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Crack tip anal ysis of a few transient loading situations .t crack growth 
in sta in less steel . 

Abltrlct 

The elasto pl ast ic near t i p field is examined for some di f ferent unloading . 
reloading situations. A 1 ine<J r ly h<Jrden1ng material and a small scale of 
yielding is ! ssumed. 

By analytical est ima t ion the regions of dominance for the as,YlJlItotic solutions 
for both the linearly hardeni ng and the perfectly plastic ma terial are obtained. 

The experimental observations conce rning cracK growth rate after a sudden 
decrease in remote load as well as after an unloading-reloading cycle are 
explained . 

uywor1lS f iMf, ift; 

Supol_ury blbl loqr ll,/lttl l Iftfo ... tton 

I SSN 0346-8887 

80_ 534 
5 ·75121 Uppula 
Sweden 

ISBN 

VlsIdng ,ddlnl 
Vill'~i9·n • 
Uppul, 

~urity 

, 
l 'ftguIge 

Eng1 ish 

'"9'15 

38 

Ph ... n. 
• 46-1a-1a JO OB (l i br&ri&n) 

18 30 03 (of"f":ce ) 

Cllu H iut ion 

r.". 
76143 
UPTEC·S 



Cra ck tiP Olnilysis at a t"'W t ranllient loading situati on, It e r ,ek 
growth in Itu.nlvu; s tee l 

It 1, he're reporhd on a part of 3 h rger Finit o e lement IFEHI 

iny,.tiglt ion of frlctu re me c hanical CERT-testing for co rrosion f8tiguo 

und. r IG SCC condition •. 

Th, rate Of crIck growth hI. i n expvri~ent s boon obse rved to drop 

.i gnificantly after an in l t antln,oul but IImall dec rea l' in r omo te load 

jntArrupti.ng 11 ste ~d y stlte' crack growt h [ll Isee Fig. l J. AI t he load 

lator is recovered the nte of cnek growth doe, no t seem to be a 

unique function of rello t e 101 d. After 60mo amount of cn c k growth, of 

the order of t he linear extenlhlll o f the plasti c lone the growth nte 

hi . "'U~ld the level a, ob,erYed ~t steady s late, corre.ponding to the 

Chlng.d valu. of the 10 l ding . 

Uore the c rack tip field is a naly sod as regards s l rossCIS and Gt ra inll 

for 11 reil' di H e r ent tran.ient l oa dll ..... t a FEH andysis a straight cnck 

, ubjected to ope ning lai d . tmode IJ is considel"ed. The deformilt ion ia 

ils,urned la be plane . The linearly hardening ml t erial be hav iour i s 

goyerned by YOn Mise5 yiold c ritArinn and pl,stic flow i. a'f umed to b. 

ass oc iated to the yield c r iterion . 

Applied l oad i s tho 5ma 11 sca l e yielding stress field givan by 

.... h.re f .. 18J il.fe known functions. 

" 

liS r .. .. 11J 

Th ll s lea dy s t ate problem 11 , olved by employi ng a moving mesh 

t ec hnique. The .olution obtained is va lid il l s o tor the Rrrlt.ted erack . 

From t hj A a ituAtion the 10ld is a l decreased t o 0 .6 of full loa d . bJ 

r omovod compl etely and t han ra.torad to 0 , 6 of full load . cl remoyed 



completely .nd then fully restored . aI, bl and cl ,HII followed by 

crack growth .imulated by a node relaxation technique . Far ufere nce, 

c ra c k growt h i. lIimulatlld by node re l ' Mation also immediately fol l \,lwing 

the moving mesh solu tion without .ny interrupting change, 11'1 ext erna l 

load. 

Shady ~hte c1'8ck growth 

Genera lly thl! t r ' nllient c ri ck growt h , when .tarting from a virijin crac k 

I s rather smell e . g .• bout two or three tillle. the extemiion \,If the 

pla~tjc zo ne. The initi.l tr.n.ient cr.ck growth i& followed by a 

.tea~y st.te cr.ck g r owth th.t was reported on earlior [2J, 

Shortly .fter [ 2 ] Wit finithed , .olution (3] for the HYlll9totiC oear 

tip field for steady state crack growth in Unurly hardening materials 

wu report ed , Th o ana1y~is D] follow. the eHlier .ttempt [q to solve 

a similar crack growth prahlem but i n [3] the uIl11y.i. it ! ml/ro ved 

while the possibility of. seconda ry plutic lone 11 considered. The 

result of Cl] . houl d therefore be more re.li.tic .inte the pre.ence of 

s uch a plutic lOne i s clurly indic.ted in numericll work (e.g. [2]), 

Thft final diffo r ential equ.tions .re lolved by meln. of a raylor ' . 

RMpansian in f4) whereas D) forfRulltes an eigln · v.lue problem omich i. 

salved numer iCllly by a Runge - Kutt. t eChniQUe , 

Th e s\,re •• fil'llds of the two investig a tions are euentil l.Ly e/l u.l , It 

lftast in the r egions Ibove . no .head of thl cr,ek tip. A. expected the 

devi.tion 1. l.rge cl ose to the crack surf .ce bl t ,use of the ef fects of 

reversed pl .. ticity_ Still deviltion. exposed when \'h e results ill f2J 

~nd [4) ""111'11 camp. red , remain when the re5ult s of f2J nu .... ia cUlflp.rlld 

with those of [3] (see fig_ Zl. A much better GoinGidence is .till 

.chieved when f2J 1. co~p.red with [5] in which ,n,ly.e. the ne.r tlP 



rield for ~ perfectly pla s tic materia l are IlIIde. Thh ~walc.. the 

qUlition of t.he nnge of ... alidity for thll solution (3) and (4) ~t the 

hard*nin!J rah cons idered. 

, 
Ihe radial depondence of st res'ls was shown to be of r ~ type amI t.hu 

exponent' w .. , calculiihd numerically in [ "3 ] and [4). For a h.rdening 

rate (1: 0.01 s wa s found to be 0.9113 but a best fit by appliclttiun of 

the leut. squlI"U mllthod acting on the FE" result Cl] lugg"ted 11 ... dul! 

'=0.69. I n the bUer caso the crack surflcI di'placemenU 1n the 

CfllCk tip nlighbourhood W~5 utilized (rom I FEH solutilln for the 

comple te "11111 sca le yielding problRm lIS appond to the uymptotic 

IIlulysis [4]1. It wa~ thus suul1lud that th~ numeric.l r esult . (4) for s 

WI. erroneous poss1bly due to th. n.glectlld secondary pll.ti c zona 

adjlcent to t.he crack surfaco. How as thA result [J] which does include 

the secondary plutic zo ne i n thu In31ysi~, i s ava1111))e showing thlt 

._1/.9261 for 0:: 0.01 which h nut vllry hr frnm the result of (41, it 

seems IS if .n 'Kpl'n~tion must be sough t elsewhero. 

Thll sllrprisl.ng dmilaritio . betw .. n the result l2J and the I"esult fnT ill 

perfectly plastic materhl. [51 sU99u ted iIIn in .... 'Ulllltiull frum a now 

... i"w I}ui " t. of" an example pro ... ided by (:l). It can b. shOwn fo,' lh u 

ilnti·phn. strai n Ilnode I11I ca .. that two sOluhon. eKi6t. for s1ll311 

la ~ /a 
"'3lues o f a namely rind r By chosinll a modol boundary v,lue 

problem with roasonable boundlry conditions remote from thu crack ti" 

1. n [J J it is Inown that ... two term soluti on ~pp r o achQ~ the Tellult ror 

I perfectly plallic m;r,tllrial;s the hardening rite ~ Ipprolche, z'ro. 

It is how,ver rlilwardin!jJ to compare the two term lolution ror the 

dilplacement nh with thll dnmlnatlng ·term approximltion ilnd 5econdly 

wit h the ruult for the perhctly plastic materill. Thus 

'y 
:< I sG 

-, , 
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II , re • i. the Qut-of -l.1lano displll CAment. , dot denoto. ti"'l 

diffcTcnti:ltinn, (; is th e ",Mulus Of elastic i ty in shaH, Ty i lo1 t hu 

sh.~ r yhld s h e'l , It is a l ungth p<lr<lmc t or 0 1 the order of the lin" T 

IIltlens ion uf t hu pl astic l one I nd a 1 s th. CUC k growth ut, . For 

5: 0 . 1 tho r esult is that W
tt 

( here ,uUl!Ied t o bl tn •• )(~tt $Oluticn) 

it Ippr(lx!mllt,d wHhin 10 Z by w for _t 

-s 
r ( 10 It ( !j) 

Thu~ the appr ox imation w 

" 
sur rounding till cr ick h .p. Unfortunately this rogion is as TRguds thll 

investigated m,t,rial lu r lly mu ch 5111111lr thIn the fractu re proces s 

region whicn . t l east is of the order of • grain in s ize. Not o th at a 

nlceHUy condition whe n emplo yinlol the asymptoti c Hold in the il oelysis 

is tlut the f iold comp19tel y Vll lbl:!lh till:! proceR~ reginn . 

On the Oth~H ~a nd Wtth appruKimated (wi th i n !Oll by tllo solution lor 

the po rr~Gtly pl~ 6t i& mate rial w wit h i n t he range 

" - 4 
4.l10R <r< R (jjl 

which cover . the e "ent ia l part of thw pl'$ tic lonD . The r e gi on 

- 4 
r<4 . l 10 R where the approKimatio n cannot delc ribu the displll l:Rmonts 

11 genllnlly insignific ant ... hen camp, red or t he elCtan$ i on of the 

proces! Tegi nn. 

Onc ma y ... rite t he sol o tio n f o r modus 1 and a perfectly pla&li c 



material ( 51 on the f orm: 
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Figure J 5hn ..... $ that the approdmiltion is good within thlil 

region 

0 . 005 

111 

181 

'" 
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The nodI! closest to thl! c ra c k tip i s I!)(clude<l. The difficulties i n 

ohtAi n i ng • contlhtant r esult here can be- e)(plainecl by the rel ative 

coarseness of the mesh at this point. Thlil i1mplitu<la 3.1 1 C,HI be 

compare" .... i th the vlllue 2.76 for the perf(!ctly PIHhc milterial Wl1ich 

wa s determin~d f or the ciI,e of ,mall scale yiel<ling th rough an 

e)(amination o f the velo citi es i n t he Pra n<lt l ,l i p l i ne field t5J. 

It should be empha s iz ed that the disturbing f ie ld g, n,r. ted by the 

pro cess rllllion it self c anno t be considered (lue to the assumpti on that 

thi ~ region la.5 sin!]ular pOint. Thus it i.s i.n fact assumed both t hat 

the logarittlmic field embed, the procel$ region anti th a t the region in 

which the stress 3nd stnifl field is signi fi c ~ntly affecte4 by the 

prasence of a true. non point shaped. process region is suffi cient.ly 

small. 

lhe 5tndy 5tate 50 lution as rtl\J3rds stresses and strains i s depAndi ng 

1l.t1ther on the crack growth rate nor on any higher time derivati ve3 o f 

the cn.ck l en9th. TherefQflil a !;ha ra!;terlsti c uf thv steidy ntate 



,olution 1s tllat tnere il I direct proportlon~Uty betweeo ~hll crack 

growth rete ~nd the nrUI Ind .tru.n rites. The solution is valid for 

small crack growth ratA' lncluding the .rr ested ~ra~k. Due to tile I.,l( 

~imilarity of the uymptotic .olution one mlY desuibe the ,1tu~tion in 

the cr~ck tip neighbourflOod by the parameter R or eqU1Valently by tllo 

di s placement. the stress. etc . It. certlllin dl.Ulnce from the crack 

tip. Simi lar ly thll st r~in rate at It ce rtain distance from the crack hp 

~ight bo chosen for a onB parlNAtar describing the ne.r tip situation 

Icf. [ 611 but thu speutic choice doos not pr ovide any further 

information what 10 IIVllr IS compa red with any othor among the vl riety 

of equiva lent choice" 

Th., inslysis reported hero sta rt at the steady st_te .itu_tion t hlllt Wit 

obtained by means of a lIIoving mesn technique . Th. Obt.ined .tn.s .nd 

strain field was und it thA bllgi/'tning of • reH , n.lysis .t wllich tile 

rllmotll load 111 wa~ removed in ~ove r al slIIall sups. 

UrolOllding - reloading with overlapping crack surhcls 

In • first attamp t raltn.ction. were not imposed ;s regardll craCk 

surf,ce dhplace",ent. The nn uH .h in IInor in that it illlpliu 

overlapping of the crack su rf'Cfls ISfle Fjg. 41 but this is /'tot 

uneMplctlld .15 was indicated by a linear DstilllatJon in [2] . The 

resu lt shows that t hl! rII!ilion of ove rh pping c r aCk su rfa ces incr .. su 

npidly s tarting ilt remote ,lold abnu t 0.2 of fu l l 10lld I( • It i~ ~ .lIO 
10 

obviOUS at iospectior. of the l .rge dirpla celllant gndients near the 

crick tip thlt strain •• re loc.llZld in a proces. 5i",ilar to crack tip 

b1unti/'t9. but herl I. t he 10.d 1$ decreued. One 01150 note that thll 

displaCfllllent$ are 'JlIIoOst con.tlnt over the c r.ck Jurflce i/'t t he cnck 

Up naillhbourhood wh on tho remote load it cOlllpl.Uly r emoved. In1tully 

during unlnnding t he complete plate ill e!astic. I t iJ not unti~ the 

external load drops balow about D.l of th. (1,111 load t hat the (irst 



plastJ.c illtv9ut i on pO int 11 obtained I .ue Fig _ 51 . 

Fi g ur e 5 111110 ,how, the crllC k 5urfatce during reloild 1119. For CUJlll.lllrillOn 

dotted lines s how the dhphcemen t It co rruponding e){ tern~l 10id 

unlng d i ng . ••• a cu riosity one oburve. trut /a ltho u$lh 

s ignifi cant differen ce •• rise during nlo~dln9·unloa din9 ) whe n f ull 

10lld is r es t or.d t he r esu lt lS very ~imililr to the steady state result 

lit hllllt IS r l!tgll rd s t he c u ck s ur race displa ce"ent •. The plas tic lon .. 

lit full lold ,hown in Fig . 11 is also ob se r ved t o be ra th .. r siMila r t o 

Th is solution i s of f oar fo r i s i gn i fic an t influttncti u ' t ho o>ltuns ivo 

overl ,pping . only uled ., • uf,r,nee for fu r ther work. 

Unloading - rel oading with craCk .u rfa cI" in con tll ct 

The r es ult du ring unlo; d i ng whe" cunlll c t fu rc08 i" intrndutccd to 

pr ohlblt over l~ppln9 is dJ.lphyad ln Fig. 1. The deviations in 

(li.pl,cement due t o c r ,ck , u r f ~c .. contact ire. when comp; r od with Fig_ 

~ . ob.erved to be ,m,ll outsid e the eont~ct region. It is allu Dbserved 

thlt thl extenlion Of t he cont JG t region l' r~ther '~illl for lo~uc 

larger then ~bout O. 4K
Tn

. At the end of the InalYli, when t h .. remote 

l oa d is complot el y remov od enl;k llur hClu U-It i n co ntl ct along t he 

CU Ck •• hr " h cov.rlo OV tnl e l ement m,,". 

Im.loi.tely ~$ t he load i. decr.a.ed fr om the s teady .tate 51tuation 

the Gomplete plate blcomes Ilut!c and it is no t until below O. I Kloth~t 

the mater ia l be havi ou r becomes pl ll ,tic It thl first integntion pOlnt . 

rig. 8 s howl the plutic zon" Jt 0.6I1:
t o

' 0.411:
10

, 0.21(10 ,,!d whltn the 



rlmote 1.Old It compl~t~ly l'emovOd . The ,.condlry P1. 'll tiC zone pre '<:A nt 

.t steady .tlt. r~main . el •• tic t hroughout the unlo,ding process, 

At the f ol low1no a n.ly.i. the inlti~l luad is r e~tored . During thi, 

part , as 1n t he first phase of the .n.ly,.s, the crack il IIsumed not 

d .htributioll . The load h.d to be applied in 75 increments in order to 

keep the c hanges in str'lns at I reasonably low lev e l during each 

Evidl:!ntly the prace .. i. not lIiilvenilllv. 1\ study of' Fig. 10 rev .. 1., 

large deviatlo na in the c ra ck surf~ca displ. cement during reloadi ng 

compared with un lo ading at co rre.ponding lo~ds. Exce •• ive blunting of 

tile crack Up h obse r ved, rhLS it manifutoll by a displacem.nt of the , 
node closest to the c r ack tiP v=0.30I::

r
JEo y whiCh c an b. compued with 

", result for a ita ti c virgin crack (Cf, [111. At. 

1..fger distinct frollll ttll crack tip the deviation from the ,t.ady . hte , , 
ras ult dacn .. e very slowly . a.g. from Av'O.OSl:: r /Eo y at r-O.OUllt /o y , 

to lIV.O.06t::~/EOy It r : u. 1J(I::I/o y,1:. Wll en 9tudying th" e wtensioll of tha 

plsltic lon. . one is s truck by the early appear.nc. of tha .econdary 

plastic ZOIl~ Iso" Fig. '01 . Th}, zona ttlat .h ~ b .ent duriog the erltire 

unlo.diny ph,~e now in c re •••• cont1nuously during th" r"lnading to 

."umv a bout the ume height at full 10ild iI' praviously at tha ~tRa(fy 

state, The pri ml!lry pl.st i c zone . iu rruunding the c r ack tip, appe:rr 

Hrst ~t 0 . 6 ef full 10ld and l.nc;re~svs rapidly during the rellliinin9 

Uirt of t ho ro loading p.rt to f1na lly aisume abuu l the sa me ewtens i on 

Conti n uad cric k growt h at unchanllvd load. 1::,_ 11
10 

Conti nued crick growth il .tudicd by moan. of. nodaJ. r e l.w at1on 

technique, In ord.r t o elimi nate vrrors due to the c hang. of' FEH 

technique, ncd e rellllat101l 11 fir s t uled to simul.ta CUCk !)rowth 

" 



illllnodl.ltoly following the movinll me , h ,".lyli. [2J . he"ee le aI/lug uul 

thlJ removal ilnd rostongl!! o f r emot e 10.d. 

The displac8flllwl; i. 151illhtly l a rger here whl" thl node relaxa t ion 

techn ique h us ed thlln at the moving mesn techniqu e Is •• Fig . Ill. By 

2 2 
plotting vE/oy versus I n l.K I O/rOyl [cf. Fig. 1:l1 une dil covll fS that 

relult il lue"thlly ide"ticilll it the node c101l1lllt tn th e erack tip 11 

oxc;; lud ed. rhll :!!o lutinn (8) Ind 191 repreunted by ill s traight line is 

,enc w ill given by: 

" 2.85 
'r , 1, " , , • , [ 11 I 

with 

, • O. 166 
2 

(1C1/Oyl 112 I 

r hh • i olu tion i~ hereaftor roplac;;ing the r deplnding lolution for the 

displ.cements. The , h ape o f the plast ic zono remlin. Almo.t const.nt 

Is .. Fig. 111. Only I slight dOl/iation ~ppeu It the e nd of the 

.n'lysis. In illl 10 node" worA relaxed cOl/erill9 • dishnce 

Con tinued cnck growth at K ~ 0.6K 
J J" 

1\ craek that oxpo ri llnc", ~tudy s tate crack !]rowtll . thliln t he loau 

in 8 tant . neou~ly decre~ l eU to O.GK
Jo 

fOllowed by co nt1nued crack growth 

by relaxatio n of nod .. is studted . fig . 14 s no .... the displl ceme nts 

during the continuod Gr 'Gk growth . The result before Gr&c;;k growth i s 

inclUded for comparJ.50n . Ai thlJ fJ.rst two lIodos no r e laxed the 

diipllll:omunl for these d eer .,." , 1 . e. the crack lurflc •• overllp. This 

i, of course ~n unro~ljstjc Ritu~tlon. The implication5 .re no t fully 



undvnt ood and we are $ubmittad t o s pv cul,tions. I t mlgn t (o r inst ance 

be th~t a micro CT 8ck oc cur, first ia formed ahoad of the c r . ck tip 

th a t htar coa10sCQ with tile main cnck or t he m~in c rack might even 

circu~fere thv togion ah e.d of the crack tLp . 

Assuming th,t (Ill definn the ne. r tip field a t cnu:k growth abn 

s hortly aft er ft load tnnJient, the pa nmetur I! h usily obtained in 

Flg . 15 , Through 112 ) the equ i n18nt s tra .. i n tensity h cto r peTfoTJlIlng 

t he identical di ll placement field if> ot.lal nvd as well . The e~uinlent 

i n tensity f.ctort are ob se rvad t o ch. nge significantly, 

increlling from . ver y smlll valua to a valu e very clo,e t o the v~lue 

expoct ed I t lteldy s tate crac k growth . 

Fi r st pla s ti city occur s only .t the former .~ cnnd. ry pl'5tic zone 

adJacent to the c nck surface . Pl.,Ucily occ ur s i n the crack tip 

ne i ghbolll"huod whe n th e neKt two node, a re rvliKed .nd it is also It 

thlS moment t hat t he displacement . begins t o incrauo. Fig. 16 .how, 

the r esult fU I' 2, 4 . 6 , 8 Ilnd 10 r e l.xed nodes. Fi nally when In nodes 

2 
ral ulld th e he ight of thtl plastic zona h 11.0'6(1(,'0 , Which eq ulIlI 

o Y 

Thh ca n " 11 compartld wi l. l! t ho heig ht 0.'4(1«( / 0'1'1
2 

a t 

'toady IIhte. 

Co ntinued cr. ck g r owth a t K : 0 .6 1( .fter.n i nterMediate , '0 

Fililuro 17 shows the dhpl.tOmlnts for n, 2. 4, 6 , 8 and lU nodu 

relaxed . Co~p. red with the r etu lt witho ut unl oading-reloading the 

ditpllcllments are now liiIrgvr IIlIt the cra c k surface. did no t overla p . t 

a ny !lta;e of the continu ed CriCk growth . In 
2 2 

a vE / ro verlVI 1nlel< I ro I 
'I' 10 Y 

dllgram (Fig. 181 11 i s f ound and the IIQuiv.ltnt ,trell i n tansit,.. h c t or 

is obtained . The crick surf.ce dlsplacemen l s correspond tn ~ sm.ll 



finally K
1
= O.13K

10
a$ 10 nuuE/s iIL' lI rE/laKE/d. Thus KIis about 2 n~ largp.r 

than expol:ted IK • n.6K ) , Thi$ cannot yet 0(> ellphined. It cannot 
Tn Jo 

be explained by the increase in K due to thA inCToR3ed c ra Ck length , 
considering the finite !jttOmtltry t:ovllced by t he olement mesh. This would 

onl y account '0r nn increue of about 1. 21. A flJrther analysis lS 

needed to reveal if th e res uLt fol' crllck growth bllfore and .fter an 

i ntp.rmadiate unloading - reloading cOnverges as the amount Of crack 

The pllstic l o nes 11 5u rrountling an elastic region in the crack tip 

viC 1nlty afte r rel.aKation o f th e first two nodes (see Fig . 19). During 

thG rehllation of the neKt 8 nodl!li thl! elastic reyio n , ~t thl! t:it o 0 ; 

the crack tip during t he unloading-rE/loading process , r Bmains al~ st i c. 

Whan 10 nodes ;Ire rehxed the shape of the primary p1.;stic .lona is 

rather ,imilar to tho plastic .lonll 1n Fig. 16 . l.O. without 

intermedi~te unlo~ding ~ re l oadin9. 

Continued crack gro ..... th ~t K ~ K aftor an lntermedia t e unloadill'J ~ , ro 

re1.~ading proeess 

It is intereli ting la compare thB last case with the feferllnc(! case for 

whi ch the moving mash technique was instantanAously replllced with the 

node rel~lIation t~cllniq Wi '0< s toady stah solutions Sln[:e 

unlo.di n lJ - r~lCl.dinQ nlll Deen re[:omrnentlea (1) ~, ;J mot hod fOr breaking 

conau c tive bridges at the c n ck surhce. It h usumed that thue ~re 

re,pos ible f~r an appearant, but not true decre.'B i n c rll c k Length a8 

maa s urod by the potential drop met hod. As an accompanying effect tile 

c rack Ippelr. to be sLightly I.lrge r afte r the unlo;lding~reloading cycle 

(ueFig.2DJ. 

Tile IIxcessiVe bl.unting observed at t he rll~oldin9 pr ocess re.ulh .fter 

soma amount of c r Rck growth in an indentation of the width 0 . 018 



IInd lha uaplh at 10 rel.~ad nodal ! ,aa 

Fig. 2 11 . The crilck liurfilcB diapjl.celllents are ll.rg.r tt~.n at lOteady 

stite nn tile tre11ing si<le of thlll imjBntation and tho difference h , 
3lmost constant for ~>·O.I$!Kr/oyl Thus thc difference is 

" , ilt M • • O. O'!K!JOy ' and O. 07K,JEo y lit ~ ~ -O.10!kl/oyl before continu ld 

, " crick growth ilnd O. IOKt/Eoy at M=- O.O'K!k,/o y ' ilnd O.08k
1

/Eny at 

In a vE/roy versus diagram (Fig.221 tho resulting displl.cI -

mentl at tha advanciny side of thc indentation arl rairly collect ad and 

seems to tie very lUtl. different from the re sult at steady stlt., . 

Tho pl~~tic zone (le. Fig . 231 1s. as wa& ~bsBrved at cnntinued craCk 

growth for tt.e lo ..... er 10ld a.slt • ilvolding the rogion in the illllllEldhte 
10 

surro unding of tho position of the crick tip at the unlolding- calulcling 

proe"", i.lI. M • O. Finally UI ID nOde, Ire rehMld thll 5hapo of tho 

pia,hc lone r05cmblo s tho Dna found lit .study $h te. 

Res ult Ind discullion 

" ." been Pouibla 1.0 .pply thc approMiI'll.tion 161 for thl 

dhphClments of tha new crack Iurface created at craCi( gro ..... th after a 

fRill different transiant ~ollda . The approKimation coincid!18 well with 

tht! obtained FfH results accept m,v be for the result as thll first two 

nodes ,re relaMed Mnd yencrally whon the nOd. ne.relt the crick tip i ~ 

eMcludad. Tho n8~r tip field delcribed bV HII is related to thl! nur 

tip fiold il t steady ,uu through the estimation of R which for small 

$Cd. yhlding Itlldy sute equlls f" th. 

,M vquivlIlltut smlll ,cale yieldin!l KI is plotted varsus crack length 

cOl'llparod with the ItrelS intensity factor fur the surrounding elastic 

'. 



f ield . in Fill. l 4 a - d . 

Estimat ion o f t he crack 9rowttl aftor a Il uddlln c hi nil . o f the r e mot e load 

e ln be made throulIll the knowl edlllt 0' the c r ack IIrowth at . mall ,ell. 

ytfllding. Tha computed cuck length , llould h~uv.r be hlndIad with 

caution for e15$5 wh$r$ the di$placcmonts 3ro ve r y . mall or eva n 

n9g~ tiv o ~t thu initiation o f continue d crack !lrowth (a oil . where 

r>RJ. ThU$ it is cmphul U fI t h~ t the in it iation afur a decuu<iI in 

nu.ote load l o. g . to O.6K J could nnt b" elCpuined whUe the 
I . 

res ult 

actually i mpLhd Lhat t.h" crack s houl d remain Itruted . Thil is in 

contradi c tion with (llCperime nta l resu lt s Showing continued cri c k growth 

Hter Hlme delay. If tho delay at initiat i on h alCcIuded or ostima t ed 

by othn mean •• i.t is believed that the foll owing Cri ck growth ca n be 

eS tilllilted by a n olCalllination of the near tip displlcelllent lidd. Th_ 

amount of e rl t k growt h that $hou ld be elCcludod doe ~ of cou r $' dapend on 

the chU'lcter of the tran.hnt load. For tht! situa tion i n Fig , 24 b J , 
co uld b. of I SUe say (I. (I(l81(1K

1
/ o y J . For ;! K

1
_"/Z,5 0y LI , It the 

ASTH lilllit for tinllar ( .... ctuu mech.nics th is 15 D. 51 o( t he (;n c k 

.length fo r an edge cr~ ek. It is herll rlllllind ud th.t if the graln .in or 

wh.t migh t be con~idcrcd as th e &i7.11 of the proea" r egion 15 11l rO" , 
th~n O.0 08 IK

1
/ oy ' that ~mo ont of c rack orowth . ho uld bl excluded 

i ll' h ad bu c.u $c of t he wea k f ound.tion (or lh . an.lysh il t th e l eng th 

tea l. of the pr oce., region . 

Ac ko owlsdg cmgnt 

Tht> work Wil S . ,,JOnsoreCl tJy t he SWildilh Nuc~ •• r powor I nspectorUe. Tht! 

a ulhoT$ wi,h to elCprcss their gratitud e for th is s upport. 
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Flg. :; Sh,pe Of tho plHtlC Ot on<t during unloadlfl~. Ovvrh pp in<} 
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Fig. f Dhplacomonts durins un l oildlng. !ne rust node i~ in 

contact with the lower er.ek surhcC' 
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fig. 8 Shape of the pl..utJ.C 1;on8 during unl.oading. The entire 

plate rom'J.ns el.lstlc until KI ~ R.ZK
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011plac'I!'lTI'I!'nB durill9 rolo.d i og. The contac t b,iltwi9n th" 

uppor and loW\!r cru: k surhl:lll: ui u ppgars immediateh I. 
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FIg. 10 Sl'lape of tile pl a stIc Zg,l{1 during reloading . Tile first 

integration poi nt$ ttlat become pla$tic ippeBr in ttl c 

former socond a ry plistic zona. 
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Fig . 1 3 Shapn Of tn e pJ.astic zone for ttle Il.tuations i n Fig. 11. 
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fig . 1~ Displlcelllentt during node r el :llu,tl_on . f ter unl0.ding to --

1(1 ~ n.61(lo · - -----

'-. 

: .. , • 0 

"." .,.,": .•.. ; ,., 
, ... 

. ! 
'.' 

:i: . 
. , .. ,:, .'. . 

, 
• 

i . 

.. , 

.. 

-.:;,'C'C. ::.C. 
.. ,. . 

I . 
.. 
:' 
: ... / . / 

; . , :,: .•.. "cc ~::"C" .. 

, "'-'1' .. :,: ;" .. , .. ' :'" '--, '·'"./~'::4i·-H1--e.;;;.F:::.. . • '~ 

L . : 't .• ·.: •. ' .. d~'!; .•. ,'.' •• ', ~~ ... "~"-' '. '''' .. 
-"i~' ~ •. ;,~ .. , .. ' , ~, "".' c,· 

"",-,;-~,-,,, . ,"" .' :.: 
r~ ._... . ... _ !, ; ':"-',: ._ . _: .. : .. : >L-
r .-.. -.. - ' .-r-"-". ~ ~. J' ":j .:" 

. c. 

, ". ., . 
~-' 

'\\ . \ . . 

--.--~ 

- .. ":"'j:C":" ~ ---.-----~.~ 
.- ._.;_._.,--_.-;-. -

-

. ' -
-... .. . . ... _. -_._-------_. . .. __ .. - --_ .. , 

: - .- ._. :.;.::.:.;; 

- _._ ... _'--_. -

: " .,. '" . ;.: .-' 
:",,~ - -. I ~::-' .. ,'f-..-' -'---,-~-' ; . _ 
~-.-. :-... ._---'---" .';--' "..,.: . ...,....;-~--.=,-,-. -.. ~ , , .-,'.::' i-~·~ : ~ -' 

,_ .. ~~ .. +:_""".: .. i~. 7.' 
_._. _. _: . .::i1-:' :=-.:..1: _ ~ 

'-.... _,,--.. _._._--- --_ ._,,;..--='-
.: _. _. ':j .. : .. L 

I. 

, , -----
-,-- -,. -:: ........ . -:'"""'" 

". 

. ... --.~.-... -

~. , 
·:;i.: __ 

--= 
'-'...L' ~_'-""---':-'" 

, ' :'" 
: . -

.~ - . .. -.. 

~ , '" ; 

..... 

r".' 
.. 

-,-

. .. " .• 



Fig. 15 vEfro y Ull r JlU, l"leK~o' rO~1 for t.hu I.Ltultio"!'; i" fig . " . 
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Fig. 16 Shapc o~ the plastic zone for tna .itu.tions ln Flg. 14 . 
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Fig . 18 IIE/ro y VOtsus ~n!eK l o'royJ for lhll situations tn FiO . 11 . 

-- , - ~TiAP'!' 'bTA1'E. 
'X " EL£t1EJJr '1.t~,A,'XG~ 
+ t '" " 
S> ~. .. 

) e ,",w " 

At;;" ' I 

10 

) 

) 

1 '-



hg . 19 Shlpe Of l hfil plulic zone for the s itu.Uoru 111 fig. 11. 
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PDT Vol tage ovet'" Crack in Constant l oad Test XV (Env ironment I, 0.1 ppm H2S04) 

There was no c rack growth durmg tne Ilrst IL.J nrs 01 toe teSl 

The data acquistioll system failed during 2 periods of time 
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fig. 21 Di5plaCflmflllts during Illldo rela>llt1on after unload1.IlQ to 
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Fig. 22 vE/ro y I/OfSUS In(91(~(llrO~ 1 for the situations in Fig. 21. 
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fig. 23 Shape of the pl.stic zone for 

tho s itu alions in f1!1 . 21. 0 ,1 
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Fig. 14 Remote 10lCl Kl veriOUiO crack l~n\lth anll remote load K~ for 
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