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Chapter 1 

I NTROOUCTIO ' 

Advanced composite materials are currently being con s idered f or use 

i n a numbe r of app l ications wher e the ciimensiona l st abi l ity of the 

strlJctul' e is of pri mary importance . Such applications i ncl ude severe l 

space st ructures : commJt1 ication antennue , tele scopes, so l ar reflectors, 

satellite power systems , and a space opera t i on s ce nter . These mater i a ls 

are l eading candidates due t o their high specifi c st iffness and l ow 

coefficient of therma l expansion (e TE ) i n t he fiber ~irection. Graphite 

fi be r s actually contra ct when heated (nea r room tempel'atu r e) r esulting 

i n a sma l l, negative CTE in t he fiber direct ion of a unidirect i on al 

l amina. In contras t , the CTE per pe ndicular to the fi be r s is a rat',!:!!, 

l arge. posit ive value cOfT,parable to that of aluminum . The eTE of <i 

composite l am i nc)te may be ta 'il ored by se1ect ing the appr opri ate 

or i entation of the indivi dual laye s of t he lamina te • 

• n the extreme ly cold space env i ronment in which thes e ~ G terial s 

ilre to be used , l arge therma l stresses may develop due to the !o1is l'1(ltch 

in the eTE of adj acent pl i es at different ori~ntdt1ons . When the i n

plane nor ma l st ress , G2, becomes sufficiently large , transver~e crac~s 

r esu lt. ~c h cracks run parall el to the fibers in pl anes approxi mately 

perpendicular to the mi dpl ane of the ply in which they occur, ana fo rm 

at quite eve n intervais (Fig" 1) . 

Although t ran sver :;e crackin ~ :;]3.1' not signifi cantly tl1tcr the struc

tura l i ntegri ty nf a laminate, the eTE may be c hange~ enough t o render 

the l am1nate unaccept able io r d';rnens i on al stability critical applic a-



2 

ORIG!i\;{,!. P . I : io 
OF POOR QUALITY 

75X 

Fi g. 1. Trans~erse Cracking in a [0/ 903J5 Laminate. 
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tions. Ther~fore, an understanding of transverse crac~ing effects O~ 

the l am inate CTE is essential for such applica t ions. 

Tile pJrpose of this investigation was to ·stlldy the charact e,' istics 

of th e r~ally-;nduced transverse crac ks, both experimentally and an aly 

tically . Specific ~nphasis was pl~ce d on determining the state of 

stress in the vicinity of a transv!rse crack, the temperature at which 

transverse cracks form and the subsequent crack density present, the 

occurrer.ce of additional tra~sverse cracking under increased thermal 

Toad and thermal cycling, and the effects of trans ve rse cracks on the 

laminate CTE. 



Chapte r 2 

LI TERATUHE REVlEW 

The p~esen c e of t rans verse cracki ng in com~osi t e la minates has been 

a topic of int erest for sever'al yea r s . W:'il e n:any stud i es ~ ave fo cu$ed 

on the parameters affect ing the develc:;ment of tran<:.vrrse crackin g , 0nij 

recent ly has ; ts effects on 1 ami na::e berlavi or recei ved fTl'JC~l at;:c;n '. ion . 

Th is chapt er presents a brief review of studies involving tr an sverse 

cracking in composite l am inates. 

2 . 1 Paramete rs Mfect i n9 Tr ansverse Crack i n9 Unde r ~1e ch,,(1i c ~ ~ Lo adi n9 

A'tthollgh often assume d t o be a ply fa i lure, transver se cra ck ing has 

been shown by Bailey and Par vi ri [lJ to init ia t e a5 iocali7.cd debondi g.s 

at the f i ber-matrix int er face in gla s s-epoxy l amin Jtes. Und( 

increasi ng m~chanica l load, t he debond in gs l inked up to "'i,rm t i r.} c r'ilCi.i 

a few f ' ber diamet8rs in lengt h. These in tu rn ii ni:ed up t o fo:m~:- a lls 

ver'se cr il cks . Ba i ley et al . [ 2J rep orted that for grap t ite-- epoxy nn d 

gla!;s-epcxy cross- r ly l am ~na te s (i.e., l ami niltes with f i be rs .=.i1 t e rn ati rlg 

betwee n 00 and 900 orien ta ti ons), fo rmat i on of t r ans vers e crac ks 

occur red ins tan t aneous ly in thic~ t r ansve r se layer s. In thi ~ner tra0 S

vers ~ laye.s, howeve r, tiny cracks formed , bu t did not prop agate thr-ough 

the enti re laye r until hi ghe. strain l e v e l ~ we re ach i eved or did not 

pro pagate at a ll pr ior t o rO nal f a ilun~ . Seve ral authors [3, 4, 5] hc "l € 

not ed that transverse crack dens ity i nc rease s ~ith i ncrea Sin g tra~sve r se 

layer t lli (kness . Bajley ~t a l. [n a l so reported the ('ccur rence of 

int e rl a~ - na r delaminations at the n~/SQo interface of g l ass-~po~y crOS5-

4 
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pl y 1c' lO inclt cs . Suc h de l ~ m indtio qs f'l(: 1'e found .j OCCur' af t er the on~ t 

of t r dns v~ r 5(, cracking bu . pr io t o f lna1 fractu r e . Tn)' d i d no 

obse rv e dc l~m in ~tl0n s 1n ~ rap hl tP - cpoxy cros s - ply laml n ~tes . fr os ma n 

Jfld liang [5] stJd eJ r ::2S/90n] :Jraph i :c-epo 'Y l ami nates ,~nd fO\.lnd thdt 

trcHlS Ver $e cr ack i l'l~ \~as comp l e ' !l y supp res sed fo ;- t r enS Vl: r l! laye r ' 

t l' i cknesses (If O. Oll) i n. (0 . 026 COl ) dnd l>(' l ('\ ~ ( llV{' pl i e ). Tnt rl am n r 

dp l amtndti~ns we r the only fo rm of ddmage present pri or to f in 1 fa ' l -

ure for th ese la mi nates . For trdnsv r ~ l ayers t hicke r than 0. 021 in . 

(0. 053 cm), or fou r pli es , tr~r;:.ve r se r il cl: in g OCCll l'rea fi rs t, foll ow d 

by de 13min ati c n . r'a rvi zi e t a 1. [6J fou nd lran. verse (' r ae Ing com-

p1 etnly surp re ss e~ in gldss -ppoxy crosS - J ly lam lnates with d trdn~v~rse 

iJyer t hickness u de r I)~ 006 i 1. (D . 01S C!TI) , 01' one p ly . 

Rei fs ni der a~d Highsmith [7] o~s!rvpd that transverse cr.ck sp cina 

i n graf;h1 t e- epol\.Y l ami nates d Ul:?ilse ' Hiti-) i ncre.:sing str ,, ; tin i1 a 

occur r ed , Kri~ et il l. [8J concludetj t ' l t this minifl'Jm crnck SpilC. ;TI~~ •. M, 

i ndependen of suc~ fa c tors dS load hirt~ry ~nj en 'ir0n~~nta1 erf~l~. 

t he stack i ng sequen ce . 

2. 2 Thermil ll -l !lctllce TransvCI'se Crad in u 
------~ . 
Tn add' i on 0 IT ChJ :1 ic:;11y app 1ie c! loa ds , r IISVgs" crac,",ing 1\' y 

r' esult from pu r e tlerir. 110 diny . Sev ra l autho r " [i, :1-13] h.)I(> l1i s -

cu ssed the t ~ermll l stres ses o.j(~ to Qlr i ng CAt l evil cd t e'1!.'erH'Jrt:~ [H I 

fac to r'S ilffectir. t e f'lagnltlJ (' 0\ tIe res idu:Jl strrSH:S . :;pi\ill [~) 



di scussed c;eve r a1 f :l c at'S H,tlll nCing the rma lly-indu ced cracking includ

i ng resin s hrin kdOe du lng cur , res i n coeff i cient of therma l expanSlon . 

cu rin g temp rature, and ply o rtent ~l l on . Rowles [14J studie d the 

e ff ects of trdn s verse cracks on t he t~ermd l r spo nse of quasi . isotroplc 

gr,1phit e-epoxy l a:n inates lIsinlj me cho niC.l l1 cracked speci me ns . Th 

ld minate C1E was fou nd to decrease wi t h increasing cr ~ck density . A 

twen l y - f iv e percent decrease in eTE ~s report ed at the hl ghest crack 

density 52 cracks /in . (2.05 cracks/rnr.'l ) . 

Mills et a l . [4J studi ed t,'ansverse cr acking in gr aphite·,pol y imld 

c ro ss-ply and Quasi -isc trop ic laminate s un de r five types of t he rmal 

loading and room t I11 perature tensile loa ding . It \1dS de terl!!in e~1 tti dl. 

tran~ve rse cra ck de n i ty nd t h~ 10aa Lo 1 ni~jJ~ e tr ~5 e r se cr ac~s dr c 

fll flctions of tIe type of l oad : ng and t i l ' l,~!!1j nate c(lnfigur .) tion ' uo ss.~ 

ply l aminates were senerally found t exni bi t higher c r ~r~ densl + ' e~ 

thd r. quasi - tso t roplC lii rn inaLs under thennJ l loadin g . Cas s',,'e ll 15] 

in f' s t i nated tra nsverse cr ac king due to t.he rm,11 loadlr, g n gr.1 pt;it"e-

epoxy cross - ply l an i nd~es. T !'an s ,' f.)r :i~ r il cldng W.jS pr'es e"t in al l 

l amjroa t es aftf'r the initi al ::: 0 0 l- do \~n ttl - r O°F (116 ) , the t.:f" 0Ck den-

sity in creas il"q ,3 :; tin;> V() ~ ll ~ne pe~ c " ntd g 0 the tran s v e r ~e 1 i1.'~ r 

ecre il selj fr' 0!': :.el.'enty-fi'.'n t o C\ool I' !I~'y- five pe rcen t. Sillce tile th F.rma 

str ss .::s i n C 1E' tr" i1r,Svc' r se l aYf' r (0'1 - d gi \'(11 tht>rma 1 IU il d ) in crease t: ~ 

the \'O!'~~1l: per~.en ~J9r~ (,(:cre.~se c;, l1,w(: c f' . ! hi s r esult ~lI G'y not be dtt r'ib

uteri : c.':e l y t:> t rc"n s \ c: r s€; l o.j c r t hic.i(IIQs r, , \In der" cy c1ic type of 

tI) r"n ) , t)ddi n ' n l-f' i (!1 S!l:: c fl-je 'lS \~eU:' C,h. 1 d in 2S <" F ( 14K) i n(, ' .t:r.':.~ 

to - '(:" v<>f ! 1, • ti t', ) , D.Jt n~ tl . rn ", tJ t o rl',) ,'1 t 2i,.f.' f' :'at u r ~ for exami na t inn rI ft ' C' 
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ea ch coo lin jncre~en t. trans ve rs c r d C ~ d nsity was found t o increase 

wlth increa sing th rmd l 10,1 <1 . 

2 . 3 Therma l Cyc)i~ 

Camahort £It al. [1 6] the rmally cycled unidir ct iona l and 

[04/±40/!70Js (a low eTE con fi gurat ion) graphite-epoxy sr~c i mens twenty

five t i me s bet,.;een - 322 and 212"'F (76 and 373K ) to determine ttl€: ffects 

on mechanical and th rrnBl proper ties . Cyclic l oading resul ted in a six 

to thirteen percent d cr edse in the trafls ver se t ensile modu lus, a very 

small increase in the transve rs t cns il e strength and a si gn i fi an t 

decrcc}se in the eTE of the [04/!40/ :!:70) s lamin at . • Th e uni direction vl 

l ar.tini! te was affectpd very littl e by the cyc li c 10-d~ng . Fahmy (1nd 

Cunni ng ham [l7 ] ther ma 11y -::ycled se l ected ~raphit~-ef)Ox.v l ami nates 

bptween -58 and 3C2°F (223 and 4~3K). ~echanlcal and theNnJl propert ies 

were valuated after 10 , 100, lOt} . end sooe cy\::les. Cyc l ic lOillJirl_ was 

found to I'educe the CTE by as flU .:r, as on -third of it or iginal va iup. . 

Degracdtion of mechani cal properties occu rred large ly in the f'i r st t ." 

cyc les. Be rman [ 18] the rmally cycled composite sd !1di i ch struc t ur"s 

co:nposed of ~ 70/93~ grap hi tc - epoxy l am' nates on d hlm i nU ll hone 'comb core 

be tween - 250 and 150°F (11 6 and 339K) . Trans v~r se cr~ cks we re fi r st 

r ported after 50 cycles d d i ncreas ed i n nurr.be r unt 11 3000 cycles. 

bej ond w!li ch on ly w'c1~nin g of existing cracks occurrej . Tensiie nt! 

f1 cxur~l p r oiJe r1.i ~s rema ined irtu ,) ll y ';nchilnged aftt~ 15,000 cycles . 

The laminate CTE , h o~ever , decreased si gn i f icantly , ~ . In ly i~ the fir~t 

3. 000 Cj C 1 es . 



Althou g ~ all thr e!~ s tudi es [16-1 8] inv s ti gated the influ ence of 

the rma l cycling on the mechanica l .nd therm 1 lami nate prope r ties , none 

correlated these resul ts ith the amou ~t of t r ansve rse cracking pr es-

ent. 

2.4 Tran sverse Cr'!..ck ,~d C i nz_, Ttieori es 

A trans ve rse crac k spa cing theo ry for cross - ply l am inat es using a 

modified shear-l ag onalysis WdS deve loped by Gar re t ~ dfld Rai ey [ 3J dnd 

i m~ro\led by Parvizi and Ba iley [19]. In th is th eo ry p a li near e l asti c 

lami nate ana lysis is used to predi ct the fir st tra nsverse cra ck fo rmed 

ul. ':e r tensi Ie loadin g . ~! h e n the tra nsverse ply cracl;s . t he loa d i t 

ca r : i ed h tr'ansfe rred to the adjacen t lon gi tud inal -l i E!s a t the pl ane 

of t.he crack. Tile ~heory aSSI,nte!i tllat l Oild is tr, nsfer-red ~:i ck into the 

l r ~nsvers! ply via shear stress at an exponentially dcc reaslng r ate 

I1h i1 e mov i ng away fr Or:1 the c rack~ A maxirlum strec:;s theo ry i s used "'0 

predict fiJii ure . An e;lve '\ope of pe rmissil:l e crack spac in gs based on a 

r andom position of the fi r st crack and a specimen of ny gi ven length lS 

predi cted as a func t ion of appli ed stress . A compar i son of experimental 

re~ults with theoret i cal predictions fo r graphite-epoxy cross-p ly l am '

nates by Railey et aL [2] showed good co rre lation. P':;fv i z i dnd ~a i1 ey 

[1 9J reported an even b(>t1.<>r cor r eiat : on wi n vl ass - epQxy cross-p1y 

hlOinatf.'s. f~ i t:ler st"udj )I'\c l uoed the r e si ou 1 t he rma l s t r esses rue to 

cooling qhen p,-ed ictin ~ cra ck spacing . Hills et il l. [ 4] dPpPed t"he 

s am<! r,heory t.o 9 ra p/)it.~ -" [loly i mide Cr05>5 - p:y lam"inates and exr.er,deti the 

theory fo r use \lith ,u.lsi-i sotropi c arninates . Residua l st.re ss e s I'/ere 
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predicted with laminate ana ly si s usin ~ str~ ss and temp erature dependent 

materiell prope rties. Resi dua l st re ss was addod to mec hanica l l:! ap plied 

stress whe rl plotting the expe ri me nt al r esults. The correlation repor t ed 

for quasi - i sotropic l amin at es was somewh at bett er than fo r cross-ply 

laminat es. Pl unk et t [20] , using dat a f r om Ref. [1 9J, reported t hat the 

modifi ed 5hc~r la g analysis predicts crack density we l l for thicket" 

t r ansve r se layers e.g . , 0.16 in . (0. 4 cm) , but begins to over pre dict 

crack density as the transve rse layer t hick ness decrease5. 

Stevens and Lupton [21] propos ed a theo ry based on the assu rnption 

that crack spacing is inversely proportional to applied stress . The 

correl ati on with experi menta l d~ta for gl as s -epoxy cros s- piy l ami~ate s 

\~J5 quit e good. Pal'viz i and Bailey [J9] noted il si mila r correl at io r. , 

also for gl as s-epoxy cross -ply 1 m1nates , but cnl:; ove l' an ntermed l te 

r an ge of crae\( spacing . Th ey a lso noted that tr,e modifie d shear-l ay 

ana lys i S predicts su ch an inverse prop~rtiona l ity over an 1nterre~diate 

ran ge of cr, ck spacing. 

Wan g el ( j Cr ossman [2 2J dnd Cr os$m~n et al . [2 3J extendeG the e~er~' 

rel ease rate theo ry of Rvbi ck i et a 1. [2 4J to predl ct t r ans vers e crack

i ng . Fo r a given l am i ~c;d~, a non d' me rt.; i on 1 aVail able stra i n energy 

r elease r ate function ' 5 deterf1Iir.~d . Thi s fun ct. io n i5 r eported to be 

quH €: compli cated , bei ng d~ip n den t 011 the cra c ~ l ocat"ion and geome try . 

st acki ng seqUence. l amina prope: t i E:s anJ tli1ck nesses , and app l ied l oads 

[2 3J. Both studie s used the finite e1eme nt meth d wHh a crack closur~ 

procedu re to calculate thE: ava il able strain ener-gy re l ease r ate func 

t ion. This pro "clu re invo1ves ext;:.lding" (r&er. by a sma ll, fi nite 
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arn0unt and computing tt\e \,'ork required to clo se the exten s i on introduced 

[ 22]. Th is work may b~ thought of a5 that whi ch i~ availab le to extend 

a crack. ThE trilin energy rel ease rate .~ui red for crack ex t ens ion i s 

det (~rm in2d experimentally by monitoring d SIOl'l , stable Ct'a ck exte:l-

sion. A compa rison of the av a ilabl e and reqllired stri: -jn energy releasE' 

rat es determin es whet her additional cracking wi ll occur at a gi ven v a lu ~ 

of applied stress. Transverse crack spacing is predic t ed by pl acing t 'IO 

cracks at a distance most ener getica lly favorahle fo r a given stress. 

Residu a l curing stresses are accoun t ed fo r in the tneory by addi ng th ~ i r 

effects into the predicted ava il ablf~ strain ener-gy rel ease ra te . Com 

parisons wit~ experi menta l :'esults fur grclphitc - epoxy [±25/902Js M; d 

[t25/903Js l aminates showed good correlat i ons [23J . 

2.5 ~cdiction cf Tr~ns"erse Crac.k1l19 Hfec<; .; on the CT£:. 

Bowl es [14~ used a cl assical lamination theory analysis ~ith 

reduced transverse stif fne ss, [ 2' in the cracked layer to pred1~t the 

effect of transvers e cracking on the laminate CTE. A f Inite element 

a~alysis was u~ cd to determine the rel ationship between crack density 

and reduction in larninJte transverse stiffness. Classicallall'ina tiL'n 

theory was then :;sed to deterrni ne the reduction in t" of tIle crac'<ed 

ldyer needed to produce t~e 5Jme rectuctio~ in laminate transverse stiff

ness . A master curve, indeper:dent of laminate configurilt'ion, for tre 

reduction in E2 as a func tion of cr'cd l.Lnsi ty \-lil~ cons.:ructed .jnd use 

in cGnjunctiol with a classical lamination theory analy ~ is to predict 

changes in the lJminat eTE ~)e to tran sve rse cracks. ~redictions were 
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in good agreement with experimental date for Quasi- i sotropi c graphite 

epoxy lamir.df.es. 



Chap ter 3 

ANA LYTIC AL, STUDIES 

In this chapte r, the char acte ri stics of tra nsverse cracking are 

stu died ana lytica lly . The s t L!dy is begJn by attempti ng to predict t.he 

tempe rature at wh ich transve r se cracks i nitially form irl a laminate . 

Next, the state of stress in the vic i nity of a transver se crack is 

investigated and the initial equil ibrium crack spacing predicted . The 

forma t ion of additional tran sve r se cracki ng under increas ing t herma l 

load is then i nvestigated . Finally, the influence of transverse 

cracking on the l aminate CTE is stu died . Cl assical lami nati on theory. a 

mDdifted shea r-l ag ana lysis. and a generalized pl ane strai n finit e 

e l rlT:ent ana lysis ar e used in rnak'jr,g these determ';nations. 

A total of ten l aminates erc se l ec ted for analy si s and experimen

tal correlation. 51:< were cross- ply lamina te conf1tj\Jrations; [0/9°31,; , 

[02/902Js' [03/90J5' [90/°3]5' [902/o 2Js ' and [983; 0J S a The relOai"i:1g 

four \~e,.e quasi-isot rop ic lami nate configJrat1of)s; [ 0/±<.;5/90]s ' 

[O/ (,~,/90/ - 45J s ' [ 90/+ 45/0J s , and [90/ - 45/0/45Js • Th ese 1 ami nates were 

se l ected to study the effects of 90 0 layer thickness and adjacent con

straints on both the formation of t r nnsverse cracks and the l ~minate 

CTE. TIle mate rial chosen for this investigat ion was T300/5208 graphite-

, epo xy. 

12 



3.1 Genera l Formulilt:ion 

3.1.1 Assumptions 

13 

To render the study of tl'cnsverse crack i n9 under therma 1 loadi ng 

and its effects on the l aminate eTE tractable, the follo wing assumptions 

are made : 

1. Indivi dua l layers are homogeneous, orthotropic materials . 

2. The lamin ates are infinite pl ates in the x and y directions 

(figs. 2 and 3) . 

3. Transverse cracks occu r on ly in the 90° layers. 

4. Tra nsverse cracks occur at ~venly spaced interva ls and extend 

completely through the laminate. 

As l'Ii11 be se n ~n the fol~owi ng sections , these as su !'".pt ion s anow for a 

generalized rl ene strain analysi s of tr~nsverse crack1ng using a two 

di me nsional, repeating unit ce ll . 

As shown in Fi gs . 2 and 3, two perpendicular series of cracks may 

be present in di ffe rent l ayers of both the cros s-p l; anJ quasi-isotropic 

l ~m in ates . To study characteristics of one ser~es of transverse cracks, 

the analysis is li mi ted to a re gion between t ~ cracks (perpendicula r to 

the fir st series) and at ~ sufficient distance from each such that any 

effects of these cr ~cks may be negl ected . A 3-0 ar.~lysi5 would be 

requiled to study the interacton between the two series of transverse 

cracks . 
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3.1.2 Temperature Dependence of Material Properties 

In an appllcation Hhere the ana lysis is per-fo rmed over 0 l arge 

temperature fange, temperature der>endent. material prope rties should be 

used. In this analysis the mechanical. thermal. and strength properties 

used are second order le(}s t sljuares Olrve fits to ava i la ble dat.:; on 

T308/5208 graphite-epoxy. Mechanical and strength ~ro pe rty data is 

taken f rom reference [26J, in whi ch all tests were performed on speci

mens made from the same prepreg material used in the expe ri mental por

tion of t his study . Data for the transverse Young's modulus , E2, at 

-250°F (1l6K) is taken f ro':) r~feren ce [27]. ThQimal property data is 

taken from reference:: [28-31]. Temper"tuj'e d r-end~nc~ is presen';; in all 

mechanical, strength and the rma l ~roperti~s but to vur~ou5 degrees 

(ApPf:!ndix f\ ) . 'I, constant value for the OJt-of-plane Sheaf' modulus, (.23' 

and the minor POiSSO~'S ratio, v23 , fr0m re ference [32] is used in the 

genera li zed pl ane strain finite element analysis. Coefficients of the 

least squares curve fits as well as the graphical represen~~tion of the 

data and matu i al properties are presented in Appendix A. 

3 .1.3 In Situ Transverse Strength of 90° Layers 

The t ransverse strength of a layer ir a nu lti directil-na l lamin ate 

(in si tu strength) has been sho~n to b~ ap pre ci ~bly greater than the 

transverse strengt~ determined from i:1 unidi,'ectional tensile coupon. 

Chamis and Su ll ivan [33J studied analeplied and qU3si~'sotr0pic larni

nutes to Getermine the in situ st ren gth of th~ various layers. The 

laminates were mechanically loaded to fract;!!'e at which point t IL strf~sS 
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state of the indivi dua l l aye rs ~Jere prQdicted by a cla s:;ic~l laminati on 

t heory analysis . Th ese layer st ress es were i nput into a tensor p01yno

mial failure criteri a and the in s i tu strength s det ermin ed. Fo r ~ S / 350 : 

graphite-epoxy, t he in situ transvers e strength was report ed t o be :h.('f:' 

ti mes gl'eatel' than the :'.niaxial strength. Fl aggs and Kura] ~ 33 J :.tu ,l1 " Q 

[02/90n Js ' [t30/90nJs ' an d [t60/90nJs' n 1, 2.3.4, T300/934 grapnlte

epoxy laminat es to determine the in situ transvers e strength of the ~O 

layer s. Speci mens were incrementally lOaded and eXilmined for t rans JS 

cracking after each increment. The laminate load at the ons et of 

transverse cracking in the 90° layer was determined and t he 1n situ 

st rength of the 90° lay~rs predicted using a cl as s ical l amination t ~eory 

ana lysis. The ratios of the in situ strength of the 90e l il.yers to t ile 

uni axial strength re~o rted were 2. 48 fo r the [02/902J5' 2. 21 for the 

[±30/;J]s' aGd 1.96 for the [±60/90J s laminate. As the thickness of t he 

90° l ayer increased, the in situ streng ,h in the three tyoes of 

laminates was lowe r 1nd claser to the s"rength of a unidirectional 900 

cou Don. 

In this s t udy . t~e effects of t he i n situ tr'ansv (! rse strength of 

the 90a layers on th~ predi ct ed t emperat ure of initi al transverse ~r a c k 

ing are investigated (s ection 3.2.2), Determin ations of the in SItu 

transverse s t rengths for the therma ll y loaded speci me ns studied exper i 

mentally are presen: ed in secti on 5.3.1. 
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3.1.4 Failure Cr ite ri a fo r Transv erse Cracki ng 

A maxi mum normal stress fai lure cri teria is userj to predict the 

occurrence of transverse cra cking . Under tni s cr iter i a , a crack is 

assumed to occur when the tran~verse normal stres s, 02 ' ex ceeds the in 

si tu transve r~ e stren gth , 02 u 1 t of the r.la::e ri a 1. Tile maxi~m norma 1 

stress criteria has been applied to the for ma tion of transverse cracks 

by several other a U '~hors [3, 8. 19, 20J. Upon format ion, tran sverse 

cracks are assu med to span the entire t hi cknes s of the 90° layer . 

3.1.5 Stress Free Temperature 

The temperature at which banding occur~ in a laminate ctJrlng coo l 

down from cure is known as the stress free temperature (SFT). The SFT 

i s used as a basis for c.omputing the res~dua l therma l stresses curing 

coolin g. Although ofte~ assu med to be the curing temp erature, the SFT 

has been chos en as a l ower temperature by some author:.. Ts ai [35J 

pro posed us ing an unsymmet ric [±eJ- laminate which warps upon cooling to 

determine the SFT , which is taken to be the temperature at which the 

)aminate f latt ens upon reheating. Pagano and Hahn [36J used this tech-

ni que on 1300/5208 graphi te ·-e po xy and determi ned the SFT to be between 

250 and 300°F (394 and 422K) . A value of 250°F was chosen fo r their 

analysis. Bow les [37J. used the same t echnique on T300/5208 graphite -

epoxy specirr.ens made from the sall'e prepre~ mat.erial used i :1 t he (~y.peri-

menta l porti on of this study . The SFT was dete rmi ned to be near 

350 DF. A value of 350°F is therefo re cho en fo r this investigation. 
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3.2 Ini t ; ~tion f Transverse r.r~c s 

3.? • 1 Fo rmu i t i 011 

A cld s i ea l l am in ation theory ana lysi s is u s ~d to !li'edict the 

initi a l t empc r dtll re ilt wh i ch transve r se cr dCk s f onn u rrde r therma l 

l c.ra d. A br ief summary of t he s tress - st.ra i n- t Nlperdtu r e relations for In 

arbi trary 1 and na e arc gi ven f 11 owi ng the r7,e thod of Hahn and Pagano 

[11J. A more det ailed de velopm nt of cl ds sical lami nation theory i s 

avail abl e in refer nee [38]. 

Th e standa rd l am i nat e conf i gu r at i on used is shown In Fig . 4 • 

Assu ming the sllpe r positi on of st r a i ns . the t ot al s rain in the kth 

l aye r. <= , is given as t he sum of t he mechani cai st rain . em , ana ~ner 1al 

t . T 
s r a 1" . c 

where 

arod 

T 
r {a(- )}kd-r .. 
SF 

TSF = stress free temperature 

= temper'a ture of interest 

= t mpe r atJ re depend.:nt en 
of th~ k t~ layer 

(3 . 1 

\3.2} 

Tl)e strp.. s stl'o'n rel a>iuns f0r tIle k h loY~r' in th laml Jtr co r. rdindt 



20 

ORlGlNA . PAG\:: ti1 
OF POO QUALITY 

rr- ---' -;-L-ay-e-r --

h I r-;--r-===---- 2 Zo I . 
I 2:2 

_ ._ --- r--------1 

h 
k I 

L ---- n 

Flg . 4 . l aminate Geometry . 



21 

(3.3) 

Sub~tituting (3.1) and (3. 2) in to (3. 3) give s 

(3.4) 

Equation (3.4) shows tilat the 1nclu <:ion of telilpera tl:re depe ndent ma ter-

ial propert ies r equires ~ knowledge of the e las t i: properties, 

(Q'(T)Jk, at the temperatu r e of i nt2rest ~ nd the therma l properties, 

l o: (T)}k, f . f b· f 1 as a 'unct lon 0 , tempe r t ure elween tile stress rce 

tempe r a.ture and the t emperature of in terest. Express i ng t he to ta l 

$train~ {c(T)}k, in teims of the l amiMte midp l ane stra ins, {co(T}} . and 

curvatui"es , t K' (T)t . give 

{a(T)}" [Q(T)] k(l::o (T)} , ~ Zk{K{T)} _ JT {cr('t )} k)dt 

TSF 
( " r) 

.~ . J 

I n!:egrati ng through he th\ cknt!ss of thr= law; nate yi e' js 

N(T) + NT(T ) I A(T) 3(T)1 {£o( T )~ 

\ -I (T) + MT (T)! 

c 

D(T)J I K (1) \ 

(2.6) 

6(T) 

Hh ere 

" 
T 

(N"f{T), HT(T)) [O( T) } 
, 

kdtfl,ldZ r.. f r {a (,, ) 
I 

-h YSF 
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h 
([AJ, [BJ . [OJ) " J (Q(T)Jk(l. z, /)dl 

-h 

Equa ti on (3 .6) r e la tes the appli ed inpl ~ne for ces and moments to the 

rnidpl an~ strains ()nd curvatures. Unde r pur e therma l loading. 

N(T) .. t4 (T) = 0 and Eqn . (3. 6) i s invert ed , giving the laminate r espons e 

under 3 given the r ma l load 

<:0 (T) r A(T) B (T) -1 

= l S(T) K ( I' ) O(T) 

(3 . 7) 

The stress~s in a particul <i r l ayer are cetemined b) substitutin 'J t~ . ...: 

va l u e s f (, ,.. E O ( T) and K (T) i n toE q n. ( 3 • 5 ) • ./ 

3.2.2 Determina~ior. of Cr aGk initi ation rempel"at1l r es 

Since both the s tress and uni axi al strength ViJ;-Y wi th temperD tire , 

a trial and error pracedure is used to determine the tempe rature of 

ini tial cracking. A va lue fo r the i n s itu trength is sel ected in t rms 

of a !Iu ltipl e of the uniaxial stt'cngth (i. - . , v2Ult '" a' t( T) , 'he re C is 

a constan t ). A tempe rCiture is se l ected and the stress and in situ 

s t rength al-e col cu la t::;-d. If not eq\!al . another temperature is est"i m8 t ed 

ul t and the procedure rep :ated until the tel:1perature at wh ich 0,., = 02 
r.. 

has been predicted to with in 1° F. 
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Since the stresse s predict ed in symmetric lamin<.tes v/ith a classi-

cal l amination theory ana lys is are independent of s tllcki t19 seqLJe , lc~ . 

only three analyses need to be pe rforme d to rep resent all ten laminates 

of in te rest; one for the [0/9°3]$ an d [ 903/ OJ s l~ mi nat e$ . another for 

the [03 / 90Js and [90/03Js laMi nates , and a third for the [02/902 ]s ' 

[902/02]5 and the fou r quasi - isotropic lamin t es (since 02 in the 90 Q 

l ayers of a [02/902J5 ' [ 902/02Js , and I.;uas i-isotropic lam inates ar e 

i den t i ca 1 ) • 

The predi ct ed telnpe r at ures at ¥Ihich transvers ,~ cracks in itidlly 

form in t he three groups of 1 ami nates are shown in Fi y. 5 for fou r 

values of t he i n situ transverse strength . As t he pe r centage of the 90" 

l ayer jn the cross -ply l aminates decreases, the thermal lead neerled to 

produc e tra nsVe r Sf! cr acking at a gi ve n in s'itu str-enntl1 decrea ses . lt1 'IS 

result is expected, since the corresponding increase in the percentage 

of 00 layer prodJces a greater constraint on the 90 0 layer an d th~r ore 

a nigher' transverse tensil!? stress, 02 ' in tile 90 0 l ayer at a given 

thermal load . Increasi:1g the in situ strength resu lts i:1 more than a 

li near increase in the the rmal l oad required tu produc.e cr c ~ .. ing . a 

result of t ile temperature dependent mate ri al properties . For tile cast' 

where the in situ strength of the 90° l ayer is taken as the uni ax ial 

strengt~ of the mate rial (02u1t = Yt(f)), transve rse cracking is predic

t ed to be present 'in all lanlinates at room temperature . However, as 

\~i 11 bE' shown in Chapter 5, thi was not th~ case . A 11 1 ami nates were 

determined to be free of tr- Jn sverse cracks at room temper'ature, indicat,· 

i ng an in sl tv trcngth gre&t~r than the unidirectional strength, Yt(T} . 

- --_ ... --.---
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3. 3 Stres:;es in t.he Vicinity of a Trilnsverse Crack 

Once the thermal 10ad l' cqu 1red to pro ctl ce transver se cr<lcking is 

determined usin g classical l am inat 'lon tl1 eo ry; an un de rstanding of the 

state of stress in the 90° layer in the vicinity of a transver se cr2ck 

is neces sa ry to predict tile equilibl'iunl crack spacing present and the 

additional therma l load requ ir~d to produce additiona 'i transverse crack

ing. To study the stress state, a single transverse cr ack ;s assu med to 

form in the 90° layer of the laminate at the initial cra Ck i ng t empera 

ture (determined by classical lamination theory) as shown 1n Fig. 6. At 

the plane of the crack (y=O) . the t ra nsverse norma1 stress. c 2, in the 

90° 1c1yer is ze ro. 1~v 'l n 9 il.\~ ay from the crack in the 90° l ayer' 

(inc reasing y). stres ~ is tran sferred ba:k into the cracked 90° l ay~r 

via shear stre~5es at the interfdces with adjacent 1 aye-rs" At some 

distance from the crack plane. 02 reaches the in situ transverse 

strength of the 1;]ycr a "d a not her cr ac~ i $ for:ned . Th is di ~ ta nce \~i 11 

be ca l le d the initial equili br i um transver , e cr ack spaci ng . Tran svers e 

cracks are assume d to f .... rm peri od; ca 11y (l CIOSS the 90" 1 ayer at t hi s 

spacing (Fi g. 2 and 3). Thus, the tas~ of determining the initi al 

equilibrium crac' spacin g become s one of de ermi ni ng the t ransve r se 

norma l stf' 55 in the 90° l aye r in the vicinity of an exist i ng tri! nsve 'se 

crack as a func tion of temperature. 

In this s tudy. a general i zed pl ane strain f init e element analysis 

is us ed to de~ermine tho. state of S1;ress. Results are (;ompar(.d to those 

pred i cted nith a mod1 f i l d ~hear-l ag ana lys is. The [02/90?J5 cross-ply 

1aminate is chos e:1 for tllis inves t igatiNl c:s being representative ~nd 

--~~------- -- ,-- -.-~-- -
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because it WilS foun d to be we ll beha ved exper imented ly (see Chapter 

5). A brief description of the finite element and modif i ed shear-lag 

analY 5i $ methods are present ed in t he fo ll owing sect ion s . 

3.3.1 Finite Element Analysis 

Stresses and stra -ins c>. r e assumed to be independent of the OiJt·,of -

pl ane x coordin ate (Fi g . 6) allowing for a generalized pl ane strai n 

finit e element analysis . In such an analysis, a co ns ta nt value of the x 

direction strain , £: , is assumed and the displacement field i s of the xx 

form 

u(x,y,Z) U( y,z) + e: • x xx 
v( x,y .z) - V(y, z) (3.9) 

w(x .y,z) \! (y , 1: ) 

where lJ , V, and \1 are t he un known noda l dis pl acernen t s . In t he cas e of 

pure thenna l loading, €: is the fr ee l am i nate t herma l :trair; due to xx 
cool down from t he SFT and is det e rm i ~;ed from a cl ass ical 'I arr. i nat i orl 

theory an alysis of the tl1er ,na lly loaded l ()min at e in tile uncr cC' ked 

state. .A. lthoug'h e: ma y not be Co05t.1 nt ttlroughout the l ami nate in t he xx 
presence of t r ansver se cracks , Bowl es [25 J found t hat redu ct i ons prect ic-

ted in c du e to t rars ve rse cracks nad d neg li gi bl e ef eet on th2 y-z xx 
pl an behav i or and tlll:~l'e for~ the constan t , cl assi cal lininilt i on thpu ry 

'alue could be assumed. 
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The fin ite element pro gr am employed wa s a modi f i ed vers i on of a 

genera l ized pl ane st ra in pro gram f or lami nated compos ites . Four node 

1so pa ram~t ric, quadril ate r al e l ements were used t o mode l the r eg i bn of 

in terest . A co mp l et e descr ip t ion of t tle f i nite e l eme nt f orrrulation i s 

given by the program author f n re fe rence [ 39] . 

The model ed region 1s chos en- t o ext end a su f f i ci ent di st ance f r om. 

the crack pl ane to I'lh ere stresses and strains ar e not influ enced by t he 

presen ce of the crack and conver ge t o tho se predi cted hy c l ass1 cal 

lami na t i on t heory . Fot' t he [02/902 Js l ami nate , th i s di s tan ce \-/a s dete r -· 

mi ned to be 0. 20 in . (0.51 em). Si nce the l amin c; te s considered i n t hi s 

stu dy are syrometr i c, on ly one ~ l1 a 1f of tile l aminate i s model ed . 

The di sp l acement bou ndary cond it 'lons fo r the modele-d egion 

(Fi g. 7) U P. : 

U( O, z) 

U( S, z) 

V(O .z ) 

o 

o 

o 

-:- <: z <: Ii 

V( B, z) V* (const ra i ned ) , 

\>I (y.O) = 0 

T <; z: <: H 

(3. 10 ) 

The U and V boundary condi t ion s at t he li ne y=O sa ti sfy the Ktr chhoff 

as sumpti on that nor md l s to t: le l am i na'"e midplane r emai n normal t o t he 

m-;dp ane under unifc.'m therma l l oading . TIle condition U(S,z.) = O. 

T ( Z ( H was verif'ied by modeli ng a l ar ger porUon of the 1 minute ilrid 

exa~i n ln9 the U displacement~ in the interior of the grid where this 

conaition i s prescri bed. A dcscriptio~ of thi~ procedure is given l ater 

i n this secti on . 
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Th e con dit i.on V( B,z ) = V*. T <. I';; H accounts f or' the symmetry 

about t he transve r se cra ck pl ane wh il e all ow in g fo r f r ee therma l 

stra i n. With thi s c00dit io n, th e li ne y=B, T.;; l <. H, is a ll owed t o 

tran sl at.e in the y direct i on , bu t is (:o ns trained t o r err.a in s t r ai ght .:lnd 

vertica l. Th e f r'ee t he r ma l dis p l acel~ent , V* , i s unkn own and I1ll st be 

solved fo r in the a na '!ysi s . This con s t rai nt bound al"Y ( onciit ion r equi ie s 

a modif i ca tion to t he sta ndard finit e element f orf@Jl ation. As i llu st l'a ·· 

ted in Appe ndi x B, t hi s cons t rai ned di spla cement forlTu l ation may be 

handl ed by a 5ys t ematic modif i cat i on of th e globa l st iffness matr i x and 

global f orce vect or result i ng in a system of equ ation s with fewo r 

u nkno~ns than t he uncons t r ai ned set . 

Th e boun da ry ccn (l i ~ i ofl :~ ( 'y,C) ::.: 0 enfo r ce~ the "i a,ni nate symmetry 

abcu t its m'ldpl ane 'r! C!1 mo d~i i ng or.ly the top ha l f f the 1i'lill i nJte a 

The mode l ed r egi on used to s tudy the state of s~r' ess in t he pres·· 

ence of a seri es of transver sa c r acks at a uni form crack spa:ing is 

shown i n Fi g. 8 . Si nce a l ine of symme t ry )'is t,; at t 'e mi dp l ane 

bet wee n eX 'istin g c"ack s (y =O ) . only one-half of the cra ck spac i :-!g 'is 

modeled. It is noted that the bou ndary con dition s en tile mode l d region 

ure the same as those us ed ~ n determini ng the in ft'a) equilibr i um crc;ck 

spaci ng (Fig . 7) althoug h the r eason for employi ng som2 a r~ dif ferent . 

The cond it i on V(C, z) :: 0 pr e·viousiy invoked t o sa t i sfy Kirchhoff ' s 

hypothesi s nOl~ ento r'ces the li ne of symmetry at t he mi "plane !Jet l'een 

cracks.. The cOlldHions U(O, z) :: 0 and U(B,z } :: 0, T ( z .-; H wer e 

det.e t'mi ned by model:ng th r ee .-: r ack s[l<lcings (Fig. 9) ard '~xam 'j ni ng tile li 

di sp l acements CIt t.hese location s 'I n the i nter i oi' Jf til mesh. It 1~i!.S 
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I modeled reg Ion 

( 28) 

Fig . 8. Modeled Region for Multipl e 
Transver se Cracki ng . 



32 

;"- ' c ORIG I'H\L p;l'I.·i ~ ~~ 
OF POOR QUAU-rY 

Fig . 9 . Three Crack Spaci ng ~iesh for Co nf irming 
l3o unda\'y Condit i ons (Sho'o':n ~n Deformed 
State f0r [03/90J s Laminate) . 
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determined that although the U dis pl aceme nts arc non-~0ro in the 

in terio r of the mooeled region fOI" the Quasi -isotronic <jI.tina tes, t hey 

converge to zero at y=O an d y==B . T .. z" H fo:- all I dm il1ate~ 

investigated in this. study . The iemaini ng ::>oundary condi i on s are 

invoked for t he sa~~ r eas ons as in dete rminin g the !nitial qu ili bri um 

crack spa cin g. 

The l ength of th mode ed region . B. may h varied to pro du ce 

differen t ,-rack spac in gs by changir,g the y-direction me sh scale fe-ct or . 

Some caut i on rrust be exercised. hO'f/ever . to ensu re that the element 

aspect r atios do not become so lar g~ as to produce an inaccu rate 

solution. 

A 272 element . 306 node (9 18 degrees of fr eedom) f inite element 

rlesh (Fig. 10} compos !>. d of four node isopar dlilet ric quadri 1ate r"' 1 el e

ments is ~sect to mode~ the r egion of interest. Four ele~en ts are used 

t hrough the thickne-s of ea ch pl y and the eleme nt wid tt ~ varied ~ l ong 

the length of the esn tc a ll ow for ~ greater nunber of e l ement~ nca r 

t~e transverse crack. 

Results of t he finit e clement analyses are presented ~~d compafPd 

to rredi ctions rna e with a mo di fie d snear -l ag ana l}si s foll owi ng a brief 

descri ption of t he latter 

3. 3.2 tlcdified -hea r-I.ag Analys i !> 

The mod if i ed shQ~r -l ag analysis ha~ been used I»)' ~evet- 1 aut ors 

[ 2, 3. 4, B, 20] t o p;ed ict tr~nsver5e ~ra-k density as a fu ncti on f 

the ap~l i ed load . I rief descl-ipt i or' f tl e heory is pre~e '1t ed 'ler ::: 
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as used in the ana lysis of transverse cracking under therma l l oading . A 

complete devt?l opment of the theory is presented in reference [4J . 

The theo ry presented is for a [On1 90m Js cross-ply 1 ami nilte as shown 

In Fig. 11. Whe n transverse crack for ms, all thermal stresses at the 

cracK plane (y:O) ore J'e lieved . [Ale to the mismat ch in coeffici (>fl t~ of 

thermal expansio bet\~een t hE' 00 and 90" layers, stress es de velop in tile 

laminate via shear stress between the layers. The shear stress is 

assumed to be proportional to the difference in average elastic d1s-

pl acements of the 00 and 900 l ayers 

whe re 0 1s tt',e 91)0 layer half-thickness (Fi g. ll) and I is a cons 'tant. 

Fro a force balance on the 90 0 laY9r (Fig. l?~ , 

, xy (3.1 2) 

~.1bstit.uti ng (3.1 2) into 3.11) gives ti'1e differenti a l e4uation fOr "C1 2 

dy 

Diff erent1ati~g and using the relations 

and 

- --- ---.... --~ -,- "--

dv 
o 

dy 

(3.13) 

(3.1 4) 
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Fig . 12 . Free Body D"Jgram of 90° Layer for 
"Iodified Shear-LC:9 Analysis . 
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dv 90 <12 
__ .• t: __ 

dy E 2 

wher e E1 :r Young 's modu l us of the 00 l aye r 

E2 = Youn g' s modu lus of lh ~ 900 i ye r 

gives 

Substituting t he relations 

<1 2D 
° 1 

:::: 

(3 

and 
E B + E D 

E 1 2 -c [3 + D 

where Ec '" Y ung's modul us of lIH~ r.orr.posite 

= OD l ayer thickness 

(3.15 ) 

(3.1 6) 

(3 .I7) 

(3 .18,' 

into (3.16) g; ve s a second-o rLle r d'! ffere,lt i il1 equation for C' 2 of the 

form 

(3. 19 ) 

where 

(3.20) 

Th e cons t ant. H, is determined by u~'in g ti~ e t'(;latio n 
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wilere G12 = shea r modulus of 90° laye r 

(3.21) 

In tegrating (3.21) fr0m the 0/90 inter face (v = vol to the l ami nate 

midplane (v = V90 ) gi ves 

't D 
V V =,.!L 90 - 0 l:J.~ 

12 

Substituting (3.22) into (3.11) and solving for H yields 

Subst ituti ng (3 .23 ) into (3.20) give s 

In vo~ing the boundary conditions 

gi ves a sol ution to (1. 19) of the fo r ~ 

_ (3.22) 

(3.23) 

(3. 24) 

(3 -25) 
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ult 1/2 
02(Y) := °2 (1 - exp(-~ y)) (3.26) 

The shear stre ss at the i nte rface bet ween adjacent layers is found by 

substituting (3.26) into (3.12) 

(3. 27) 

To determine °
2 

in the 90° l ayer betl(een t .... ,o exis ting cl'a cks at a 

given therma l load, the shea r str'esses due to the t wo cra cks are 

summed. If the spacing betwee n cracks is S, the shear s tre ss i s given 

by 

(3.28) 

T Wf,erf' ° 2 i s the 90° 1 ayer thermal stress at the 9i ven tht>rma 1 load in 

the absense of transverse: cre cks . 9Jbstituting (3.20 ) i nto (3.12) and 

in tegrating between 0 and y gives the desired expression for 02(Y) 

Si nce °2 is maxi num at the midpoint behleen existing crac.:s (y = SI2), 

the next crack ~ill f orm at thi s pOl nt when °2 r ~a c he s 02Ul t • Th erQ-

f ,.. ,.. t1" - lJ It t ()' T o. e, ~e Mlng G2- 02 a y ~ 5/2 in 3. 29 and sOlving for °2 gives 
T an expression for cr 2 needed to produce additi ona l t r a ns ver~e cra ck ir. g 
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(3. 30) 

Th e thermal luad correspondi ng to a 2
T may then be determined usi ng ~ 

cl assica l lamin ation theory analysis . 

3.3.3 Ana lysis of [02/902Js Laminate 

As previously me ntioned, the [02/902Js laminate is chosen to 

investigate the stbte of stress about a trans verse crack . For th i s 

analysi s , the tempe rature of initial transv erse cracking is taken as the 

experimentally det ermined va lue Of -200°F (l 44K ). Th e experimental 

proceru re followe d in mak ing th i s determination is prc:;ented i n the 

following two chapte rs. Using clJssical l ami~ati on t heory, the trans-

verse normal stress , 02' predic ted in the 90° ply ~t -200°F is 11.59 ~~i 

(79.91 MPa ) \~h'ich corre5pcnds to on in- situ transverse strength of 2.5S 

Th e t ransverse stress , 02' in the 90° l ayer i n the vi cin ity of a . 

tr ansv erse crack as predicted by the finite element 2nd modified shear-

l ag ana lyses are shown in Fig. 13. Finite el ement result s are prEsented 

at four location s through the thicknes~ of the 90~ layer s ince a through 

t he thickn ess gradient is predicted wherea~ a single representation i s 

given for tne shea r-l ag predict'on which is i ndependent of position 

tl1rouC]h the ,a.ver thick"ess . A comparison of th~ t ,IO analyses shows 

that the shear-l ag analysis predicts the rebuildin g of stress in the 90 0 

1ayer to occur 'in a ~hort e r d)stance than does th e ' init'! elell1(" r"lt an il ly-

$i5 for the majority of the th 'ickness of the layer. Sinc .... a matl1em!:1t:i-

., 
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cal sin~larity exists at the tip of the transverse crack in the finite 

elenlent analysis, a~ near the crack tip 15 greater th n the sheal'-lag 

analysis predictions. Simi"l ar Iy, t he shear stress, '\: ,pred i cted along xy 

the 0°/90° interface is greater in the finit e el eme nt analysis than in 

the shear-lag analysis (Fi g. 14). The shape of the curves fer 

both 02 and ~ are similar for the two ana lys es and suggest that a xy 

major portion of the stress is recovered in the cracked 90° layer in 

less than 0.05 in. (t= 5), but that a rruch greater distance is required 
ult , 

for 02 to attain 02 for a major po r tion of the l ayer thickne ss. 

The through the thickness grad i en ts in 0 0 pred i cted with the finit e ... 
eleme nt ana ly sis are shown i~ Fig . 15 at seve ral distances f rom the 

trans "er~e crack . Th e gradient in 0 2 is seen to be most pronounced near 

the transve rse crel ck, dec.-easing in magnitude I'l it h distancc:> from tile 

crack plane. As a result of this gradient , mater'al nea r the 0°/90° 

i nterfcce is at the highest l evel of 02 and therefore is of pri mary 

interest for pu rpos es of predicting the location of the next transver se 

crack. 

Since the pred~cted distance at which 02 attains its uncracked 

1 ult , h f ' " 1 1 " ddt tl va ue , 02 ' 1" t e l llHe e ernent ana ,ysls ~s epen en upon ' 1e 

l ocation t hrough t he 90° layer thic nps s , an assum~tion la lst be made t o 

det ermine t he equil~brium tran3vers e crack spacing. I f a crack is 

ult as sume d t o occur when 02 fir st rea ches 02 at any point in the 90° 

layer (di s regar di ng the s in £U l arHj', i. e. , zIT < 0.875 for the me sh 

use d) the equi ,ibri um c ack spaci l19 predicted by th e f1nit e element 

ana1ys i s is 0. 09 in . (~:: 9) . correspond i ng t o a crack de nsity of 11 . 1 
I 
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cracks/in . (4 . 4 cracks/cm) . If, howe ver, a c r ac~ is a5sume~ D occ'r 

when a
2 

tll roughou t tile ~nt1 r e t:,ickness of the 90 0 lay~r re d C~l i 

02
U1t , the predicted crack spac ing becomes 0.1 3 in . (~ = 13) 

correspond ing to 3 crack dens i ty of 7.7 cracKs/in. (3.0 c r 3cks/c~). 

This represents a 44% di f feren ce in pred icted crack spacing betwepn 

these two li miting cases. 

I t h d ' f ' d h 1 l ' h u It t t ' n e mo 1 1e s ear- ag an? YS1S, 02 app roac es 02 asymp 0 1C --

ally and therefore a limiting pe rcentage of the in sHu strensth rrust be 

chosen to predict a f inite crack spaci ng . Assu min g tllat a transver se 
ult crack occur s whe n O2 reaches 99% of 0 2 • the predi cted ~qui li b rju ffi 

crack spac in g is O. O~6 in. (~ = 5.6) cor r espondin~ t o 17 . 9 cracks/in. 

(7 .0 cracks / em ) . If a valu e of 99.9% of 0 2
ul t is used , the predicted 

crack spaCing is increased 1':0% to 0.084 in. (1- -= 8.4). a crack density 

of 11.9 cracks/in. (4.7 cracks / em) . A good co rreldtio~ ~xi5tS between 

the t wo analyses Vlhe;r assuming crask formation occurs ~~hen 02 fi rs t 
ult r eaches 02 in the 90° l<lyer of the finite element ana lys is 

(disregarding the. sin gu larity ) ar.d using 99.9% of o' 2ult in the modified 

shea r-l ag analysis (9.0 ~ and 8.4 ~ crack spaci ng , respecti vely). At 

t he t emperature of initi al transverse cr~cking (-200°F), no furthe r 

trans verse cracki ng ~ill occur beyond the equilibrium crack spacing in 

either analysis since 0' 2 is l ess than G2
ult th roug hout the 9 0~ layer. 

Knowing the in itia l equilibr ium cra ck spaCing, the nex~ task ;s to 

determi ne the additional thermal lo ad needed t o produce further trdns-

ver e crack i ng. The locat ion of t he next cracks are assumed to be at 

the midp"lcne betwee r1 existing cracks s ince 02 increases with dis tan ce 
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from each transv erse cr a c ~ ~nd is gr ea t est at these plan .s. Thus the 

task of dete r mi ni ng the thenna 'l load r eCjl lired to pr oduce addit ion a l 

transverse cr ack i 119 becomes on\~ of dete rmi n1 119 tfle t emp r.1ture at 

lihi ch "2 ilt the midpl ane be1:\~p.en ex i sting cr ac"s reaches the in situ 

t "t 11 t 0 th lilt r ansver"e ens P. s T' n9 , cr 2 • 

Ttl e 0'2 strp.ss ill the 90<' layer of t he [0 2/902 J5 l am i nate at the 

miaplal1e bet \,e~n t W0 existing craCKS (y :; b) i s. s hol·m i n Fig . 16 for tt1ree 

crack spa cin gs. As might be expected, the through the thickness grad-

ie nt predict ed by the finite eieme nt analysis increases i n l1l.agnHud dS 

the crack spacing decreases . At the initi a l equ ili br ium crack spac·· 

?B l 1ng (-y;:: 9), the luminate mi dpiane (T '" 0 .0) i5 at i). 34% lower valu e 

of 0'2 than the 0°/90" i nterface (f" 1. 0) . ~sSllm in g that fa nure occur . 

ult 
when 0'2 first reaches 02 at any po' nt in the 90Q l aye r, a l a r ge 

. ult nercentage of t he l 3ye r thickness is \~ell be low a? at the miop l ul C 
L 

bet\~een crad.s (y=B) . The ~t)ear- l ag ana l , sis predictions d!' e seen to 

co r relate r:ell \'/itt. the finite element analysi. predi":tions nefl r' the 

0°/90° interface. 

For predict~ng additiona l transverse cracking ~~der in'reased 

thermal loading , an initial equi1 ibriu, crack spacing of O~09 in, (C.23 

em) . or 2B/1 = 9, is assumed to be 'resent in the [Oz/90ft ]s l aminate at 

-20 OF. In the f inite elem nt analysi , addit';onai crac:':i ':.0 is assu med 

t t th " .. at ... · h f1 t .. t . c; ult at oi o occur a ,e ~enlpe ra ~u('e . \~1I1C 1° 2 rs d<.. a '111 . 02 apr l. 

i n the midpl ane beti'!een existing <: r acks . Bf' cau s of the t.emperature 

de pe .. d.:?nt llicte r i a 1 proper ties , an i terat i \Ie procer!ure 1 s reQu i rea to 

determine this t .mpJatvre . For the [02/902J5 l amina P, t is ~el pera-

._-_ .. ,.....,. __ ....,...,""'--4 __ ......... ,--. . .......... .-__ _ 
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ture is p r ed~cted as -235°F (125K). The crack spacing 1s thus reduced 

t o one - ha l f the ir.H i al equ il ibrium crack spacing, or 0 .045 in . 

(2~ c 4~5. or 0. 11 crr.) whi ch cor-responds t o a crack density of 22 . 2 

cracks/ i n. (8. 7 cracks/em). In t he modif i ed sh ar-lag an alysis, Eqn . 

(3.30) along with a cl assi cal lamination theory ~nalysis are used to 

predid the tempe rature at which <12 attains <1
2
ult J t the midplane 

between existing cracks and addit ional cracki ng occ.ur's. This telilpe ra-

t ure i $ predi cted as -22 5°F (130K), 10°F hi gher than w·1 th the fi ni te 

e l ement analysis . Neither analy!;is predicts dny furth er transverse 

cracking prio r to -250°F , the lowest temperature used in the experimcn-

tal po~tion of this investigation . 

3 . 4 Influ ence ,9f Trc.nsverse Cr a_ck!.!!.~ on Laminatt:! C_TE 

A generalized plane strairr finite el ement dnaly "'i s is us ed to 

de':e r mi ne the i nfll1ence of transve r se cracks on .lIe eTC: for t he -en 

ldmi na te~ listed at toe beginn ing of the chapt<!r. Cracks arE: assumed to 

be present at ever. intervals and the resulting model cf r'egi n and bound · 

dry conditiO I~ S are identi:::31 to those used in deterr. ' ning t he init.i.!l 

equilibrium cr~ck spHcing (Fi g. 7), To determine the lami ate CT E, the 

mode l ed regiori is subjected to a uniforrr. temperature Change (t aken to 

be /:0. 1" :-.: - lOrj at room t empe rature . Tne unknown, unit·orm displa ceme nt 

V*, of the ) i ne y=B is solved for and t he 1 mi nate CTE, cry' is gi ven by 

(3. 31) 

~---.- . - ..... - --- -- -- - .. ~-.- ------- _.- --- - -- ~--- .-_...........,.-
..-.c. __ ,~,_~_.~., _~ • - . 
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\~h ere 8 is th e 1 e·ngt h of t he mo de 1 cd reg ; on (o ne~ha 1f of the craCK 

spaci ng) . Th e 272 e l ement, 306 node finit e e l ement me sh s hm~n ill Fi g. 

10 15 dga in used . The t. r an sve r se crack density l'ia s va r ied by chan gi ng 

the y . ca l e fa ctor of t he mes h. Each l amin at e was ana lyzed f or seve r a l 

t ran svers e cr ack den sit i es dng i ng from 2 c rack~ / in . (0.7 9 cracks/em ) to 

100 cl'ack s/ ~ n. (3 9 .4 crack$/cm) . 1il add it ion , untra cked l aminates \~e re 

ct na ly zed and the r esult compa red to the c l assic ~ l ' · min at i on theor'y 

so luti on. 

The va r iat ion of l am in at e eTE wit h crack den s ity i n cro s s -p ly 

l aminute$ i s shown i n Fi g. 17. These $ame r esu lt s a r e pr ese !'I t ed in t.h e 

f orm cf percen t r etent ion cur ves i n Fi g. 18. The cu r ve s for t he quas i

i sot ropi c 1 minates ( Fig . 19 ) r~prc sent bot h actuJ l ~h~ n ges ~n d pe rcen t 

re tention si ne! t he t hree qua si - I so rop ic l aminates have the same eTE i n 

t hE- unc racked st at e . As expect ed , t he fi ni te el er:1ent r esu lts s i10¥J 

exce11 en t agreem l1t wit h c l a ss ica l l amination theory f or a ll ten lam'

n ~tes 'j 11 tile uncrac ke d s t ate. 

Th a cross - ply 1 minates exh i bit a rather s harp drop i n eTE at l ow 

crack de ns iti es (!ess t h-n 25 ::r ack s / in . (1 9 . :-' c r acksicm). The percent 

r e::ent i on cunes of Fi g. 18 pred i ::: t a rJ I~ge of 35 - 76 ;Jer cent r ect'Jctiol1 

at a density of 25 cr~c k s / in. ( 9 . ~ cracks/cm ) and a rangE of 50- 83 

percent re6Jction i\t ::0 Cf'a c.k~/in < (19.7 cracksicm). Cr ack densities J S 

high as 78 c ra cks / i n. (30.7 cra ck s/em) have been observed in quasi-

j sot.ro!); c T300/5208 graphite-epo>\)' 1 ami nat es [8J and as hi gh as 10:) 

cracks/in. (39.4 Cri! .~k s/cm ) in gl'aphite - po l~· mide [4). T:,e p r cent 

reten::ion curves al~) sho~ that ·he change ln eTF is larg0c t in th _ 

,. 
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l aminates w1th the hi ghest pe rcentage of 90° layers ([0/ 903Js and 

[90 3/OJ s ). Fo r the three p ir s of l aminates with the same pe rcentage of 

900 lay r . the 1 ami nate l<.' itl1 t he 90° loyers at the exter ior ([90n/O il ls) 
exhibit a sli ghtly greater re duct ion in eTE than with the 90° layers 

to gether 1n the interi oi ([On/90mJs) . Thi s l' e~u1t is be11eved to be due 

to the addit ional freedom of the [90n/OmJs l aminate to exp pr ience strain 

in t he z direction (Fig . 8) in the vic i ni ty of a t ransverse crack. 

The rp.sults fo r the qua si - isotropi c l aminates (Fi g. 19) show that 

the eTE decreases vJft h increas ing crack density, but Gt a rTtI ch lowe r 

rate and to a l esse r extent t han the cross-p ly l ami nates of Fig. 18. 

Th ese differences ~re lJr ge ly the resu l t of the lower percentage of goo 

l a ers in the l ami nate. However, as indicate d in Fig. 19, the eTE 

retention i s not controll ed only by the percentilge of 90° l ayers. It is 

al so a funct on of the stacking sequence of the laminate. The l aminates 

with t~e oute r 90° layers or the t\~ 90's adjacent at the midp l ane have 

only a 57 percpnt retention at 100 cralks /in. (39.4 cracks /em) wherea~ 

the l amin ate with 90 ' s interspersed between ±45° l ayers has a 65 percent 

retention at 100 cr cks/iil. This difference is due to the hi ghe;- con-

straint in the th inner inte rior 90 layer. ~s i n the cross-ply lami-

nates. pl&cing tte 90° layers at the exterior of the lamin&te 

([90/±45/0Js and [90/- 45/0/45J s ) results in a sli ghtly greate r reduction 

i n eTC than when together at the i nterio r ([O/t45/90]r). These res~lt s 
" 

also c~ ear ly sho~ that d l am in ation type theory wh ich is i ndependent of 

$tacking sequenc ejFecl:s is not suff"iciellt fof' ana lys 'is of this 

nrobl em. 
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Chapt er 4 

EXPERIMENTAL PROGRAM 

Five panels .... 'e re used in th ';s study, all f rom t he same batch of 

prepreg material . Th~ panel s were fabricated uSing Harmco T300/5208 

graphit e-epoxy prepreg tape and cu red aceordin9 t o the manufa cture r ' s ' 

recommen da t ions . All five pane ls I<!ere examined for fl ay,s using a 

C- scan ultrasonic detector and were found to be of good quality. 

Fiber volu me determi nation s we re made on al l panels. The def in i -

t ion of a percent fiber volume used was : 

Wf weight of fiber 

~Im I-'.'ei gh t of mat r i x 

Pf = density of f i ber 

Pm den s ity of matr i x 

x 100 % (4.1) 

Using tile re l ation ric = Wf + 11m. v:herc: We we i ght of compos i te sampl!~, 

equat i on (4 . 1) may oe expre$s ed as 

(4. 2) 
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For T300/ 520B the fol lowin g values were used : 

0.06361 b/i n3 

Prr. 0.0455 1bitn 3 

The refore , equat ion (4. 2) beco~e s 

V f 
1.386 

100 

(1.7 6 g/ cm 3) 

(1. 27 g/ cm3) 

1) + 1 

(4.3) 

ThuS i\ f ~ ber vol ume det el'mi nat ion requires weigh in g the comp osite samp l e 

(We ) ' remo ving t he m~t ri x mate r ia l us i ng ni t r i c acid di gestion, and 

weigh i ng the fiber (Hf ). Fiber volu~es f or t he five p ne l s .ere deter

mined to be within si Aty-seven and seventy-three perc~nt (T"ble 1). 

4. 2 _~ecilae n Preparation 

A total of twenty -fou r speci men: were construct ed . six frcm each 

cress-ply panel and three froM eac h ~'Jasi-~sotropic panel. Al ~ speci -

mens Here cut to 2. 50 ± . 01 in . (6.35 ± .025 CIT) squa res . To enhance 

microsco pic observati on , two adjacent edges of each speci men we e 

polished in t:le following manner. Saw mark s I'le re removed and tile 

surface made pl ana r using 600 gr it paper. After cleaning , the speci me n 

wa s poiished on a lne tal1oCjraph 'ic whee1 using the: final abras i ve, a 0.3 

micron diamond pas ~ e sol ut ion. To avoid rounding the edges. the 

sp e c 'me~ was sU PPol" ted agains t a p';ece of alumi num at gle while 

pol 51)1n<: . The su ported sp~ ci l~e n wa s rotated around tile whEel in the 
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Tab l e 1. Fi be r Vo lumes of Test Panels 
I t 

Speci me n 1 Specimen 2 

-
68 . 7 68. 8 

69. 9 71. 9 

72 .6 71 .8 

- '-~ 

67. 8 68.7 

~ 

72. 4 
72.0 ~ 

Average 

--
68 . 75 

70.9 

--
72.2 

68.CS 

72.2 
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opposite di r ection t o its moti on to avoid a d i rectio n ~ l bia s i n the 

polis hing. The pr o~edu re required abou t on e-ha lf hour for eac~ su rfa ce . 

To identify the lo cation of transver se cracks during mic roscopic 

obsen'at '!on, tllin tope mark i ngs were p)aced in 0.2 in. (0.5 em) 

interval s on the specimen surface along the two pol i shed edges (Fi g. 

20). ~ Lh markings were vis abl e as whi te humps on the specimen edge 

when vi ew d throu gh the microscope. 

Prior to therma l loading all specimens were dried for at l eas t one 

I'reek (1 68 hou r s ) in a Hotpack vacuum oven at 30 'I n. Hg vacuum and 129°F 

(327K) and were stored in the chamber prier to testin g and between 

therma l cyc l es. 

4.3 Equi j!.lent. 

Tile developme nt of trr.n5verse crilcking duri ng t heii,la i loading \~a s 

monitored through a 3 )( 6 tn. (7 .n x 15 .2 ~m) i ndow en he si de of illl 

Ap p1i ed Test Sy stems li quid nitrogen cooled e:1'J ~ r onment o l Char.1Del' (Fi~. 

21) . An ana log t emper6ture controll er used in conjunction with a shut 

down value on the l iquid ni trogen supp ly li ne provided contro l of the 

temreratll re and coollng rate or the chilmbe/'. Toe t.eri,perature of the 

chamber was manit red with a thermocoupl e bonded to the sur f ace of a 

control sp e c i ~en with si licone rubber and ~uspend: d directly above the 

test speci"len. 

Spec ime ns were held in a rot at ing holder rlU /' ilg testin g to ena ble 

the ~ 1 wi ng of e~ ther polis he' ed3e (Fig. 22 ). Us' ng t im nyl on cords 
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extend,ng out t hr .h the top of t he chambe r, the spec l m~n c0u l d be 

rotated ··th .L1 t openln th e chambe r door. 

f.. 7SX 1t1i C rOSCO~l e liit l'] a 2 .1 in. (S . 3 em ) f'c.dl l en gth \.as used to 

detect trans er se cra ... · ; n!; d'0r'lng d test . Tn det :: ting cr eking. t tiE? 

li ght source was direc td nea rl y perpendi cul ar t o the speci men surfdc 

b..Jt at a sli ght angle to he 1p €.' xaggerate sur'face relief. After 

co~ leting a thermo l c ... de , a Unitron microsco pe \"Ia s used c,t highe r 

magnificati ns (100-400') to conf irm cra cki ng lac ted durin the t est. 

P hoto~raDhy as also oss i ble usi ng d Pol~roid Cd er attachme nt. 

4. 4 Init ial Thel'rna l Cvcle TEsts .- ., 

tIle i niti al coo' down to - 250°F ( 1l5K) beginning t 75° F (29 7K) . A 

cool ing ra"e ~ f appro i .. -3.te l y lOoF 5.6K} per minu e HoS US .' betn!en 

examir'ation te'!l er'atures r dt ~Ihich ti ~le s the tefi~ r ' tur'e l'idS eJ:lt 

~ t:ip r oxi r;; ~t 1y cC:1stanL S;Jec imens 'iere testeC1 inell ' idually dtl to th 

l e:1gth cf time requil'etl 0 carefully examine the bro polished edges .. 

St arting at a corner of the specimen, ene edge waS -1owly tr lversea with 

the microscnpe Lnd h~ 1 cation of cracks re(ord~d ~ith respect to th~ 

tape uking n the speclPc:!Il . Ute. (o,nple t e:l} 1 \Iing one eclge" the 

sped rr. n was 1'0 td ,:ed and tile proc" du r' repeated 00 the a dj a c.~ . t eo gf:. 

CraC's were is iol a th'r li nes, us'ul1y very s raight ard i'erpend ~c

ular LO ~h~ top and )tt~ surface (Fig. 23). A conp lete test required 

fron four to :;;x ~ur- . 
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Fig. 23 . 
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Af er the f inal examin at ion at -250°F (11 6K ) , the specimen was 

s l owly warmed to rOOm t efille r i:ltu!"~ , remove d fr cm the Chcl,1be r , and exam

i ned at hi ghe r magn if1 cat 10 n~ (l OO - 400X ) to conf irm the presence and 

location of cracks de t ected dur i ng th e tes t. 

4. 5 The r'ma l Cycli ng Te s t s 

Foliowi ng the init i al lh umd1 cyc l E' tes ts , fif teen spec imen s (tnree 

fr om each vf t he fi ve pane l s ) wer e th E'rmally cycl ed be t ween -250 and 

+250° F (1 16 and 3 94K ) ~ The i n it~a l fo ool dowr. and retu r n to ,' oom tempe r

at ure wa s considered as t he first therma l eye e. ~ t s equen t t h rmal 

cy c1 e5 cor. s is ted of heat. i ng f r~m rom t emj) erc t ut'e to 25()OF ( 3~ ~K ) , 

coo lin g t o -2 50°F (lJ 6K), an d ileat i nc; to ro on' tempe ,a tv re an at. a r ate 

of a:::prox ima te1y 10°F (S .H) per In' nu t e. The spe ci mens I'Jere ~;:pose d tc 

a t ot ,,1 Gf t ~·en'.:y the r r.la l cycl es . Transverse cracki ng '~' d S mo ni tor ' (I 

~ith J u,tt r on mi croscope (l OO- 4JOX) at t te com~ l e tl on of the fi r t 

secon d, thi~d. fourth, f i f t h, se"en t h. tenth. f i f t ee n{-h. Clnd t 'entie t l) 

cycl e ~ 



Cha pter 5 

EXPERI MENTAL RESULTS AND O~SERVATIONS 

As described in se ction s 4. 4 a'1d i).5 , t wo types of t es ts were 

performed on the T300 / 5208 graphite epoxy spe c ime ns . Initi a l the rmal 

cycle tests provided a knowled ge of the temperature a t which trans ve r se 

cracking first occurred i n a l ami nate and t he crack density as a func

tion of tempe rature . 111 er01a 1 cyclin g teHs provided a kno\~ledge of 

crack density as a function' of t he number of cycles . In additio n, 

several obse rva t io ns r~ gard ing the characteri st ics of transv erse crack

ing were made wh il e performing t hes e te sts. This chapter presents a 

dis cu ssion of a ll experi me ntal rpsults and r e l .lted observations . 

Prior to t est i ng , all speci me ns were !TI ier scopically obser' vcd and 

fou nd to ue free of t ra nsve r se cracks. The outQr l ayers of the sneci

men s cu t fl'om ~he t ltJO qu aSi-isot ro pi c panels , ho,\felle r'. we:-e found to 

l1ilve l arge amounts of matl' ix dam ge !l r esent i f I 'Che fo r i! of :'andoI111y 

directed craz i ng (Fig. 24) . Consequently, ~n 6nalysis of transver~ e 

c,.ael;; ng i r. the 900 1 ayers of t he [ 90fP5/0Js and [90/ - 45/0/4 5Js 1 ami 

nate configurations was lOot possi!'> l e . This dam39= wa s believed Lo have 

occurred e~ther while cut ting th~ sJ'lccimens or c1uring sUI-f2ce prepar,\

tion . 

Tran sverse crack de nsities teport ~d are average dEnsi t'es ove r the 

l ~ngth of the specimen (2 .5 ln (6.35 em}). Crack densities il) the 

l aminate configu r ations with two separate 90° layers ([90/03]s ' 

[9°2/02]5' and [9 03/OJ s l amin tes) Jre gi ~n as Jverages of the two 

1 ayers , 
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a) [90/ -45/0/45]5 Laminate 

300X 

b) [90/l45/0]s Laminate 
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Testi ng in Quasi-lsotlupic Lan;'j:ldes , 
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5.1 Initial Therma l Cycle Test Results 

The temperatu res at which transverse cracking was first observed in 

the cross··ply l aminate configur 3ti ons are shOl~n in Table 2. !)Jring the 

initi al cool-down from reom t em~ eratu re t o -250°F (1 16K ), f ou r of the 

six cross-p ly lamin at es exper ienced transverse cracking . A to ta l of 13 

of the 36 cross-p ly speci me n confi ~rations exhibit ed trJnsve r se crack

in g. Of these 13 speci men confi ~rat ions , cra c ~ s we re obs erved during 

the test in only 8 specime n confi gu rations ; cracks liJerc obs erved in the 

remaining 5 after the tests were completed a d at higher magnifications. 

A compari son of tne t hree cros s-ply 1 ami nate confi gu rat ions with 

int erior 900 layers ([0/903Js ' [02/902Js . and [03/9 0Js) is shown in Fig . 

25. As the thickness of t he 90° layer decreil se d from the [0/903J5 

laminate to the [03 / 90J$ l aminate, the therma l l oad required to produce 

tr'ansvel"se cracking decreas ed. Th ·is trer.d f ollows the cl as sical l ami na

ti on theory pr' ediction (C(1 aPter 3) and ; s iJ result of the co:- respondir,g 

i ncrease i n t,le 0° 1 ayer' th; ckness Vlhi ch pr,)d\Jces on increased con

straint on the 90 0 layer and therefore on increased transverse norma l 

st. ress , (j2 ' at a giv ~ n th~rma l load . 

A comparison of the temperatures of in it ial transverse cracking in 

the three cross-ply lamina t es with exterior 90° layers ([903/O J
5

, 

[ 902/02J
5

, ~nd [90/03]5) is showr in Fi g. 26. Follow i ng c:assical 

l il:fTiin~t·i l) n t heory anaiys ·: s , it was (!xpt> st eu that trJnsverse cracking 

,,,,auld f i rst oC ~'.I r i n th~ [ 90/03J
5 

lami f13 t e Followe d by t he [ 902/0 2]s 

l a~ i n ate and t he n the [9J3/ OJ s l amina t e. Al though t he [ 90/03J
5 

lami na te 

was t he firs l t o cxperi e lte t r ansv erse cr ecking , t he [ 90. / ·]s wa s the 



Tebl e 2 

Te mperatur e of Initi al Transverse Cracking, of (K) 

J r- Specimen Numbe r 
l ami nate T--- '1 

Conf i g.nat i on 2 --1 3 f 4 

r-_[~/903J~- NC NC l NC NC 

5 6 I 
Initia1 1 
Crack i ng 

Temp . 

NC 
T 

r r9n'Q -1- I - 50 UD J UD NC 
~ / 3 :> ' (228) 

I [Ori90 . J--I' -200 --.... ,I ---N-C- I NC UD 

NC ~, 
- - + -----t--U- D--:---NC- I ~5~"".,1 

I (-228)' 

I ~ z s ~) -t I 
l-[~-;;':-- 1 ___ N Nee I -----;;;;-, NC NC 

[ 0 "'01 ~ NC NC 1 -175 NC 
3/ ) -,<; I (158 ) 

[00 10J -75 - 17 5 r - 100 NC 
J 3 s (2 14 ) (1 58 ) ! (200) 

~C - ~o cracking . 

UD - CI-acking undetect ed du ri ng t €!>t. confirrne d afte r test. 

UD 

N(; 

NC 

-225 
(130 ) 

- 200 - 200 
(144) (1 44 ) 

NC NC 

NC -175 
(158 ) 

-;1 NC - 75 
(214) I 

en 
co 

00 
"T1;:tJ 

"ti D 
0 :; 
0 --

::' ;:u I~ 

(.) -r: 
r: : ' 
:1- ( ~ 
,- 11 

~~ '" (" .. 
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( ) Nt!m be .. of Speci me ns 

U 0 Crocking Undctecred 

-175 (I) 
UD ~2) ~1 - 200 (2) 

}:J No Cracks 10 CraCk, 
( 6 ) ! (?) I (5 ) - I 

[O/90:~)s [02./ 902 j S [03/9OJ s 
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-- 200 

150 

Fig. 25 . Temperature (1f Initial Transverse Cracking 
i n 90° Layer of [0 /9n ] Laminate~ . n m 5 
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ORiC. ~ ;' L P;\S:..:. rs 
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0 WOI"(.J!l1g in S ~ ~cirn en 

( ) Numb .r of l"' pecimen 
UD( 3) 

UD Crocking Und ·tecied - 50n) -.. 

-75 ( I ) tI 
".-.u •• ., 
I I 
1-100(1 ) ~ I 
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next to crack and the [902/0 2Js laminate re~a ined crack- f ree for al l 

tests. All tr an sverse cr a c ~ ing in t he [903/ OJ s la~ tn Jt prio r t o - 225° F 

(1 30K) occurred in speci me ns 1. 2. and 3 al l of which experi enced 

sudde n, extensi ve transvers e crack i ng wi th noticeabl e war ping (Fig. 27) 

at increas ed t hermal load levels (-200, ·-175 , and -225° F, respec

tively) . Microscopic obs er vation reveal ed wide transvers e cr acks ofte n 

accompanied with delaminations. primarily in the layer at the outsidr of 

the cu rvatu re (Fi g. 28). Some fi ber breakage in the adjacent 0° 1 ayer 

was al:~ observed (r-ig. 29 ) . 

Hhi l e three [ 903/O J5 l ami nate speci mens experienced extensive 

tran sver'se cracking and ~/arping . the remainin g three specimen t est ed 

were found to be mo re resis ta nt to cra c~ ing and di d no t exper ienc2 

wtl rpi ng . This di fference in behav ior is bol ieved to be a resu l t of t he 

position of t he specirr.eris in t he pane1 f ro!n which they were cu t a {IS 

sho~n i n Fig . 30 , specimens 1, 2, and 3 (those experiencing extensive 

c racki n ~ and warping ) were cut fr o~ a portion of the pan el adjacent to 

t he edge af ter trimmi ng off 0 .5 i no (1.3 em) whe rea s specimens 4, 5, and 

6 (t hose more res istant t o cr acking, came f r om an i nte r ior por ti on of 

til e panel. An in vestigat i on of the unused port ion of the pa ne l showed 

varia t ions in th8 l aminate thick ness as f ar as 1. 5 in . (3.8 em ) inward 

fr om tne edge . Therefore, a thickness varia t ion may h~ve been present 

i n specimens 1. 2, and 3. Althrnlgh these specimens appear~d to be 

uniform i n thickness and symmetric under micro~copic observations, it is 

beli eve d th3t these variation~ were at least partial ly responsible for 

t he 00 erve(j behavior. Since the same specimens WNe L1sed to study both 
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OF POOR QUAL 

Fi g. 27. Warp i ng of [903/ OJ s Laminate Specimens 
1,2. ilnd 3 Due to Therma1 Load :19 . 
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ORiG' j ~,:l.'... i :" C ' ~ :: IS 
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100., 

Fiber Br '_ .. . ,age in t,djacent 0° Ldyer of 

[903/ OJ
5 

Lami nat e (Spec i men 2). 
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the [90,/0)5 and [03/ OJ S 1 illn ! nat es , some cal t i on sh ' 1 d 

interpl' Ung the [ ()3/9 ]s l amin"t" re sults, especially in the j" il.': 

therma l t s·s wherL on ly s~ec i mcns 1, 2, and 3 (tho se D perien 9 

Ha r'ping) I'e te5t o {j . Five of the six specifT't'ns, h0we ~ 

uncrad. in the [C 1-01s laminate configJration tl"o'ou gh t h iii di 

therm 1 cycle test. 

rt is also noted that spec i mens I , 2, and 3 u:;ed to s tlJ qy' • )""h th~ 

[0/903] ~ ~nd [90 /0 3] laminates w re cut f rom the edge of the ~~ ,1 

after tri 1i1i \n off .5 in . (1.3 em) . However, no unUSll behd i 

occurred ft ' '" speci1n<>ns -t , 5, an d 6 which \\'ef'e cut f" 11\ inten r 

portion, I'\f tht: pMh:l. Ai 1 other' s.peci me ns \'iere cut from inter~ l, ' 

portions f the p~ c l • 

Alter the i nitial formation of trensverse cracking w~s Db- R j. 

cros ~. ply 1 mina e 'Clrtf i gura tio!ls uS sho."n 'n TJble 3 • . t th ~.:: ~ 1 

tion of h~ initial ( 

~ ,owly ar11\ d to r orm tP. erc1ture tlnd vi el\'ed under a I:lt 1'05CO(,) 

hi gher I\~,<'\if ic ~ ion . Nume ruus transverse c .. acks , utH1ete cted , " r.g 

the t 

Fail llt'e " dere"t i'h'ks i the (OJ902Js laminate \ as DI:1 i eve"" l> 

due to th.:.' '!!hl I c r '~ open; ng mae3 S s 1 i £ttt rOLlnd; ng f ttl 

dyes d r:r.'J po1ist :r'~l I'"i~ crClc!:l" tection difficul~ in the th '£, 



Tab l e 3 

Trar.s verse Crack Densi ty Ve rsu s Temperatu r e 
cracks/in . (c r a ck~ /cm) 

" -~ 1 craci::~l 
Ld'11inilte Tp'1o(' r atu rp OF ' K) Oen s ity 
ConfiryJ f- -50 -75 - 100 I - i2S - 150 - 175 - 200 - 225 -2~ After I "tiD, i (l2B) (1i4) (100) I (1 8& ) (171) L:158 ) ( 144 ) (130 ) [ (116 ) ! rest I 
~tjn03]S . - I .. _ - _ - _ - - - ~ - ! - ! ~ 
t[9010 ~ 0.0333 o.~· 0 . 0667 1 0 .066i 0 . 0667 r 0 . 066 7 0 . 0667 0 . 66 7 0 . 066 7 0 . 233 L 3.ls 0 .131) _ (O '=:FO .0262}~262) (0.0262 ) \ (0 . 026 2) (0 . 026 2) (0 .0262 ) (0 . 0262, (0 . 0919) 

'

I [11 '90] I - - I - I - - I - 0 . 200 0 . 200 0 . 533 I 1. 27 
:.:. f 2· s I ~_ - -r __ .,- ( 0 • 0787) ( 0 • 0 7 C 7) ( 0 • 2 J 0) t (0 . 499 -1 

1[ ~302 /02Js - - {~ r' - - - - - I - I 

~fgO~ -- I I -- --- LI I -i 
I ~. o - - - 1 - - - - - - ! - I 
l.:arpi ng ii i 
I roc /OJ !!! '-1 1 ~- 3 \ S ' I I I 0. 0667 0,0667' 0 . 065 7 
hlu~~ing - I - ---L_-_ I - I - I - - (0 . 0262) (C . 0262)1 (0 . 0262) 

~ I I -t I ' J, ---[Oy'JIJJ s I 0 . 133 0. 13 3 ' 0 . 133 1 0 . 133 0 . 133 l""p,"~ 1 __ oj J I (0 ' 05l~ (0 , 0525 ) (0 . 051 5~ (0 . 0515) (0 . 0515 ) 

[~03/0]s /0.0667 I 0 . 467 '0 . 667 0.800 I 1. 67 I 2 .20 3 . 33 r 3 •33 3 . 40 
I~!a;p i ng .JJ~02G2) 1(0 . ! 84 ) I (~ . ?63L ,"(O' 3i 5) 1(0.656 ) 1 (0 . 866) ~iiLl~1. 31 ) (1 . 34 
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( specimens 1, 2, arid 3) . Hit 11 the excep t ion of the [ 02/902Js laminat • 

ti ll otlicr l Jm 'inates /'l ad d 'I' in ,'Il cr ack d I1S it.v of l ('ss then 0. 25 

cracks/in . (O.la crdek s/cm) correspondin g to an ayprd ~e of less t han one 

(nick pe r s pe-:in:e n . The lo ca t:on of t r ansverSe cr'de"S appeared to be 

r ~ndom throughout the i~itiel cyc l e t est s for a ll laminates and a uni-

form spacing was not attained i n 2ny specimen at t he completi on of on 

cycle of therma l loadin g. 

5.2 Cyc l ic Thermal Test Resu lts 
-~ -----
Aft er the initi a l cool dowr. to -250°F (ll GK ), sp ~ cimens I, 2. 'l1 d 3 

fr om e.::cll of the f 1 ve panel S wer'e therm., l cye 1 ed 20 Ume " beh'e~n -250 

and 250°F (11 6 -:lnd 394K ). The effects of tl1e cyclic t.ests on translJers:e 

crack densiti S dre sho~'m ir. Table 4 .• 

5. 2. 1 Cf'Q ss~!Jl'y Lami"liltes 

At tile contp leU on of 15 tht!rm~ 1 ey~le - . transve,se Cl'dek ing \JdS 

preSt~nt in a il si x ..... oss-p ly ccnf~gJrJtion · . Crack d~n5itie raMed 

from 8 .27 cr ( ks/ir. {3.2 6 crack. s/em} in the [03.'90J s laminate to 0 ... 33 

c r dcks/in . (0 . 052 crack s /em) n the [0/903J$ laminat e A ee c paris n of 

the three cro:is-ply l am inate onf·gu ra tion., \~ah int ~rio r 9Qo lc1yers is 

sh'lm in fig. 31. As the hickness of thf 9ao layer Jecn,3sed from ttl 

p,'csent ilt a 91 ve n 'I~n;be r of th~,' .(1 1 rye: p' i ncr~ased. ".r:, \>;as thc ccse 

\ ith t e iri"ia Uli rrn'l ':Ylle tt::,t r(' su ts fo r th' "am._ tl'tre~ 1a., i -

I1Jtes, this Ci' end f :llh'\'JS the e l a ~ 'c a l ) ... 1ifli.\-c iNI the8ry rre di;:.tlon: of 



Table 4 
Transvtrse C~ack Den s i ty Ve rsu; Nu~he r of Thermal Cycles 

cracks/i n. (crack s/em) 

~nilte I i~u mber of Ther~~lesJC;O_to -250 of (11 6 to 

~~\Jrat ion ] 2 -t-: t 4 .1 5=1 7 I 10 

I [O/91\J S - f 1-
~ ; I -I 1 .' 

i [gO/" ~ - T 0 . tH10 1 . 27 1. 60 I 2 . 47 I 2.60 2. 87 3. 60 
J _.):~~J. (0.158 ) ~~~ (0.630, (0.971) (1. 02 ) (1.13) (: . 42 ) 

Ir~"o ] I 1.07 J 1. 33

J
i 

1 .7 3
n

, I 1.73 1.87 I 2.00 2. 53 3. 20 
~. 2 ' 2 s I (ONO) I (O.525) J!l.,6B3l.j (O . 682 ) ( O .7~ (0 .78 7) ( 0. 597) ( 1.26) 

[
Q02/\)4_ ----- ----L~_--+-t --+---, 

"' 0 /90J ~ n . 133 1.733', 2.27 I 2 . '13 B · 07 5 .73 
L 3 s ( 0 .fJ525 ) (0 ,682 ) . (0 .892 ) (1 . 15) (1.21 ) (2.26) -- -1 t-
[9 rj I f) ' I 3 . 33 4 . 13 I 4 . :n l' 4 . 33 ! ''LJ 3 i 4 . 60 

~_ ' 3' ~~.-J_ ~ 1. 31) _ ~l. 7 I; I (1. 71) i (i. 7 ~_~ i. 71 ) (1_._8_1 _) -+-__ 

I r O/+4S '90 ' I - -J - i -I - I -,. - I .IS . • _ 

----4----+-- - t --- l I 

1-------+-----+!-N-I,:-J--+1-N-/: _-+~~/: H/A , 

lE"'J/- '~/O"'J< 1 "/A .i~ fH/A-l Nil, t filA H/A H/A 1-----+----1 

3. 2Q 
(1 .26 ) 

0 .200 ...... 
(0.0787) I <0 

I 8 . 27 
00 (3 . 25 ) 
"1'1;:0 

4 . 73 
"OC5 
0-

( 1 . 86) 0 2 
;o~ 

I 

0 . 267 .0-0 
c :;:,. 

(0 . 105) :P '-'J c: 
-i _ . 
< £I) 

/, /1\ - Informat ion rlct Avai lable (Ale to Damage Present Pri o r to Testing . 
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an increasi ng tl ",:Jns,' ers , norma ' stress, C1
2

, in th? 90 0 l a'ye r \"11 t h 

(jecr"easing 900 l ayer thickness J t a given t.tt(~irna l l ead. The differences 

in crack den!;ity i ncr<> 3sed Hith Ule numbe r of ther rni! l cycles up t o 15 

cycles at whi c h point no c1dditiona l cra ck 'i ng occu/, iod. Through out the 

thermal cycling, t he location of transverse cracks st il l appe ~r~ d to be 

Quit t' ron dor1 and Iv ithout r egu l ar spacing. 

A c.omoar "lso r. of ti le:. t hree cros s- pl y l iunin at es I" H h exter i or 90" 

1 ayers is sholm in F1 g. 32. The [ 903/O Js 1 am i nate , I;hi ell er..;l ec i need 

extensive transverse cracking and warping in the ini ~ ia l cycle . showed a 

42% increase in crack density cl fter 20 cyc l es . This fi li al crack den-

sity, however, was on ly 16% greater than the final ~~~ sity of the 

[90/03)s l aminat e , ~hich was nearly crack free after the initi al th r~a l 

eye ) E: tests. Although predi cted to have J hi ghel' r:1? in the 90° 1 yer at 

a 91 \l en t IH~r'ma ) l oad th an t he [903/OJ$ "I ami nat (: , th e: [ %Z/O Z]s 1 ami nu te 

rema "ined ina!'€: r esistant to triln~ve(' s E' cra cking. This mJ;' h.:ne l:nen a 

re sult ot t he war r i ng presen t i n t he [ 9°3/0 ]5 specim ns as d jscu ~ sed i n 

the previ ous section . As wa :; the cas e \~ i ' h the "in tt!rn a l 90 0 L ~' e r 

cross-p iy l amin c'!"t es , ( 'ad spa cings I.ere :.. tn~ ir-regu 1al' after' ' 0 t~e r-

ma l cycl es . su yges t 1ng t lla t fu r tiler t ra nsver- s e cr ac!<."l ng may have 

occur red with ad di t i orlJ t ile r ma l cyclin g. 

An in te re ~ting i() ~:par iso n may he made behleen the c rCl ck dl' n it i e"s 

in t hp [03 / 90J~ and [SO/03Js ) ami n ~ tes (F ig . 33). In the ~ nc r ~ck ed 

state, l ami !lilt i on theo ry predic ts (12 t o b-2 i dent,ical in th e '\. 1'1 lami

nates at d gi up n t her"dl l oad s ince tney have th~ ~ ame perc nt ag , of 

OOa nd 90" l aye rs ~ I t might t heref ore be e ~pec "'e d th at t il , C,,} ~ dens i .. 
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ties would be approxi mately equa 1 after cyclic lo a di ng . After 5 thermal 

cycles, howev e r, th e crack derrs H y in the [03/90J$ 1ami na t e wa s approxi 

mately tw ice th a t i n the [9 0/03J
5

• indica ti ng an infl ue nce of th e lami-

nate stacking sequence on transvers e cracking. This d i ffer e nc e i n "crack 

densiti es may pos s ibl y be unde r s to od by con _ide ri ng a n e q~ al nJm De r' of 

critical fla ws producin g tra nsve rse cra cking to be pre sent in t he 90 0 

layers of the two l aminates per unit volu me . A fla w in the [03/90Js 

l aminat e would produce a tran s vers e crack extending compl e tely aCl'oss 

the 90° laye r whe rea s a tran s '.' e r s e crack pro du ce d in tIle [90/03J$ lami 

nate woul d he present in only one of t he two exterior 90° 1ayet's s e pa r a -

ted by t he 0° 1.1yer. The r e su 1 ti n9 ave ra ge cr-c"ck den s iti pre s r: nt i n tlH~ 

[03/90Js lami nate wQtl l e he t lvice ti1 at present in the [ 90 / 03J
5 

lam "nat e , 

a fc: c t ';Ihi c h agrees 1"li th t he cyc lic th e r ma l tes t re$I!1"i: s aft.er f l ve 

t hermdl cycl es . 

Simi l it r reasoning s\:gges ts cha t the t r an5ve"se crack dens ; 'Y pl'e -

sent i n the [02 /90~ ]~ laminate shou l d be t wice that pr~sent i n the L _ 

[ 90? / 02J- l aminate . l l1fOUg h 20 th€m;c)~ cycles , hOI':eve l-. t he era k - ~ 

dens i ty p re~ent in t he [ 02/902 Js laminate wa s over an orde~ of ma n i tude 

gr~atE' r than in t he [902/ 0 2]s l aOilina t e . Cons;de;in~ that such il t !-End 

deve l oped in t he [ 03/90Js and [90/03Js l aminates on)y "fter 5 thern,al 

cyc l es and chat the 90° l ayers are J t a higher state of stress, a t a 

suggested tj-.at th is tr~nd may ha ve deve"iope; if more thet'il':1) cj'c1f.s were 

cons idereJ. 
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A simil ar comparison of the [0/903J5 and [ 903/OJ s l ~minate s i s 

di f ficult . si nce the [ 903/ OJs l aminate specimens us ed were t hose whi t h 

exp eri enced ex t ens ive trans verse cra ck in g and wa rp ing in the ini t i al 

therma l cycl e t ests. I t is be l 'jevcd t ha t til e trend of twi ce t he cra ck 

densi ty pres ent in the l amin ate with an inter i or 90 0 laye r migh t on ly be 

seen aft er fUI'ther therma l cycling, s in ce th e st ate of st ress i n the 90 0 

l ayer s at a givpn therma l load is t he lowes t of all the cross-ply l ami-

nat es studi ed. 

5.2.2 Qu asi-[sotrop ic Laminat es 

As prev iou sly di scu ssed, analys i s of transver se cracking in the 

outer l ayers of t he quasi-isotrop ic pane'ls ([90/+4 5/ 01 s and [ 90/ -

45/0/45] l ami nat es ) was not possibT e dll t t o exten s ive mat ri x damage 

present pri or t o t est i ng . The [ G/ ±45/90]s l am i n<'lte exper-i€:nced l imited 

transve rs e crock -j og beg ; nn; og af :: er ten eyc l es No crack i rig waS r epoi' -

t ed i:1 t he [ 0/45/90 /- 45 J5 l ami:la te or in any of t he +4 50 or _450 1 ayel' ~ 

of any l ami nat e . Whil e the qua si -i sotrcpic l aminates were fou nd ·0 be 

ge ner al ly r es i sta nt to t ra nsverse cra ck i ng. a sl i ght in crea se i n 

r es i sta nce wa s exh ibi ted when the st acki ng sequen ce was changed from 

[ O/ :!;4 5/90Js to [0/45/30/- -1 5Js r2st.:lti rig i n a tll i nner 90 ') 1 aye r- , 

5.3 Cor re at i on wi th Analvt i c.a l Studies 
------------~--~ 

5.3.1 De t crm;nation of In S-tu Transverse Strergth 

Experi me ntal resul -s for the i ni t 'ral t emperature of trailsver-se 

cr ack i ng al ong wi t h a cla-sical laminltion theory ana lysis (Secti n 
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3.2.1) may be used to determine the in situ transverse strength, 

ul t. 0'2 ' of the lamin ates in vestigated. In mak ing these det erminations , 

the exper imentally determined tempera ture of i niti al trans e r se cracking 

in a ,aminate is in t}lIt in to a clas ical lamina t ion U,eof'.' analysis and 

the re su l t ~ ng tra n~u e rse stress in the 90 0 laye r 

(O'
2
Ult

) det ~ rr,'1'ne d . R 1t f th' 1 1 ' t h ~ eSu s or ' e SlX cros s-p y amlna es are 5 own 

in Fig. 34. All cros s-p ly laminates e~hibit an in si tu transver se 

ult strength. 02 • at least 1.9 ti mes gr eate r than the uniaxial 

transverse strengt :1 Yt (T). SomE' specimens frem all six laminates 

remainE:d uncrac.ked at .. 250°F (116K) . irdi cil ti ng t.hat 0' 2
ult 

rr.ay be 

somewhat gre",te r than t.lle max i trum va lu e" des ig'iate::1 hy da:;hed l -ines i n 

Fi g. 34. 

A 90° 1 ' ' k ('f u1t b ' [0 /90 ] ayer tOle'ness e; ect on 0' 2 may e secn 1n the n -m s 

U'oss-p1y l am 'n ates~ A-:; the tllicLnf'!s . 0 t~e 90 0 layer decr"'iises, 

ult 02 inCreaSf!5. Trti, r esu;t is in agr ,emen: Idth ref. [3 4J and may be 

a rl2sult of the cor r espond':ng ;ncr2ose in the c9ilstr d1t i mposed by an 

increasing thic~npss of adjacent 0° layers. A simi lar t hi cknes s effect 

Si nce all f(;ur quas 'i-isotropic 1aminates remained uncrac!<ed 

t: hroughou: the in iti al co 1 clown to -2 50°F. on ly a 10'oJe r limit for 

LIlt 
O

2 
may be de te rmi ned. At - ?5CJ"c ult '" ? 66 \: ( ") in t~e 90" - "-:) 2 ~. it ' , 

laye rs of the four quasi-i sot ropic lami nates . 

In determining in situ strEngth using experi8entr l lesult5 and a 

cl assica l lam;natio theory analysis. it is noted that' finite l ength 

sp:>cimens lI1th fl'ee Edges \ p.r~ USE'd in t. lle exper'ir.,enla l stldy \'Ihereas 
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claSSl cal lamination th20ry assumes in f ini te le~gth lami nates NJgar~ar 

and Herakov i ch [32J s tudied fin'tE width composite laminates ~nd found 

the thermal st - ~ ~ s. 02' in the 90° layer of a [O/90J~ T300/5208 laminate 

to be 26 percent greater at the free edge t~an in the inte ri or portion 

of the laminate. For ~ [90/0]s l aminate. 0 2 at the fr ee edgg was If~ 

grea tet~ than in t he inter·ior . Therefore, the temper'ature of i:1it i al 

tran sverse crac ~ ing may corres po nd to a crack forming at t~e free edge 

of t he specimen whe rea s the stress predi cted with cl assical l amination 

theory is the lower value present in the inter'ior of the !" peci men. 

Th h · . I U 1t t I us, t e 1n Sltu tran sve rse st rengt,. 0 2 ' may 'e even greater t~ an 

pY'ec icted. 

A comparison of the crack spdcin g observed e xpe ri m~nta l 1y ( ~ec ion 

5.1) ana predicted analyttc~lly (s e~ti 0n 3.3.3 ) for th p [02 /902Js 

l aminate during the initial cool dewn to -250°F (116K) is s h o~n in Fi g. 

35. nH~ uniform crack ~paciilgs predict~d I'lith a finite ::. l ernent analysis 

(0 .09 in. at ··20QoF anc 0.045 in. <1':: -250°F) ~re in gr' ea t <:()nt.-ast. to 

the sparse, randomly l o c~t2d tranSVerse cracking obser e~ 

e~peri mentally. As shown in Fi g. 36, tran~verse crack spacin g was stil l 

non-uniform t hroughout the speci men &fter 20 th~rmdl cycles. Ho~eve r, 

some l ocalized regions had develo~ed approximate ly unifor, crack 

spacings wtr;ch i1pproa ctled t :'e predicted spacing. it ·is. believed thn t 

the preJicted uniform Cf' c:C, spac i ng ro;a), have developed throughout the 

length of tile s p~cimen \~ith (lcditiona1 thermal cyc1ing. 
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5.4 Ob se rv~ tlons 

Duri ng both the InHlal he r m.a l cy c l e test s and cyclic t herma l 

te sts , il ll tr ans verse track. were fOtlnG to be fully pru pagated across 

the thf ckne~s of t ne 90° Idyer upon ffr'st clctec ,: lo n. TIle: l '1CDt i o .. 0 

th e inlti d l t r'an sver se cr c: ck5 Ct p pe ~ rc~ d to be rando m, f a vori ng neit he r 

the end nor the In i doo\flt or th e <,pec\l1Ien. Traf\S Ve r Se cr d C\; S t ended to 

cJvc id re s 'i n .. lch region s , and a s shown in Fig . 37, gene r a lly c. hanqe d 

direction to follew the ed ge of the region rathe r t~a n pass throu gh it . 

As Inay te seen in Fig . 38, tra nsverse crack1n 9 involvp.d fibH 

splitt i ng in addition to matri A cracking. Generally, fiber spl i t t ing 

provi de d for a str a1ghl crack path , seldom meanderi ng from its previotJ s 

direction. Fi~e r spli tt ing was obse r v d in a ll l am ina tcs ex hi bit ing 

transver se cracking. 

Tr a ns ve ~ se cracks we re seen to var ' in width across the 90~ l ayer, 

t «perfng t·/hen app rouching an adjacent l i1yel ' (IS sho-r.(l in ..... ;g. 38 . Such 

t J~2 ri ng was pr esen: i n all laminates exhibiting cracking J~d IndicJtes 

t he cC1s t raint pl aced on the cracked 90° layer by t ho adja cent layer . 

The presence of de l am in ation:; ac.;omp~ny1ng trans ve r se cracks \~3S 

obse r ved in t he [ 9°3/0]5 l amin ate speci mens e ::;JericOlc il1 :J 11arping as 

p r e vious ly discus:;eci (Fig . 28 ). 5iJch delaminations generally follo...:ed 

t he i nterface b€twf-ef) acja cent 1ayers, but a s shown in Ffg . 29 , SQr;1e -

ti mes fiber brea'o se occu rred in tr.e adjJcent 0° layer . -'€ l ami MtiOIlS 

were sometimes foun d to grow in length with progressi ve thermal cyclin0 . 

Some transverse crac~s in the cross - ply laminate s with lnL eri r 90° 

l aye rs ere secn to branch into tH') distinct craci(s as shown "in 
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Fi g. 39. Ge ner a lly, t e point at which the brcl nchin g occu rred 11/as only 

d f e I fiber diameters from t he (jd.J ,~cent 00 l ayer . 1/0 crack brc:nch ing 

was seen in any of the rema ini ng l aminates inVe sti ga ted. 
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CONCLUSIONS 

This study 11as 'investigated tt1C Ch il :'dctel'istics of therrnally-

induced tra nsve r se cracks, both exper imentally an d analytically, .in 

T300/5208 graphite-epoxy lamilates. Of particJl~ r inte rest was the 

determinati on of the tempe rature at which trans ersa cracks initially 

form. the statE" of stress in t il E' vlc1nHy Qf a transvE:rse crack, the 

in i tial equilibrium tran5vers~ crack spaCi ng, t he formation of addi-

tion al transverse crack ing under increased thermal load and under the r-

ma l cycling , and the i nfluence of t ransve rse cracking on the laminat e 

CTE. Th e f0110 1>'1n9 conclusi ons may bf: dl 'awn as J result of this stu dy: 

1. The T3 00/ 5208 lc:mirtates s t udied in this in· ... est. iga ti cn are f r ~e 

of crads alter cur'lng. 

" c. . Four of the s ix c ro 55 -p ~ y l aminates Dxperience transve rse 

cracking t1u ring the ini tia l coo l dOrm t o - 250 Q F {11 6K } I\he r eas a l i 

qu asi -1 sot rop i c l ami n a ~ es rem in crac k fr ee . 

3. ! ncreas i n ~ the per cen t age of trre 900 1 c::er in t he [On /90m Js 

l am in ut e results 'in an increa sed '.: he rma l load requi red to ~Jrcduce t c'ans-

ver se crack i ng. 

4 . Th e i n s i tu trans verse strength of t he 90 0 l aye r i s ~ore th~ n 

1.9 t1l1le greater than the t r ansverse st r"e ngU-, 07 t.he unitJirectio ,a l 90" 

mater', a i . 

5. The in it io l equil i br ium trd:1SVerSe cr ilck spClC in g i ., Ule 

[ °2/ 9°2\ l ami nate i s qu ite rar.(jom ~nd much great.~r Li lan th E: unifo rm 

cra ck spa ci ng predicted analytically . 

96 
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6. A through the thickness gradient in the transverse t ensile 

stress is present in the cracked 90 0 layer . decreasing in magnitude with 

distance from the transverse crack and resu lting in a higher stres~ near 

the adjacent constraining layer t han in t he in te rior portion of the 90° 

layer. 

7. The init~ill equilihriu;n transverse crack spa cing pr"ed";cted in 

t he [°2/9°2]5 laminate with a generaliled plane straill finite el eme nt 

analysis corr~ sponds w~ll to that predicted with a modified Shear-lag 

analysis. 

8. All si x cross-ply 1 ami nates as well as the [O/±45/90]s quasi "" 

iso tropi c l am inate exhibit tran sverse cracking foll ow ing 20 the rma l 

cycles between 250 and -250°F (116 and 394K). 

9. ~ uniform transverse crdck spacing is not present in any of the 

l ami n<2tes studied fo110Wi r",g 20 thermitl cycles, but the uniforr,lity of 

crack spacing increases with increasing thermJ l cycle~. 

10. Th e cross-ply ~aminates exhibit a rather sharp drop in lbmi

nate e'E ut ~ ow crack densit ies (1ess than 50 cracks/in. (19.7 

cracksj ern)). 

11 . The qua~ "i -isotropic laminates exhibit: il decreasE 111 larr.in te 

CTE ':dth increasi ng crack density. but at a nuch lower rate and to a 

1esser extent th an the cross -p ly lil rn inates. 

12. While transve rse cracking was able to be detected in a major

i ty of the lami n at~s wi th a 75 X microscope , hi gh er magnification is 

needec to confirm the ~res e nce of cracks in al1 l aminates stlJdied • 

. c 
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APPEND! X ff 

Con strained Di sp la cement Fini t e El eme nt Solut ion s 

Ttle proce ss of con s t r a i ning displacement s requi r es a teCllrl i que of 

systematica lly modifyin g the globa1 stiffness matrix and t he global 

force vector of the finit e el ement soluti on . Branca [40J an d Crane Dnd 

Adams [lllJ have illustra ted the modificaUons required. Hov:ever, i1.: 

does not appea r that a rigorolls de 'elopment of th e procedure hC!s be en 

presented. Of particular interest is the question of a unique so lution 

while pe nn Hing an arbitrar'y choice of the cons t rained node us~d if! the 

sol ut ion. Tilis append ix addresses ttlis 4ue stion in a rigor"ous mannEr by 

consiaering the lariationa l forfTll)l()tion of the aniso t ropic, thermo -

elastic, generalized pl ane strai~ f in ite el ement dnblysis. 

The pri nci pl e of vir tua l wo rk may be Hr i tten 

o(U + If) o 

where 

U - st ored s tra~ n energy 

v _ potential of 3pp ii ~d l oad s 

Equa tion (B. 1) can be I'/fit t en 

\~ h e r e 

N 
( o ·f.) d ~ - E Qi q i 1 

i = 1 

c == mecMn i ca l strain 

0i - app 1 i ed noda 1 forces 

q i - nOd "l oi ~ p 1 a Celf!, n t s 

11 2 

(B . l) 

I , ) ... ) 
\ u • .::. 
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N :: numbe r of nodes 

R :: reg io (, of interes t. 

Ol.!G'j':,'·lL !":. _,:.:: : ~. 

OF POO. J~~. (iY 

Assuming supe rpositi on of thermal and rr.echa ni cal ::;t rains . the strain-

displacement rel ations in the mater ial coordin ate sy st em f or a tempe ra-

turc change l1T are: 

EXX (",x - a i§ ) x 

fyy v ,y - a g 
y 

EZl 
:= w.z - a fJ (B.3) 

z 

Yyz v,z + W ,y 

Yxz u,z ~ . .. , 
"" ,x 

Yxy u I' Y ·r v v - a bT ." xy I 
Whe re a a m a are the nonzero coeff icients of the rma l expansiGn 

x' y' 'xy' l 

of i ndividua l l ayers. Using e eITIental d'; sp accment s of tM~ fo rm 

\there 

N 
u:= L ~'i (y, z ):.1 i + ~ oX 

i ::: 1 

v .-

w = 

N 
L <\J. (y. z ) V . 

i =1 
1 1 

N 
L tV. (y, z )\~ . 

i =1 
1 1 

tV) (y , L) '= e l ement shape fu nct i on~ 

Ui , i .~J l =: nodal di 5pl acem<2r,,;s 
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1':x == tota l uniform :\ strain 

N = nu mbe r of nodes per element 

The r.tra oin di splacefl'f!nt rela t ions become 

(E) = [8 J {q} + {EO} (1) .4 ) 

v/here 

[BJ ::: r.lOtrix of e lement sh ape func t ion de riv ilt i'Jes , 

£ a: liT \ xx x 

-ay liT 

{EO} 
, - a: .c;r 

z 

0 

0 

~ - 'X liT 

\ 
xy 

and it ;s ass umed that lamina are i n x-y pianes. . The const itut-jl,'f: 

r e l at i on i n gl oba l coord ifl Jt!?'5 cun be '.'Iritten 

(8 . 5) 

combining (8.4) and (8.5), 

(8. 6 ) 

Subst"tutin9 [q n ~ . (11. 4) ,'Hi d (B. n) into E:qn . (R.2, yie l ds 



At t his point. l\ie considet' a one el eme nt example (Fig . B1) . For 

thl S examp le , the qua ntit.Y [BJ\qj may be written 

[6] {q } = 0 

o 

o o o 

<1 ,'j 0 0 

o <!t ,z 0 

~ , z ~ ,y 0 

l~ . Z 0 o 

o o 

<jJ2 ,y 0 

o 

o 

o 

o o 

<lj ,Y 0 

o <l:3 , z 

4>2 , z <"2 _ Y 0 ~':3 ,z <\13, Y 

o dJ 0 0 3,z 

o o <\I2 ,y 0 o <lj ,y 0 o 

(B. S) 

Next, the v displacements of nodes 2 and 3 are constrd i-ed (V 2 V3). 

U~der this constra~nt. ei thet' V2 or V3 may be expressed in terms of the 

ot het' displ-cement , reducing the n_ .Jer of i ndependent displ acements by 

one . A co~Lination of terms is then possib l e in [8] and {Q}. 

Sel ect ·jng V2 as tile "maste r" displacerr.ent ,'ep!"escrlting all con s trained 

displacemencs yi elds 
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u, 
r n 0 0 0 n 0 0 0 I' 1 

t) .; , ,r i) 0 (VI. .y .w 1,y) 0 n 0 1/1 

n 0 () I) 0 

(O+J !q+! • 
4< 1 ,I ';' 2.l " 3,l 

U2 

0 ~ 1 , 1 ~l ,y () (t? . " ) ) 
(g. 9) 

;;. 0 t ),y Vz • r ~ l l . y 
.;. 

I ,t n 0 ( , 
2.1 

n 0 '" 3, : 0 \/z 

~ 1. y 
0 0 n 0 0 

"Z ,y "3 ,.t \ UJ' 

\/) 

f °1 \ \. Q2 

03 

and tQ*} - °4 
Os {. °8 

( 
06 

°7 ! 
\ 09 / \ 

Ilith the constraint V
2 

= V'] 'm~osed , \~e pr' oceed to take the first va r ia

t i on of the mod i fi d pquation :7) 

[B*] T [El[~*J (jR] {q*) + 
R 

[B*J [t nEo ;dR - {Q*} :: 0 (B . H1) 
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The resulti ng se t of equa ti ,)ns has onf> less equation t han befor e i mpos -

1n9 tile constr() int. Ass emb li ng :: qn. (B.10) in a mo re convpnt;ona l for'm 

wh~ re 

and (B.Il) 

A cOfliparisc.n of the mod ified qua ntit ~es [K* ] an ·j [F*} \"ith the or i g;nal 

quant Hi e s [K] and {F} suggest!; a ser i es of s), ster.1at ic modi f ~ca t1 c.ns . 

cor:veni ent to t~e exist i ng compute r .::ode t to accorr,;r.odale corv~ trili ned 

displ ccement s. Agai n, consider the Ofle elf:ffi€r.t eXuiilpl", sh·,v:m i Fi g .• 

n . 1 with the V" 
£. 

ilnu V3 di sp lacem nts const rc; ; Ilcd . Gefor .. &;l[> l y ' rg the 

corr5trai nt . the gov~ rning finit e c lE mEnt t::qu c:t ions re c'f thf' forn 

- I U; \ 

\ 

Kll KJ2 K13 K1 4 r15 K16 K17 K18 . )'9 IF \ \ i 
K12 

OJ Y. 23 1\ 24 K25 K26 1(27 )(28 t:29 VI F~ ~ " ?'J 
'- L. '~ ,. 

\ '1 H 
" ,.. ~' 

K13 K23 t~33 
v 

K35 K36 K3? K3S K39 I • 
"3 . . 

,)~: ( K14 K24 K34 f~ ~4 K45 K46 K47 K48 K49 1 U2 
v K25 K35 1(45 K5~ 1\56 KS 7 KS8 KS9 I J '2 (B . l? ) 
"15 

1(1 6 ;(26 1\36 K46 Kr:" ~66 K6? K6B K6 9 
, 

J \;2 J r 6 I :)0 
I 

K17 K2] K37 Y-47 KS? K6? Kn K78 K79 F7 

K18 1( " 8 K:l8 K48 1~58 K68 t~ 73 t.' 88 1(89 I Fp ~< 
c:. v 

~ -~ I 
K29 K39 K49 K5'J K79 "3 ) 

K19 ~6q K89 K99 I· 9 I 
..... \ \ ! 
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When displacements V2 and V3 are constra ined, the fifth and ei ghth 

columns of [ K] ilre addcrl to gether term by t e rm anj the SlInl . ntereo as 

eithe r th ~ f i f th or e i ghth column , dependi r,g on vlhich disp l ac me nt i s 

chos en as the master displ acement. The oth er column is mod ified by 

plac ing zel'os in ail entries. Ne xt, the fifth and e i gh~h rOlvs are added 

term by t erm and the sum placed as the fi fth r'ow. The ei ghth r ow is 

mod ified by pl acing a ze ro i n all entries I'} )(cept a one on t he ma in 

diagonal. Similar~y i n the force vector , the sum of the fif th and 

eigh t h entry is placr.d as th e fi fth entry and c ze ro is plau:d as t he 

ei ghth entry. Th e fi nal form app ea rs ae;. 

"12 

K14 K24 K)4 K44 

I(K)S+K I6 ) ( t;2S+~ ) ( K3S+il.38 ) (K"S+48 ) 

o o o o 

or 

("15 ·:<18 ) 

(1(25+1(2B) 

. "55+1< . \ 
\<1; +l! •• 1 se -1)8 

( K
Sc

O:6f. ) 

~ K57' f:7B ) 

o o 0 

(8 . 13) 

Displacem~nt 1/] may have been ch0:;en as the master displacement in which 

case the cornbining Jf tf~ rm5 I· auld have occurr~d in ,'CM and colun'n 

eight. Tn solutions o')t.ain ~ d ,,,hen u~irog doifferellt rT.1stet disp l acem rot s 
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M 'P' iden tical, making the choice dl'b1tl'ii r'y. Since the mo dified stHf

ness 1Tl3 tri ,:. [K*) in [<In . (8 .1.1) rema 1ils symmet ric, the solution 

procedure is un, ffected . Ait hough f lOt: E'vide i'lt in th one eleme nt exam

ple conside red. the modifications made in the stiffnes s matrix [K] m~y 

produce ( gre ter bal1 dvli dtfl in [K*]. requ ring that t he bandwi dth be 

recompu t~d after such m~di fic &tio~ s. F0f mu lt1ple eleme nt cases . the 

modiflc aUons fl\ly b~ rna de on the assernb1ell glrJbC1 1 stiffness rr.a tr1x 

,'ather than modifi10g the affected e 1 ernent mat 1'1 Cf~ S sepa rate ly e 



APPE NDIX C 

Com;;O$ He Lc:ui nate F1 n i te E1 emcnt - Two-Di mens 1 ona l- Col'\$ t rc'ii ned 
Displacements (CL FE2DC) , 

Inp'Jt Data Sequen ce 

Cards 1 & 2 (20M ) 
--c'Ol"Uinn 

Title Cards 
Contents 

1-80' T1tl e 

Card 3 (16iS ) Master Co ntrol Card 
Coll.' rnn Con tents 
----r.:!"- NEM ~!lImber of El ements 

6,· 10 !II OOS Num ber of de Poi nts 
11-16 NPE N Imber of Node:; Per El emen t 

- 4 4 Node l1 nea' E'j ements 
= 8 8 Node Se ren dipity Elements 
:: 9 9 Hode Lagrangian El en:ents 

16-20 r~AfIG mber of 0 ' !ferent A:;21e, 
21-ZC: NSOF Numb~r of SpecHied ~1 clal Displ(;t.:E:I.(~nt$ 
26-30 NSBF f'ijlTIber of Specifi ed I\oda 1 Fa 'ce'S 
31-35 NeON Nurr.b r of l.J)nstr'.:l i ned Di ~ placement. i 
35- 40 NPLOT Plot Opt'on 

::: 0 none 
- 1 undeforrned pl ot only 
~ 2 deformed plot orly 

3 b0t h undeform2d and defor~ed 
41~45 Tl Du m~ fi l e for di spiacement ~ 

o no dump 
f G dump s di 5p l a cements to unit NT! 

46-50 NT2 Dump f'le for stl ains, stresses. and 
stra 1n en(~rgies 

o no du mp 
I 0 dumps to un; t NT2 

51- 55 NCHELI' Data Check Opt ion (NE . 0 - Datii Check Only) 

Car d 4 (8010. 5) 
- -Co1umn 

""'1:-r:- _CW 
J 1- 20 selz 

Car d ~ (16fS) 
---Colur.l1 

----:1)-- KEY (l ) 
6-1 0 KEY ~2) 

Sc a l e Factors 
Cont~nts 

Y- Nodal Coord1nate Scale Factor 
Z-r~oda l Coo rdinate SOle Fa ctor 

Prin_er Co ntrol Card 
Contents 

KeYfor:Pr:-;nting flemQi1t Dato 
Y.ey fer Pr i nting!. da', Oat 

121 



122 

11-15 KEY(3) Key "ror Print "lng SpecH "ed rodcJl 
D1 :;pl acetn<:!nts 

16-20 KEY ( 4) Key f or- Pr'n t 1ng Specified f~oda l Forces 
21-25 KEY (5) Key fo r Pr1nt"in9 Di sp l acement s 
26- 30 KEY ( 6) Key fo r Printing Strains , Stress(s and 

Strain Ene r gtG~ Per ~ it Volume 
(1 f KE{(i) .NE. 0 - Pri nt) 

If NP LOT .EQ. 0 skip C~ rG 6 and ~o t o Curd 7 

Card 6 ( 6E1 0. 5) 
- -Corumn 

-l-W PY SCL 
11-20 PZ Sel. 
21-30 V AX 
31-40 ~MAX 

Card 7 (3(6X, D14e7)} 
---Co i umn 

--;::'ft) 
27- 40 
47-60 

l)lotte, Cont r ol Card 
Conten t:; 

P10tY - Sca 1 e Factor 
Plot Z ~ScJle Factor 
Maxli1ltlm All m"1ilbl e V-O'isp'iacement 
t<laxirrum Al10wah ie i·J-Di sp l ace;nent 

El l Ma"Qri al Property 
Cont('nts 

(,.()~t ti rm~ . 
li near t rtil~ B 
QuaGt~t .c te r ffi ~ C 

card 

El l ~ A ~ eT ~ CT2 

Cat'd 8 ( 3 ( : , fP 4 .7) } E22 ti.::tcr1~1 t'i'OP tjl ~~r· t1 

Ca~~ (3{6X . 014.7)) 

.f!:.'d 10 (3(6X , 014 . 7)) 

_Ca~ (3(6)(. D14.7)) 

Car'd 12 (3(6X . 0:4 . 7)) 

Card 13 (j(6X, 014.7)) 

i i1rd Ii (3(6.:. 014."1}) 

Ci1_fd 15 (3 (6X t DH.7) ) 

Sa f'd 16 (3(6X. D14.7)) 

.f~1:.9-1l. {3 ( 6 X , D 1 4 7)) 

~ard 18 (3(6X . 01 4. 7)) 

Ca t' d 19 (eO 1 0 • 5 ) 
----co'! tlmn 

·"1-10- An g(1, 

E:n ii:a t e,i al Propert Cu rd 

GZJ i ' t r1 al f rop~!' "i:: 'y Car d 

G13 Mate r1 a' Property Cerd 

G12 ~1ate r" ia l Pro t:"~f'\;Y Care! 

NU 23 Materi a l Proper ty C' r ! 

NU 13 ~~ t e r 1a l Pro perty C' rd 

rU 12 Mat ri ai Proper ty Card 

A 1 r' !il u. f'at E: r1 Cl Prop ~rtj' Ci! rd 

Al pi·,:. 33 1hLr i a l Pi"OpC:r"t y Card 

An gl e nat C- ra 
Con enls 
-'T:- -- --.. ( \ P1\ ~ , e !'!: .... 1. i n ut!gre's , 
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1l,·l 51\.I'1g (2) ~Igle No.2 ( in Oegrees ) 

. 
Ang(NAi G) Angle No. NANC (in De gre~5 ) 

Car'd 20 ("X,1515) E1 Gment Data (.d rd (s) -rc, mn Cont~nt 5 
"'"T-!)- Bl a nk (cai)!'ii:i1ueme rl t f\\Jm bers in for efe rence ) 

6- 10 IANG (~) An gle tJumber of El(''ffient 1 
11-15 1\00(1'4.1) N0 d8 1 of ;:~ E'ment I 

16-20 OD(I~ J2 ) Node w2 of n€:ffient ~ 
21-25 NOD (N.3 ) Node '3 of Elem,nt N 
26-~O NOD (N. 4) Node 4 of El e'T1<:!nt N 

(continue thre gh NOO (N. NPE ) for NP E > 4~ ) 
31-35 ISTR5(N.1) Stress an~ 5tl"ain Output Code for Element N. 

" 0 - Nonf! 

36 ~ 4G ISTRS(N .2 
41- 45 I S7R ( N~3 . 

. . 
71-75 ISTRS(N.9) 

c: 1 .> 51 de 1 
:: 2 •. S1 cie 2 
~, 3 .. Si e 3 
,: 4- •• 51 de 4, 
., 5 - C~ntc i' 
:; G ,. II, !octo 1:; 
,., 7 - "Nt-de: 2" 
:l S - " r~()de 3M 

= 9 - IIf;ode 4" 

*Rapeat Card 20 NE~ Times 

r.ard ~ l ( 5 X ~ ~DIO .5 ) 
CO )urnn -r=-;-- Bl nk 
6-15 Y( N) 

16·,25 Z (14 ! 

Noda l Data card (s) 
Content s 

(Cii'ili5U'tNode tt!m ber s i n to r Fe ': ei"~n ce ) 
y - Coo r' d in::t~ 'jf Node I ~ 
Z-Coo rd i na t e ot Node N 

*Repeat Card 21 NOlS Ti mas # 

· I f NSDF . EQ. 0 - SK i p C3 r d 22 and Go ~n t o Cl~d 23 

Card 22 (2 fS.010 . 5) 
- ---'fciIl~mn 

-[:1)- ND 
6- 10 IDI{ 

Spe c i"' i ec N·dal ,egr'ee Lf F 2~clom Ca " d ( s ) 
Content s 

r~ode brrbc-r of Speci l' it:!G O.o. r . 
Di re~t1on of Specified U.O.F . 
(1 := U , l. " V ~ ' nd 3 '-' \'! ) 
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11-20 VeOF ( Ill ) Sp ecified Displacement \lalue 

*Repeat Card 22 NSOF Ti m~s 

* If N 3r .EO. 0 .. ~k 1 P Card 23 Dnd Go or. to Cud 24 

Card 23 ( 2! ~ .D10 . 5) 
- -COlumn 

-,-:-g- 1'0 
6-10 lDR 

11-20 VGSF{i) 

Sp \ Hied i\!odl! l Fo rGe Card (s) 
Co n t tilt~; 

[! ' zei!jio~Ler of Spec) f~ ad Force 
fj rectloli or Specifi ed rO I' f.~ 
p ~ u, 2 r. v. 3 '" l~) 
Speciff d Boull ary Force Voliue 

ftRep~!'.It Card 23 NSRF Times 

"'I f NeON .EQ ~ 0 - Sk1 p Card 24 and Co l1fi to Q:r d 2£: 

-End-

Carate) 

! '~}f'r.1 i! ', Str! i n and L~ll~ ratl r:= Lot'2 \,i!r« 
r~ntc:n i: s 

FlpplTe- -1S!'r:la i » (. -t,.: \ Get 1'..\I'I}. !:it . tl'l Ii 
Str·~ :,.l ~: :-i' f" ... ~em:1era tu : ' ~ 

'I 1 'si s Temp~ ratur 
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