n-es ses were di fferen t frouun tine type I a mud I I I amnu l nat t~s , and t bu n p i n

used to mmma ke up tine 1 amuui na t e s  were di fferemn t. Tine muma t er I a] s~ s t  ui’ was

mun a inta ined c o m u st an nt.  A 
~~~~~~~~~~~~~~ 

(hereafter’ called ‘i\ pu ’ 1 11 ) aru d a

[90 ,,0,t45]. lamnu in a te (bnereafter called T y pe IV ) were chosen for t i n t -- u

s tud ies. The mn unnn he r ot tests of various types run 0m m these two i a m mn imna t e ~

was sm u ma ll er than the muunmbe , run oun the Type I auud II lamuui nates . (Abo ut

ten speci mens each of tine Type 111 amid IV were tes ted . )  The surve y

us ts wen ’e i ntemnded to estab l ish)  t ren uds and prt ’se mn t comm u pa n - i somn s w i t in

earlier results. Sommue imnte restin q co m ntn -os ts did eunuerge .

The Type III 1 annuinat e nnni g iut be expected u connnp are W i tin tine T~. pe I I

l aumni mi at e sin uce it differ’s omily inn that there are two 90’~ pl ies ju st

below the outside 0” plies rather tham i just onue . Howeven’, there is

consider able contrast inn the daninage states thuat develop. Tiu e pr edict ed —

and observed crack spa c lungs in tine two ianuin na tes art ’ l is ted inn Tat ’ ] e

8 for’ tine characteristic daumua ge stat e inn both cases. Tine crack

S ~ac I ng inn the Type (I I I auuuinate ten’ tune double 90’ pl ies is umuu ctn q rt -n te n

tha rn for tine rype II case • i . e . , tbnere ar- u nuu am ny umuore c r -1 c ks per nun it

lenqtiu in th e lami nat e whichu bias a s i nutu l e op’ ply betwee m n thu 0” ,m un d 45

p l ies  t ha nu there are in the double 90” plies of the Type 111 la mun ina te .

~i nice t ine 9O~ plies are in gui te s m m m i  b r  sun ’roumnd i m ugs inn t-sot in case s , t h e

~~~
- t th~ t the crack lenin t h is  twice r s 1 c un nq I m m one ca se wo o l d a ppe a r- t o

be the inmost inf luemut ia l  tact or - , i .e .  , a lo nu i ut ’r cra c k re la\es tine s t r e ss
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Oven’ a I oruger per in e nud  i cn bar di St auuc e froumu tbne crack t i p • other tin i mu gs

be i mug equal . Sum. hi a r-esu 1 t amnd conuc bus ion mmm i qiut have been anti ci pa t u ti

A somuuewhat less expected result was tine substa m utia l in cre ase inn crack

con u~ 1 i rug annd del aumu inn at ion inn tbne Type III 1 alumina tes cou mmpared to tine Tv ic

Ii’ s. For’ exanuuple , at 40 ksi (~ 1~ .b MPa ) amump litude cyc l i c  l oadimu t u (R

0.1 ), timer -c was complete amid s table c bna racter ist ic dain uage s t a te  fo n ’ umnat i oru

m u  the Type Ii la um minnat e . For tine Type III laumuirnate tine m’egular arrays

o~ cracks 1 mm eaci u ply timat we ideunti  fy wi t h  tine CDS bnad begun to be

dism -upted by c rack  growt bn at about 800 ,000 cyc les at t iuat stress lev el ,

at least inn tine senns e that nanny cn a ck s in tine +45” plies wen’e coupled to 4

Lrack s inn the double 90~ plies . A sci neumuatic diagramun of tinat situation

is sbuowm n inn Fig. 31 . Tbne observed cn’ack spaci nug is snumaller mi  the up’ P
plies tbnan is predicted by our ann abysis. It appears tn’ ounu tine an alysis

arud  f r~ mn our obseu ’vation s , that c ,-ac ks in the +45 ” pl ies grow im nto tine

up” plies , a) thoug in it unnay be that somume other coup) i mg process occur-s .

If c r a c k s  inn tine double 90~ pl ies grew into tine 45C plies , the observed
Ii

spacin g inn the 4 10  p1 ies would be expected to be l ower thuan tine am na lysis

predict iorn . The fac t thuat such a di scr e pam ncy exists in tine 90 ” pl ies .

alon g wi  tin tine t i ,  t -~ t inat tine cracks in the 90’ s becoumue m ’ at i n e r - irregu lar-h

spaced in n th e case c i t e d  ab ove and t i u t ’ cracks appear (froumm our’ rep l ic a tiorn

stud ies)  to have qrownn fr~ uu tine ‘‘15 ° pl ies into tine 90~ plies leads uS

to suspect that qrowtiu muna y be occurn ’ im ng that way , at least inn som mue

cases.

Anot iner interesting commnparisoru is the strem ngth of Type II and III

laumu inates. A ltin ougiu we have relatively im ncomnclusive data (due to on ul ~

a 1 imnuited mnuun iber of u ltiumuate stremu gtin tests) it would appear tinat t ine

ultiun iate stren nytbu of tine Type III l aumni n uat es is low , especially inn coumupa r i so uu

to t 1 n’ Type II l ai mmimnates , F i g u r e  31 shows another aspect of qn’owth inn
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the Type III la m n u inuate s that is peculiar to themmu . There is a considerable

aunuount of interf ac ial or imu ter l ammu in n a r cr ack growth amid crack coupling ,

especially for tbnis rather ’  low stress level. A significant percentage

of tine ,4 5 0  intem ’tace is cracked due to cracks in those two layers

coupling together by that nuechanism .

Perhaps the nuost unusual m ew type of behavior observed in the

daumuage deve bopnmuent in the Type III specimens is crack formation in only

one of the double 90° pair’ at some early point in the load history . 
-

‘

This type of behavior was only very rarely observed in the other l anuinate

types . When a crack fornns in one ply of ~n adjacent identical pair it

virtually abways extends across both plies for the other laminate types

studied . However , for tine Type III case cracks in one of the two 900

plies were observed to form independently of the other ply in a signif-

icant nuniber of cases , usually at some discontinuity in the ply such as

a muuatr m x rich region or irregular’ ply boundary . Of course as loading

co n tinued the crack spread into the other ply to form a crack through

both 90° plies in tiu at location. However , this behavior contributed to

irregularity of tine crack spacing and acted to increase the number of

cracks since it was found that when a crack in a single 90° ply formumed

alone , often a crack in the adjacent 90° ply would also fornn alone sonne

short distance away. Rather than couple together those two cracks

— 
usual ly spread across both plies fornning a pair of parallel cracks quite

close together which disrupted the oth erw i se re gula r arra y of cra cks

that fon’uuued tinroug hn bot in plies essentially instantaneously. These

parallel pa i rs amid the cracks coupli in g with cracks in the +45° plies are

tiuouq int to be tbue principal reason for the observed CtuS spacing beinng

suuu all er thamn the pr’edicted value in Table 8. Further’ data gathering is
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needed to resolve this point. Imn sumunn nnary , the Type I I I  la num in ate s a ppear

to have a higher degree of crack coupling and growth through the laminate

thickness and a correspondingly l ower strength .

Tine Type IV l aunuinates are also very different. The 
~
902’0’~

45
~s

stacking sequence of these launminates isolates the cracks in the double

900 plies. No growth of cracks frounu the 90° plies to the 45° plies , or

the reverso , can occur. As a result , the crack spacing in the 90° plies

is very stable and very regular with variations usually being clearly

traceable to surface irregularities or other local causes. The analytica l

prediction of the COS spacing in Table 8 is quite satisfactory , even

though the spacing is a very unusual value , the second largest value

observed in any laminate tested. Another result of the constraint on

crack growth appears to be an increase inn strength , based on our linnited

sample size. It is also interesting to note that for quasi-static

loading the ±45° plies fornnn very few cracks. In fact in some cases it

is difficult to find any . This is further evidence of the influence of

crack formation inn one ply on that in another.
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SECTION IV

MECHANICS OF THE “CHARACTERISTIC DAMAG E STATE”

As we noted in the earlier sections , dur i ng the course of our

investi gations we have made a very startling discovery regarding the

transverse crack formation process. We have discovered that each lanuinate

(i .e., each unateria l and stacking sequence) has a completely unique

— characterist ic dannage state (CDS) that it creates by forming cracks with

an essent ially regular spacing in each off-axis layer of the )anninate . - -

The crack spac ing in each off-axis ply is determined by the properties a

of the cracked ply and the properties of the neighboring p l i es , as well

as the properties of the laminate. The same plies stacked differently

w i l l  have a d i f ferent  spac i ng of cracks.  We have come to call th i s

s i tuat ion the “cha racter i st ic  damage state ” of a given l anninate . It

has the following properties and attributes.

1) The character istic damage state (CDS) depends only on the

laminate properties , including the stacking sequence , and

is independent of extensive variables such as tensile load

history or geomnnetry .

2) The CDS is a unique , distinct , well defined physical situation

wh i ch can , therefore , be descri bed and modeled analytically.

3) The COS is the stable damage state that forms prior to failure

and has the same significance , in that sense , as the single

crack in a homogeneous material.

We noted earlier that the number of cracks seennus to reach a common

maximum as quasi—static loading occurs. As we also noted above , the

same stable nmaximu rn is reached under cyclic (fat igue) loading. The CDS
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is stable in that once it has formed no new transverse cracks form

independently in the off-axis plies. Quite close to failure of the

spec iummen cracks do couple up and spread from ply to ply as we will dis-

cuss below , but the danuage state fromnu which final fracture develops , the

CDS, is stable up to that point.

The discovery of the CDS is a recent finding ; the generality of the

con cept has not been established. However , the local mechanics of CDS

formniation has been examined and some apparent progress has been unnade in -
‘

un derstanding and representing the physical situation . Reifsnider has

postulated a simple nuodel which can be used to predict the CDS for any

la mninate . Comparisons of those predictions with twel ve cases for which

experimental data is available shows very good agreement (see Table 8).

The success of the situ ip le nnodel suggests that the principles it is based

on are valid. The nuodel utilizes an equilibrium elennent approach. The

cracked ply (or plies) is represented as one elennent in a plane con-

taining tine thickness and longitudinal directions of the laminate as

shown in Fig. 32. Neighboring (uncracked) plies are represented as

elements , and the renna i nde r of the la m u mi nate i s re presented by an ele nnnent.

Each elennent has one dependent variable, the average displacement.

Axial  and shear forces are summed up for each elenmuent and boundary

cond i t i ons are set , result ing in a systemmn of coupled equations to solve.

Solution of these equations yields a rough estimate of the stresses in

the neighborhood of the crack in the thickness-length (x,z) plane .

There is one parannueter in the mode l , the length over wh i ch a gradient of

shear stress exists between l ayers , which ummust be estiunnated based on

experimental observations of deformation fields. The basic premise that
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is used to pr-edict the COS froumu the anal ysis is that the closest distanuce

at which a ruew cr ’ack camu fo nmu is detenum inned by that distance fronmm an

ex i st i ng c rack a t w in i c in the stress i nn the cracked p ly reaches the undisturbed

value whui c h caused the first crack. Hence , that distance represents l ower

boun id on crack spacinug. When tinat spacinn y is reached a stable CDS is

formumed . The mmmanmner in which the stress is tramnsferred into the cracked

ply by tine s m ear  stresses exer ted by the mneig inboring uncracked pl ies

detenun ines tinis cinar’acter istic distance. A brief exanup le of these

calculations is givern below .

We imumagine a schemmnat ic representation of the [O ,’45 ,9O]
~ 

launuinate

situation sbnown inn our earlier figures wherein two 90” p l i es are cracke d ,

but no further’ damumage propagation has occurred (see Fig. 32). We assume

that tine constraint l ayers next to the crack have ann orientation of a

de grees to t he loa d ax i s. We fur the r assu nne that the d i sturban ce cause d

by the broken l ayer’ does riot extend beyond the first constraining

(unbroke n ) ply on either side of the brokeni ply. Finally, on the basis

of experiumuental observations we estiummate that any gradients in response

from ply to ply occur’ over a distance , b , wh i ch exte nn ds one twen t i e th  of

the pl y width imnto each ply , or about the thickrness or one tow or

bundle on either- side of the ply interface in the case of graphite epoxy

for exanup le. - 

-To consummate the an alysis , we envoke an equilibriumum element approach ,

a method which is as old as the discip l ine of umuechanics , and w h i c h  as

been app lied to other problems in composite nnaterials by other investiga-

ters [7 ,8]. Referring to Fig. 32, we cons i der the equ i l i b ri um of an

element dx long, two ply thicknesses wide , and of unit thickness repre-
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sennting tine region iun ~m ue d iate 1y above or below a crack in two 90° pli e s.

A siunup l e force bala n ce cam than be writte n including only stress comnupon-

emits thougiut to be inmmport ant , two shear’ stress connponents on either side

of the elem m m en nt representing tin e action of the constraint layers and an

axial norunmal stress conuponenn t within the eleumnent in this case. The

resultin g equation is

u -u I-

aE ,, 29- -~ ‘
~~~ ‘— ~~~~ 

~~ = 0xYO dX 2 ‘ ‘‘ b

whem’e is the um n i axial e n g ineering stiffness of the 90° pl y i n  t he  x

direction , G is tine eung ineeri nng shear stiffness of the umuatr ix mumater i al ,

U90 is the average X d isplacemunent of the 90 ° ply at a given point , and

the stress transfer reg ion dimmuension b has been used to write the con-

straining forces in difference forunu . For the constraint layers , an

equil ibriunum eleumment can a lso be constructed having width c annd axial

displacement U2 as shown i n Fi g. 32. The resulting equil ibriunu equation

is

d’U
cE

~ ~~~~~~~~~ 
+ 

~ (0 90 
+ U° - 2 0 )  = 0 ( 2 )

where is the uniaxial eng ineering st i f fness of the const ra i nt layer .

0° is the undisturbed lam nuinn ate d i s p lacenuent and U,~ is the average dis—

placenuent in the constraint layer. We choose to r’m orma lize these equa-

tions by tine definitions

1 E l
U = ~~~~-~-~-)2 au X = (~~~

-
~~~)~~~ 

ax ( 3 )
x

where is the laminate uniaxial stiffness and °a i s the lamin ate appli ed
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stress. Equations (1) and (2) then take the form
2 2d u  d u

A ~° + u  - u  = 0  and B— ~~+ u  ± x - 2 u  = 0  (4)
dx 2 Ct 90 dx 2 ~~ a

whe re

and B r b
~

for th is case. The boundary conditions require that the disturbance die

Out at la rge distances from the crack and that all stresses with normal

components van ish at the crack face. We also require that displacement

components vanish along the V ax is  in all unbroken plies . The analytical r
statement of those conditions follows .

(5)

do

~~~ (x = 0) 0 u (x = 0) = 0 (6)

Solutions to equations (4), as well as a large class of sinn ilar equations

are easily obtained and are availa ble fromun such familiar situations as

the coupled oscillator problem . For our purpose we choose solutions of

the form

090 = x + C 1 e
”°’ + c 2 e~~’~ (7)

U = x + D 1 C1 e~~~ 
+ D2C2e

”
~~

as found in reference [8]. These are solutions if the auxiall ary condi - 
- 

-

t i ons
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5- 1

0 = l-A ~~ 1

= I -A 

_ i ,~~ 
~ 2~~ 

[B 2
~ 4A~ ]2 2 (8)

are s a t i s t i e i .  Bo uumd,n n - condit io n s (t~) also require that

- 

-0~ 02C 1 - C2 = ( o )
1 2 1 2

It can be see m t inat 5ounid ~ u - v conud i t ions  (5 )  are au tonmnat i ca l lv  sa t i s f ied

by equatiouns ( 7 ) .  The systemmn of equat ions (7 - 0 )  then provide the commmplete

solut ion to tine problem m n.

Each ply in eacin lamnuin a te requires a new solution of coupled equations.

,-Them m the p l ies on either side of the ply bei mng analy :ed are dif fem -ent from

each other t inree coupled equat ions rather- than two mm m u s t be so lved and new

aux ia l la m ’y  equat ions w i l l  devel op. Also,  tine equat ions take ann sommmewhat

d i f ferent  fornmns w inem n a f m - ce surface is emncounter ’ed . Lanu inn ates of

an - b i t n - a r ’ v type ca m be easih an aly zed , howeve r , and characteristic

dar a~ e s ta tes  can be predicted for al l  cases .

To calculate this spaci n g we nneed on ly solve fo r the stress in the

~O - plies , in tine presemn t case. and dete rnmi m ne the distance required for

our’ normmma l iz ed s t ress to reac in the value of approxinmate l y 1. For the

p ’ e s e u m t mmn a ter ia l  we use a 0.30 nmmnmm . b 0.015 mum . C = 0. 15 nun ,

E = 0 . 17  GPA , E = l-L~.7 GPA in the analysis.  A plot of normalizedx 0
stress verses normalized dist am nce fronnm the crack face is showmn inn Fig .

33 for th is  case. In or’der to establish a value of x at w hich  the

stress reaches the undistur ’bed value omne umnust either pick a discretion-

a rs value off of the plot or returnu to tine equat io n s and s e t  a spec i f i c
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value of the normalized stress. In the interest of precision , the

la tter was done for the data below; a value of 0.999 was used as the

normalize d value of stress at which a new crack would form . (Since the

func tion is asymptotic it was reasoned that the material would not wait

for the m i n i scule difference be tween , say , 0.999 and 1 before breaking .

However , the choice does not affect the validity of the concept.)

The resul ts of th is calcula ti on , and others , are shown i n Ta b le

8 alon g w ith the spac i ng values measure d ex per imentally . The ex peri-

mentally determined values are expressed as the range of values included

within one standard deviation above and below the average measured

value . Both static and fatigue data are shown for the third entry in

Table 8 which corresponds to the calculation described . It can be

seen that the predicted value of 0.76 mm falls well within the range of

experimental values for both cases. However , this regular spacing of

cracks is observed in other situations. If the simple model postulated

above is valid , it should describe those situations as well. Table 8

shows several calculate d characteristic crack spacings compared to

experimental observations. In genera l the agreement between the predicted

and observed crack spacings is close. The range of predicted spacings

i s large , covering a mul tiple of about four between the l owest and

hi ghest values. Of all predictions made to date none appear to be

unreasonable in lig ht of our experimental data .

Figures 34 and 35 show the predicted characteristic damage states

for the Type I and Type II laminates , along wi th a tracing of the observed
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dalilaqe s t a t  t ’ s  - The obse rved st a t e  for  ~~~ I l aiiri i i1i t t ~’~ s ShOW n by t he

typical  pat tern on the top of I I q. 34 and the pred 1 1  t ‘.51 s t a te  i s shown

OH the bet torn . The basic features are fa i tht ul ly rt pi’odu ed by the

a n a l y s i s .  F igure 35 show s the same type of compar i son for a Type II

I ainina 1 e . As I do from the fact  that the a na lys is  appears to predi t the

I 1~ we ] ]  in both ca ses , it is important to not ice how different the

ddi~J c T O s t a t  ‘.‘s are when the • s ta Li rig sequ enLe’ , on l y , is changed. The 90

p 1 ~es f o r  ex am ple , have nea r ly tw ice  the dens i ty of c r ack - . in the Ty pe

11 IcUiilndtL! as t 1mev do in tile Ty pe I coni igurat ion - Th is d i f ference

m ight be ‘ . ‘\ Iec ted to produce a d i f f e r e n c e  in p roper t ies .  It is , in

a~ t , so . T u e  st  i en (j t h  of the Typ e I laminate , for ex ample , i S  (011-

S i  s t e nt ly  lower than that of the lypt ’ II immater ia l  ( de l d i n i n a t  ion of the

f v p~ I lam inat es nay cont r ibute to th is d i f f e r e n c e ) .  T rat i s~ e rst ’ ia ~ Ls

a lso ,‘educe the laminate s t i f fness so that a di t t t r t nce iii ra. k d e n s i t i e s

w i l l  also mean a difference in stiffness change . l inal ly, during f a t i g ue

loading at stress levels of half the ul t imi i ate s t rength up to about two

thirds of that value , the CDS of the 1 ami nate usual lv (level ops t aI r]  v

c omp I e tel v - It becomes , then , a well  de ii ned damage st a t  e which can be

mode l led carefu l ly  and a c c u r a t e l y ,  a state which coil t rol s the s t a t e  of

S t reri ’ .j t h and s t a t e  of s t r e ss  from which the final f rac tu re  eve nt develops.

Hence ,  it Is very desirable to be able to predict the  CUS for arbitrary

laminates . It would appear that even tile very simple analysis discussed

above can capture the essential features of the COS , at leas t  t a i s i ng

the poss ib i l i t y  that we can antici pate the fatigue damage s t a te  for any

laminate. The general i ty of the method is suggested by the compar isons

shown in Ta ble ~ and by the predict ions shown by the s tra I qht hor i on t a 1

- -- ..~~ - - - - ~
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F igure 36. Schematic diagram of the cracked l aminate
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_

l ines in the figures of the previous section . The model has been tried - -

for a variety of widely different cases including plies on a free

surface and plies having drastically different surrounding s. Agreement

with observations has been qu i te good.

Al though the one dimensional analysi s is very convenient and

instructive , the details of the mechanics involved in crack formation

an d espec i all y crac k growth can not be extracted from suc h an anal ysi s .

The precise nature of the stress field in the neighborhood of a crack in

an off-axis ply will determine how that crack grows into the ~t ply, 4

or along the ply interfaces , or coup les with other cracks , or partici-

pates in a laminate fracture event. The mechanics of these important

aspects mus t be inv estig a ted by means of a more general and more precise k
ana l ysis scheme . To investigate the nature of such stress fields in

composite laminates with internal cracks transverse to the direction of

loa ding the following model was developed.

It is assumed that the laminate is infinitely wide , and that the

cracks ex tend across the width . Therefore , the stresses are i nde pen den t

of y (Fig. 36). The equilibrium conditions then become :

3o
+ __

~! =3z

+ —s- = (10)

:4 1

+ ~~~~~~~ = 0x .)z
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~c _ ts d on th is  a ss u mmmp t  ion , and with the a id  ot the coristi t ut  1 \ c .

1 c_i t  iori~ t or t1ie mater ial s~ steH under con ~ 
j de’rat (III , ~he dependence

~t the d isp 1 aceme n t s u , ~ and w ( in  the x , and di re~ t i oils re’~ pt ’c -

t i • ‘1 ) clii be determined ana l  y T i  c a l l  - Account  i r ig f o r the syiiune t ry

c _ e nd  It io ns , the tu nL t i onal forms of these displacements are found to be:

u ( x , y ,~~) U(x ,:)

v ( x , y , : )  = ~~~~~ ~ Is (11 )

= W(x ,~ )

The co n s tran t , C . represents the normal strain in the y direc t i  on.

Due t o  t h e  s~~nne tric nature of the problem , Equations 10 need only be

so1~ ed w ith in  the f i r s t  quadrant of the x — : plane . A numerical so lut ion

to t tlest’ equations is obtained by expressin g the stress components in

t e r r i s  ot the displacements , and employing a f i n i t e  di f ference discre-

t i ~ at i on  scheme . This way , Equations 10 are reduced to a set of coupled

linear algebraic equations in the unknown nodal values of U , V and W

that must be satisfied at all nodal points of the finite difference

grid. Fo r improved accuracy nea r boundar i es , Equations 10 are satisfied

not onb at all interior nodes, but also at the boundary nodes . The

resultin g unknown fi ctitious nodal values outside the physical domain

are evaluated with the aid of bounda ry conditions discretized by central

d if ferences.  These a re :

U(L,z) = U0 (la)

V (L,~ ) = W (L,~ ) = 

0 I



- -

=~H~=~ 2 ? r O °

x~~xr0 
,,x x-0 .,x x-0

o ,(x ,t) = ~,(x ,t) = t ( x , t )  = 0 (15)

When a t r a nsv e r - se crack exists in the y -~ p lane , conditions 14 are

replaced by

L xy (0~~ 
= = 0 (16)

over that part of the boundary where (S1 or S2). A complete mathematical

treatment of this formulation is given in Reference [9].

Some of the stress distributions in damaged laminates obtained by the

use of this analysis are presented in Figures 37 through 57. Two quasi-

isotropic , graphite -epoxy laminates with the same constituent l ariiinae ,

differing only in their stacking sequences , are cons idered . These lamin-

a tes have [0°i c4S°~
90°]s and 

[00 ,90~~, *4 5 0 ]  s tack i ng se quences , referred

to as Type I and Type II ~ain inates , respectively. The applied strain

values for all exam ples discussed here are :

= l0~~ in/in

and

= -2 x io -
~ in /in

where and are average globa l quantities.y
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inc rease in the ax i a 1 normal stress wh Ic ii was seen to be a lniios t und i s —

urbed by a nq ’ p1 ~ fai lure alone , lo t - t he  Type II lainn inate , the a x i a l

norriial st re ss increases by about 7t~ - in the — 4 5 ” pl y and by i~ .. in the

0~
- pl y.

While Figs. 39 and 40 show elevated normal stress values in the

neighborhood of a crac k , ~is expected , F igs - 41 and 4.’ sh ow stresses that

wets’ entirely created by the prese n ce of the crack. As the crack faces

separate a 
~~~~~

. stress develops, a so- called int er laii iinar shear stress .

[ -s ce pt for edge req ions, such a st ress would normal ly not occur in the

laminate m i  ter i or. However, when internal transverse crc _ ic ks form in

ind iv idua l  pl ies t hese st i - es s es appea t- . They are e- .pec i a l ly  iiiiportdnt.

i n  the conte x t  of c t - ac k  coupl inq arid delamination riiodcs of crac k growth .

Ill the presen t cast ’, the inter laniiinar s t ress  at t h e  ‘ 45” ply i n t e r f a c e

(where delamin ation frequent l~ occurs j ust  prior to fracture ) is g reater 
F

in ma gnitude for the Type I 1 ami nate. It happens that the Type I material

forms a prefracture pattern invol ving the ‘45 ” interface , c lear ly shown

in Figs.  11 , 0 , K . The Type II niiaterial forms no such pat tern . Wh i le

we cannot say that this difference in behavior is direct ly a t t r ibu tab l e

t o  this di f ference in stress states it certainly is consistent with it.

This  contrast is further supported by Figs. 43 and 44 . They show dis-

tr ibut ions of t h e  interlaminar stress as a function of distance frorii the

ci -ac k t i p  in the ax ia l  d i rect ion . It is seen that the calculated values

ne a r  the t ip are f i f ty  percent greater for the Type I laminate , and at

a distance of one half ply t hickness away they are more than one hundred

porcent greater. It is qui t e l ikely that suc h a di f f e rence i s  ref lected

iii phys ic a l  behavior. It is a lso  well to notice that , consider ing t he

100
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loading, the magnitudes are signif icant ly large . Figure 45 shows the

ax ial distribution for the Type 11 laminate at a point just ahead of the

F crack t ip . The symmetry p lane br i ngs the stress to zero d irectl y ahea d

of the crack , but the build -up is rapid in the axial direction and is

very dependent on crack length.

Fi gures 46 through 49 show distrib utions of another stress component

tha t i s completely absent in the lam inate i nter ior in the uncracked

s it ua t ion. When transverse cracks form , and open up, the tips attempt

to “pull away” from the ply interfaces where they terminate . This

action produces a through-the-thickness (or) stress in the interior of

the laminate which is tensile near the crack tips and compressive along

the centra l reg ions of the crack face. Figure 46 shows the situation

for a Type I lamin a te with a crack in the double 90° p lies in the center

of the laminate. The magnitude of the stress is not tr ivial , and is

nearly twice as great as those shown in Fi g. 47 for the Type II case .

Of course the crack in the 90° plies of the Type II laminates is only

hal f as l ong as the one in the double centerline 90° plies of the Type I

laminates . When the crack spreads from the 90° plies to the 45° p l i e s

adj acent to them the o~ magnitudes increase , as shown in Figs. 48 and

49. For the Type I laminate the magnitude is now nearly 1500 psi (10.34

tiPa) for our applied strain of 0.1 percent. At design levels of 0.4 or

0. 5 percent strain the interlaminar normal stress would reach 6 ,000 to

7 ,500 psi (35.34 to 51.68 MPa ) which may well be high enough to cause a n

interlaminar fracture and separation .

The importance of these interl aminar shear and norma l stresses

arises from their contribution to the devel opment of the final fracture
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At load l e v e l s  w i t H i n  ~ few en -
~~’ ni t  of u l t ima te  str € -niq th in a

~iuds 1 - - t a t  Ic test , or af ter  a l F  r ; ’ - n or LF L’ r of cycles of loading at

t t S  1~~~ ls tha t w i l l  u l t i l i d t e l y  produce fracture in a fat i gue test ,

t H e  c h a r a c t e r i s t i c  damage s ta te  (CDS) oeqi r l S to break down due to tHe

g row th  of c racks  t ro  one pl y to the next accompanied by long itudinal

i n ig and del am in ia tio nl . The t r ansve r se  L i - O L L S  in each ply that

I or - - ed  the CDS f requent l y couple up w i th  cracks in nei ghboring plies to

torn a continuous , non-planar cra k through part or al l  of the th ickness

~t the o f f - a x i s  p l ies .  Since cracks in adjacent p l ies are rarely located

at ident ica l  pos i t ions along the length this coupl ing process involves

cr ac k ing  along ply inter faces (de l a r i na t io n ) and , in some cases , longitu —

dinal c ra ck  growt H wi th in  a pl y. These lon oi tud inal  ;rowth modes are

thought to be the result of the interla m inar sile ,i r and nor - i- a l  stresses

d i s c u s s e d  above and shown in Fi gs. 40 throu qh 4~ . Examples of crack

coupling and long itudinal cracking are shown in Fig. 50. The nature of

the longitudinal growth is a lso dependent upon stack ing sequence as can

be seen from the fi gure. The stress f ie lds that are present during this

growth are also dependent upon the stacking sequence as evidenced by the

dif ferent CDS that develops in each case. In particular , the state of

stress and state of strength created by the stable CDS for a g iven

la r : - inate controls the subsequent crack coupling and growth leading to

the final fracture event. This is the present frontier in this area of

invest igat ion.  We have not yet establ ished exactly how the CDS evolves

into the f inal fracture event in a rational manner , although we have

considerable data which describe the evolution.

Some insight into this evolutionary process can , again , be obtained

from the stress anal ysis of interior cracks , by considering the case of

ill
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a ~~~ k wh n~ h i a ,  t ’\tt’nded t lni’ouqh the enit I n e  t h i 5  knn ’-~’5 of o f f — a x i s

p 1 I t ’s • 1 - . , cnn 1 t h e  ~~~~ ‘i(’g~’1’~’ pl ies l-ema in unbroken . H~ st ’d on our

I’ x per iinen t a 1 dat a , and n - n t  her s 1 1 1 1 1 1 1 0  1 eq i c • ‘5u’. h a s t a t e  is the last

w e l l — 51e t ned 1 cu d i t ion pn’ t ’c ed intl fractur e in a t enis l ie t ( ‘ S t .  ii gu m ’  51

-
~ row s t he d 1 st ~- i hut iou of ’ I In’ a \ 1 ,1 1 no nina 1 s t i t ’ , s ahead of what we shall

cal 1 a t hrou q h— ( t h e  ot t —ax 1 s plies) crack a— S the t i p  ent ers the .‘ero

dt ’qree p l~ . Lgu iii bri um requ ires tha t  the area under the two di st ml but ions

be the same . The I ype I lanni nate has a hi qhen’ st  mess near t he crac k t ip

and I cwt ’r s t r e s s  awa ‘~ from the tip. I f one makes the interpretatiOn

t hd t  S W _ h ,1 state of stress might cause the crack to propaqate more

rea dil y than the 1 -5’pe I I  d is t r i but i on , sin ce the stress near the cnac k

t i p  is  g rea t  or , then one w ould prod I c t that the Ty pe I lam ina te  has

1 owe ’r u it i mate st men q t h . The cx per i iien t a I dat a show that the Type I

1 a i n i n a t e s  do have consi s t e n i t  lv lower s t rength under both quasi — s t a t i c

and f a t i g ue  1 oad lug , u sua 11 by about s I x to f o u r t e e n  pe t-c eni t - Of

cou rse , as we have pointed out earl i en’ , the Type I laminate a 1 so dcl am I —

na te  s whit h ma ‘~ a 1 so i,_ on t n- i hu te to  t he less em strength (4 ) . H o w e v e r  • we

have been unable to di n-cc t 1 y associate the mechan i sni of del ami nat lO l l

with the incc h~ui I sin of ac tua l  fracture mi these I auiii nates . ana lyt ical ly

or exper im e n t a l l y .  W h i l e  delamination is much more ex tens ive during

f a t  I quc load I nq than during quasi - static 1 oad i 11g . the strength (or

res idua l strength ) di f ferences appear to be more d i rect ly  related to the

L 

fac t  that d e l a n n i n a t  ion creat es a serious d iscont inu i ty  along the length

in the req ion of the t 1nbs t,or qn- i ps)  and Increase s great ly the i l i C  i dence

of t j 1 ’ i  p — n ’ e l ated fa il tire .

The inte,’ laminai- shear s t r ess  ( t x .  ) di stri hut l OuiS for the “through—

c,’1nck “ a me shown in I i q . 5~’ for the Type 1 1 am i nate . A Si ml 1 ar pat t cmi

1 1 ,~
4

- --
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Figure 51. Through—the-thickness variation of ahead of

the crack tip for complete off-axis pl y failure .
(After the crack extends into the 0° pl y.)
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deve lops for the Typ e 11 a Se . The s t r e s s e s  near the c ra~ k t i p  u-each

more than 2000 psi (1 3. 78 MPa ) (co un pa red to abou t I 2~’5 psi (~ 44 MPa)

for the Type II laminate ) for ou r 0. 1 percent ax ia l  strain loading .

These st resses are qu ite large and more than enough to cause local 
—

matrix fa i lure at design loads. If longitudinal cracking were to occur -~~~

the axial s t ress  distr ibut ion ShOwn in Fi g. 51 would be altered , pre -

sumably lowered due to the ‘blunt ing ” ef fect .  It should be emphasized

that the differences in the s t resses which develop for a throug h-crack

in the Type I and Type II lamin ates is due entirely to the difference in

the distr ibutions of c o m p l i a n ce acros s the crack faces (due to dif ferent

stack in g sequences ) which causes differences in the manner in which the

crack faces deflect under load , and consequent differences in local

stresses. Hence , whi le the stacking sequence does not influence the in -

plane st resses for an undamaged laminate , it can make a signif icant

difference in the in-plane values (as well as out-of-plane values) in

the damaged condition . In the present case the l owest stresses in the

local reg i on adjacent to the tip of the through-crack in the unbroken

pl ies are produced by having the stiffest off-axis plies (in the long i-

tudinal direction ) positioned nearest to the center of the through-crack

and mos t compliant plies next to the unbroken l ayers . This makes the

broken material di sp lace more like a “boot- in-the -mud” and less like the

class i ca l crack i n a brit t le mater i al.

Another interla m inar stress component is shown in Fig. 53 for a

Type I laminate. The c~ magnitudes are quite large and, as mentioned

earlier , contribu te to local m atrix cracking and longitudi nal crack

growth. The corresponding contours in the long i tud inal di rect i on are

shown in Fig. 54. The Type II contours are quite similar. One must
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retnuember that these large stresses are in the interior of the specimen ,

not at the edge , i .e. , they will occur for all such laminates in the

damaged condition regardless of geometry .

The final observation dealing with our pre-fracture “through -

crack’ situation is made from the data shown in Fi gs. 55 and 56. Those

plots show strain energy distributions in the unbroken 00 plies of Type

I and Type I! laminates with ~l1 off -ax is plies broken , as well as in

the broken plies. If we consider the 0” plies only we find that , in the

tota l length shown - about three fourths of a specimen thick ness in

a xi al length — the total stored energy is greater for the Type II mater i al

than for the Type I laminate. The concentration of strain ennerqy at the u

“ crack t i p ” is also larger for the Type I I  case .  However , the s t ra in

energy per - un i t  lenq th of to ta l  00 ply cross sect ion near the crac k

positi on is larger for the Type I cast ’. For the cross sec t ion directl y

ahead of the crack plane it is about sixteen percent Iarqe r . w i t h  a

similar difference along a distance of a pl y thickness or so alon g the

I ongi tudina l direction away fr om the crack face. S 111cc there is l i t t l e  
t

evidence that “c rack tip ” local stresses contro l the fracture of 0’ H

plies , arid it is generally accepted that some re gi on in front of a flaw

tip is collectively involved in strength determination , our- re sults

suggest that the Type I stackin g sequence should he ~ess strong because

of greater stra i n) energy dens i ty  in the flaw—related Q0 ply cross sect ion

if that quantity influences fracture . This is consistent with ean ’lior

results and with our data.

We have , by no means , determined the complete picture of the mechani cs

of i nternal f laws . Perhaps the most obvious need is for a t t e n t i o n  to
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the p ro h l  em ot long itudin a l r-a~ ki rig. However , our under’s tandi ngs of

experimental results and our ab i l i t y  to an t ic ipa te  unfamil iar  response

~1as been enormousl y enhanced by our st ress analys is  of the dama ged

state. As an aside to these remarks, we add the note that we have also

ca l cu lated the ax i a l  no rmal stress d is t r ibut ions in the va r- ious cracked

p1 it ’S for both Type I and Type II lam inates to check our one-dimensional

t r e a t m e n t  described ear l ier , used to determine the charac ter is t i c  damage

s ta tes  for - a rb i t ra r y  laminates.  Fi gure 57 shows such a plot for a crack

in the doub le 900  pl ies of a Type I laminate.  The essent ia l  de ta i l s  of

the distr ibut ion are the same as the distr ibution obtained from the

-i m pi ified an alysis an d , most impertant l y, the predict ions of the CDS

c r ac k  spacings di  tier ’ on l \ s l igh t ly  for those cases examined. Con-

sidor ’in q the objectives of t he  CDS predic t ions , such added cost  and time

and etfo rt may not be just i  fied for that purpose.

We a lso add that the f ini te dif ference scheme has expunged the

elastic singularities that would be predicted at the crack ti ps and at

t rot ’ surf ace interfaces by a closed form e las t i c i t y  ana lys is .  Since

ph y si c al evidence of these s ingu la r i t i es  is d i f f i cu l t  to obtain , a loss

of their - a n a l y t i c a l  descr ipt ions is judged to be tolerable.

We also note that delamination is not included in our’ analys is

at the CO S. The Type I laminates did delaminate because of pos i t i ve

through-the -thickness stress (k ’ ,) for tensi le loading. The corresponding

stress distributions are given in Appendix A. Under cyclic loading the

delamination of the specimen edges grew continuously into the specimen.

As delamination continued transverse cracking of the off-axis plies

stopped in the delam inated regions. Additional details of this behavior

appea r  in reference 10.
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~‘-is is t ’m- ‘ i na l  , oct ot t hrs !lyi ’ s t i c a t i v r -  t f t r’t .  Th ree

~‘a r 1it ’ t ’ ,earl - , r ’t ’~~o t t 5  ha~ e been o~~- li ~~icd , each includinq a l i s t  of —

0’ ~ .r i lea conL. I ~~ , i ous . In s ~~:s
- r  ,-

~~ .. 11 ‘ c 0 t t o  summarize our’

ind i n- ~s on a ore c ro - r a l  and i r t t - 1 r  a ’ J  ale t - , using the fr -~ ’~s~ur- k

0-a - ci ’ e~ t l~~o- , a n -I ap rc,n ri as set ‘ r - t t i  - mir l o r , in order to retain

as ‘ u~ ‘1 con r • , as poss i t o  ,t will ,ri so a - pt to reduce t o

it t i e  prH ;i - J - down to a r’ea-~on~ h 1 , t ri o ’ descr ’ipti o n of the

conc 1~ s io ns ~e h e ]  love t~~~- O il a s t r - o n a l ,  s~a curt - -~ppendi .x I contains a

l I S t  ~~ i’r~’ - i t ’0 i t L i r r d i n ys  taken f ro m ea r- i lee repor ts .

Our fir’s and - r cnos obj ~~~ 1 e was to I T t -c the qaesti on “ preci se ly

.Y~~I t  is ‘ 0 no ’ ~~~ ‘ of t he Ow oot ’ p roce s s in un tL nt ’d m ale-ply laminates ’?

or  raph i to ~-p cx , , wt- I ound u t  thit quest ion has a unique answer’ fur

ea~ h i r u id u t’  ~~ of la~ i r a  c o v e r t  ies and stacking sequence. Except to

a 1 101 dpct ,’r ’e . t he  ari - - - wer does not cIe~~’nd on ft nsi le load h is to r y , i.e. , we

-.-,er ab le to e stablish t h a t  a - ; i ~~~-c l an- m ate does t or n a well defined ,

unique dai’ dae - ate which  is cha r -ac t o ri st ic of that lam inate type alone.

The f i r st step in the dai- :a ’te pr ocess is the c r ’ ack i r t  of o f f -ax i s

pl ies. The initiat i on of th i s c r ’ a c k i n g  process occurs at loads which

c mii be predicted w i th  reasonable ac cu r a c y  if the rm al r-esidu a l  stress and

moisture-re lated stresses are pr’operl~ included in a “ fa i lure analysis ”

using a standard c r iter ion s uch as iliax inlurli s t ra i’  or inter-act ive theories

such as the Tsai— W u relationship, at the lainina leve l .  This in i t ia t ion

is nor~- u a1l ~ r’efer’red to as “ f i r - s t  ply fa i lure .” It i s  p o s s i b l e  to

design for stress levels intended to avoid such “ f i r - st  ply failure . ” For

quasi- isotropic laminates , however , fir -st ply failure of ‘ dry ” laminates
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l a y  ocL ur  at abou t 20 k~
j (137.8 MPa). Also , there ar -c a lways some

c r a c k s  in the oft-axis plies before loading. Mos t troublesom e, however ,

i s  the fm. t that fir - st pl y fa il ur ’e does riot app -ar to have any phys ica l

s ig n i t  ic a nc e .  Cr a~ Ls do not t orm tnur - o - j iiiuut an o f f - a x i s  ply at one load

but over - a bide ranae of loads (or’ cycles at one load). So the

l a - i r a t e  condit ion overal l  at f i r s t  pl, fai lure cannot be un i~psely desc ribed.

I f load i rra co n tinues beyond the initiatio n of crackin q in a g i v e n

off —axis pl y , or’ if the load is cycled with an amplitude just beyond

the  quas i — -Hmt i c ~e v e 1  assoc iated with crack formation , add itio ra l -‘

c r - acks form , generally in planes perpendicular ’ to the load ax i s  and tO

the specimen sur f  ac e , through the th ickness of a g iven  ply arid ( a l t  tuou ~ h

tf l t’i’e m y  be ex c e p t  ions ) across the entire specimen width for uni for-i

load ing of a plate specimen . The nuuib er of such c rac k s  increases u n t i l  -‘

the n- at e of new crack fo li at ion beg ins to drop of f  sha r’ply and f ina l ly

Stops ent i re ly ,  i.e. ,  the numbe; of cracks remains essen t ia l l y  constant

thereafter. The r’eason for ’ this equil ibrium state is found to be t h a t  
-

‘

the crack formation process creates, systematicall y , a more-or -less regular

array of cracks in eac h off-a x is ply with each crack bein g spaced apar t

from those ar-ound it by equal distances along the spec i ;ien length with

a va r iab i l i t y  defined b,  var iat ions in loca l strength . var iations in

local j ecirue t r ’y , and variations in loca l st i f fness due to such things as

fiber volume traction fluctuations. T here i s a unique crack spacinti

for each lam ina in a given laminate , and when this spacing is reached p
the crack formati ’n process stops , for that layer alone. This we ll def ined

dama ge state cons isting of stable regular arrays of cracks i n  the o f f - j x i s

pl ies forms for cycl ic  loading as well as quasi -s tat ic  loadinq~ it is

125

- 

- - - - - - -- - -  ________



always the same state. It is independent of hygroscopic or therma l

residual stresses , and does not de pend on geometry exce pt for stacking

se quence . We have come to call th i s s tate the charac ter i s ti c dama ge

state (CDS) of the laminate . It can be thoug ht of as the hetero geneous

mater ial counter part of the s ing le crack in homogeneous materials. It

con trols the sta te of stren gth an d sta te of stress from wh i ch f i nal

fracture develops. Since it is well defined it is ameanable to analysis.

We have developed two analysis schemes , one quit e s imple , for predicting

the COS of any ar bi trar y lam i na te .

Stren gth, l i fe and s ti ffness are all affected by CDS forma ti on .

St i ffness is i nfluence d in the same wa y that the com pl i ance c han ges

for sin gle crack growth in homogeneous mater ials , exce pt that GElS - :

formation begins very early in the life of a component and may be nearly

complete before any significant strength reduction occurs , in contras t

to the single crack case. Hence , sti ffness changes (in all four

independent in-plane stiffness values) may be large and wil l  generally

occur earl y. Strength , as we su gges ted a bove , may not be significantly

influence d by CDS formation . If these regular arrays of cracks form

and remain stable the strength is relatively unchanged. When the cracks

begin to couple up from ply to ply to form cracks through the thickness

of all of the off-axis plies strength reduction does occur. Changing

the stack ing sequence of the broken off-axis plies changes the resulting

stress i n the unbroken 00 plies suggesting a s”irce of stacking sequence

effects on strength. Such effects were observed. The final fracture

process remains a frontier of knowledge. The exact nature of that event

or the events immediately preceding it have not been established . Strength
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is conti-ol led by ti her’ breaks in the (1” p1 It’s and t h e-n ’ break’~ o~ no I I I

the stress s t a t e  t i - ca t i’d by t he CPS but t he nuet han i ‘,nnn is not known I o

us , e spec ii i]  y not the t. rigge r’ i nq nnnechan I sn nn .

I Ic of the laminate i s nnnor-e d if I I cul t  t u dr ’ ~ i ire. I t l i t~’ I

defined by st i t t  no 55 change , arid i t  unray tie in rrrony enq I uieer i nil s i t  ua t ions

P1)5 formation coin be d i rec t l y  and quant it m t.iv cl y i’d at t’d t en life - If

l ife is def ined by r-esidual strength their we have a mi - s in g l i nk in the

results of our wo,-k , t he unknown mec han i s u n • men t I oned em n~I i t’r , whi t ii

re la t es  the CDS and i ts stn -ess f i e ld to the I inal fa i l u r e  ev e n t .  We

know coupi lung and possibly delaunn in ’ mtion is involved but al l  the p iece s

of the puzzle do riot yet f i t , if we do in fact have al l  of the p ieces .

The ninechan Ic s of our fi uid i nqs can be repi-esen ted  by fairl y - f i r’nnn

anal ys I s since our damaqe State i s we 11 do t i nod . We a u-c a hi e t en pr-ed i c

the CDS • enab Ii nq us to an t i c  I pate the danuro qed conid it ion of any 1 omi nat t ’

before fai lure and prior to test rug . I- st lunna t es of s t i f f  m e s s  change ,

strength and , in some cases  , 11 fe , ~mn be wade fronnn such in for-mat ion

Des iqn phi 1 osophi c’ can a l so be developed based on such an aur a l,vs is  -

Test i rig of ma tori a 1 s can h’ ’ r’educed . Perhaps t he nines t import ant point

is that we are ab le , f~ r- the f i r - s t  t ime , t o  guam l i t  at I vo l y de f in e  and

ana I yze a daina~ed s ta t  e t hat has m-ea I genera l i ty in connr pos i t  o nina t er - i  a 1 s

even for fat i g ue I oad i nq

The l i s t  of union swe u-ed gilt’s I ions p-ennr ,i ins 1 omn q - What , e xac t  lv , does

ha ppen w hen these mater- i a 1 f r-ac t ure Wi no t t r i qqers the f r-act  t ire event

and what ac tua l ly  con tn-ol s it ? liii t ii we are able t o a nswe r ’  such qnr e s t I t if ls

we w i l l  never be able to in tel 1 i gou t ly des i ‘i ii m ateri als , I . e .  , opt imi .— e

slat king sequences , c rea te  t he best hyhr- Id mat er - ia Is . de’, I till I or rd i~ b u Ii I

l. ’7
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etc. An especially innportant aspect of this issue is how the CDS is

n-elated to fiber failure in the 0~ plies. Then we can also ask , “what

happens when we have a complex stress state such as in the neighborhood

of a notch ” ?  The ph ilosophy behi n d the CDS indicates that it should riot

depend on the nature of the applied stress state , except as that state

controls the degree of CDS development. We riced to know if that is the

case. There i s  also the question of other material systennns~ does the

CDS form in other composite material lamin ates? While we know it does

in some cases the question has not been answered completely.

Perhaps the most important question is “caui the CDS concept be used

as a basis for’ a m e cha n i s t i c  “nnnini —mechanics ” approach to the descript ion

and predict i on of the strength , stiffness , and life (Or reliability) of

composite materials. ’ Or stated another way , “can the CDS philosophy be

developed so as to provide a rational (mechanics) approach to describing

the behavior of composite materials in the sense that fracture mechanics

serves tha t purpose for homogeneous materials ”? While our prejudice

suggests an af f i rmat ive answer to that question , we do feel strong ly

that the question at least deserves to be answered .
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APPENDIX A

Al though Type I and Type II laminates were both quasi -isotropic ,

there is a great difference between the through the thickness or -
,

stress distributions. To establish the nature of those distributions ,

the l anniinate analysis was combined with the approach of Pagano and Pi pes

(10). Norma l stresses i n  the z d irect i on were of pr i mary conc ern

because of the possibility of delamination in the instance that is

posi t ive. The 
~ 

s tresses are determ i ned by the moments caused by

( t r ans verse ) stresses in the p lane of the laminate. The cn~, dist r ibut ion

fo r the Type I lannn inate layup is shown in Fi g. A l .  The therma l residual

stresses are shown by the sol id curve ami d the broken curve represents

the total stresses due to the therma l residual stress plus a 4.45 kN (1

kip) axial load. In general , there is a tensile °y stress in the outer

three layers and compressive stress in the 900 ply next to the cen te r-

line of the specimen. The ~ distribution which results for this layup

is shown in Fig. A2 . Again , the sol id curve is the therma l res id ual

stress and the broken curve represents the values when an axial load of

1 kip is applied. The values are tensile throughout the thickness.

At an applied load of 4.45 kN (1 kip) the tensile stress at the inter-

face between the 900 and -45° ply reaches a value of about tit~~ .94 MPa (in ,)

ksi) which should initiate delamination if a simple maximum stress

cr i ter i on i s app l i ed. If it i s ar gued t hat therma l resi dual st resses

are relaxed near the specimen edge (for which these plots apply), then

delamination may occur at a higher load. However , a load of at least

4.45 kN (1000 lb.) (an applied stress of at least l~ t~ MPa ) s hould be

required to initiate de lauin iniatio ui in these speciutuens.
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The si tuation for the Type II spec imens is quite different. The

distribution is shown in Fig . A3. The curves have the interpre-

tations described above . The 9Q0 ply has been moved to the first under- 
I -

layer position to attempt to induce a n’noment which has opposite sense to

tha t of the Type I laminate. Fig. A4 shows the resultant distrib ution .

The therma l residual stresses are small and inconsequential . When a - ‘

4.45 kN (1 kip) load is appli ed the laminate develops only compressive

stress of any significant magnit ude. Delamination should not occur for

these lam inates accor di ng to the anal ys i s , and is not observed in the

la boratory . 
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