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.4,B5TRACT

Tire subject af creep fracture is rather empi.rical aL the

present sLäge " The present study attempts to apply t.he f j. -
nite elemenL rnethod te simul-ate t.he cråck propagat.ion pro-
cessi under hí.gh ternperature ro¡here creep Lrecomes very siqnif-
icant" è. plate in plane stress state rqiLh a l.ine cräck was

used f or the case studies, Eesides v j.sco-elasbic creep,
plasticity Ì'¡as also considered, which vras absent in many

previous numerical analyses in this field" In the finite eL*

ement modelJ.ing of the creep crack growth, the "breakabre

element " concepL and t,he corresponding stress relaxat ion of
1:he broþ;en elements Idere introduced. The correlation betweerr

the crack growLh rate å anel the parameter c* wãs a.lso in-
cludecl. The resul.t.s are conparecJ. with both numeric;¡l and

experinrental works by otl:er researchei-"s, I t i s f ounel that.

tlie result,s from this *tu,åy are closer Lo fhe experimenbal

results than those by other nurïer ical studies 
"
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Chapter T

Ï NTRODT.]CTI ON

1"1 TNTRODI]CTTON

Through a series of accídents and casualtieso it wå,8

gradually discovered that pre-existing flaws in materials

could ínítiate cracks and fractures" Thj.s discovery led Lo

Lhe development of fracture mechanies.

Fracture ¡nechanícs approaeh provides a Lechnique vrhere

material behavior Ís analyzed r¡íth the assumption of. pre*ex-

ísting crack-like defects" Analysís of material fracture
frequently consísbs of three indivi.dual steps: the inítia*
tionr propagation of cracks and tl-re final failure, Engi-

neeríng fraeture mechanj.es cän usually deliver the methodol-

ogy to compensate thr¡ irradequancies of çonventional design

concepts 
"

On ti:e othe¡: hand, Lhe impc,rbance of allolríng for ereep

in the cSesígn of cerfain component,s operat.ing under $us-

t.aj.ned loadinq at elevated Lemperat.Lrres has tong been recog-

nised" TL was found Lhat failur:e Õecurs by Lhe initiaLion
and propagaLion of ¿{ sing}e rnâcroscopie ftaw at high Lernper*

abure more easily than at roem temperature" Ti:Ís problem ís

especially important for those s'üruetural compCInents in-
volvercl in mode.lrr¡ povier plants ancl nue lear reae Lors operat ing

I



ãt elevatecl t.emperature " Many of these cÕmponent.s are of

such Iarge si zes i-hat current Lechnology in tl're inspect íon

and repäiirment precl-ude the assumpLion of a defect free

structure" fn t.hese ca$es, Lhe material. behavåor might bet-
ter be chacterized by an analysis which accounts for these

def ects. 'lhe very early report r,¡as given by Kauf man and

Holt til ' Tirey reported on Lheir f inciíngs of time dependent

crãck growtir in 2219-T851 prate at elevat.ed temperaLures" As

a result. of those findings¡ a program was initiaLed to ín-
uestigat.e tl¡e significance of this phenomenon on the serrziee

ability of materials utilizing fracture mechanics"

T "2 LI TERA,TT]RT: SURVEY

There are quíte a few publications on creep fracgure me-

chanics, a comprehensive revi.ew in t,his area was gíven in
198CI by Fu tzj.

One of the main objectives of the studlz of creep fraeLure

mecha¡rics is to establísh â mabhematical relat.ir:nshi.p be*

tween the creep crâck growLh rate å and some suitable pâraråì-

eter " In some early v,rorks, baseei on Lhe appticaLion of ]in*
eär elast ic f r acture meeiranj.cs techn iqueß to br i ttl.e
fracLure, Neat arrd Sivens, Floneen and James et al. f 3-bj
showed that creep crêcl< growth rate could be expressed as å

poþrer function of el.amtie stress i¡rtensity faetor K" This
wäs $upported by Kenyon and yohobori [6,7j" Lätero peop]e

st,arLed to search in the nûrì-linear f ract.ure mechanie s êreä,

¿



Net section stre$ses onet had been proposecl Lry Harrison and

Sar:dor , Nichr: and Formby I I , 9 ] and severa] other researchers

[10,]3J as anot]rer pârameie¡: whi.eh can be usecl to clescribe

creep críåeh Erolvth. F¡:eeman tr+.¡ found the reference sLress

to be a belLer parameter for some maLerials and Haigh, Vit.ek

and Pilkington []5*171 used the crðck opening displace¡nent

rate i:o desc::ibe ti:e cräck qroruth behavior " A number sf åu-

thors [ 18*27 ] ati:enrp,ecl to exLend Lhe J-integral concept to

the creep condition" They def ined ¿1 parameter C* to deal.

specialïy rirh the visco-erastic creep fracture pr:ohlems.

c* is â power or energy raLe tíne íntegral t¡nder smalr scale
yi.elding, . it is interpreted as the energy rate difference
between crãck lengths a and ätr.

The c* method holds Ereat promise for design calculations
and i s wídeJ"y studiecl " Tirough it hTas proposed under the

elastíc or very limited elastíc-prastic conditionso it has

i:een modified in various wa:¡s to suit large pl-asLicitl'cas*
eË" It eån be calculated using finíte el"ement met,hods or by

rsoile empirical forrrulae äs well äs measu¡:ed empiricaJ-1.y ín

constant displacement rate tests"
Many re$eärchers h¡ave triecS to sunìnärize and explain the

applieaþiIíty and ÏimiLation of all these parameLers" Tl:e

generaJ" conclr"¡sÍon is that creep cråck growth. rates eorre*
late well v¡it"h K only for i¡rittle material.s anei correlate
betber wíth onet for duclile maLerials" Foi: Lhe in beLween

ca$e$, eâ' or ¡¡rodíf íed c?k is ¿r baLter parameter to correlate
the c reep c r,íåÇ k growth rates I Z 3,*251 .

3



RecenLLy, a fev¡ new parämeters b¡ere proposed" In IgBIo a

parameter ( .tT )c wås der¡eloped by Atluri [2G] which is a

path indepencle.:nt vecbor integral ancl. subsequerrtly hao been

exanni ned in greater cleta Í I by stones iÎer and At Lur i t 2 7 ,zB) ,

Through their anâlytica1 work, they concluded that ( AT )q is
a para:neber whícir brídges Lhe gap beLween K controlled
growth and c* conLrolled growth and it cän be apgrlied to
problems of non-st.eady creep âs r,¡ei.l as steacly*stat-e creep

and so it has Some advantages over bhe more eeinirnonly useel C*

parameter which üan only be apptied to steady*state creep"

tíu and Hsu 129) studied another paramei-er aË which mod*

ífied the C* parameter by adding a plastic energy

rate integrar term to the c* formulation and claimed t.hat

this parameEer cän uniquely characterize creep crack growth

behavior from the smalr scale plasticity to exLensive scale
plasLicity" They cor¡rrrucJecl that this cä overcomes'Lhe in*
consisteney ancl the often-confused uses of paramet-ers K,- t'*

and one.L in characterizíng the cräck behavíor for dÍfferent
trreeF stäges.

on the Lheoretical" ancl analytica] sid.e, Goldman and

l{utchí.nson tStl provecl that under steacSy sLafe creep condí*

tj-ons, there exisbs a strain rate singularity at the crack

tip r+hích can be charae Lerired by the c* parameter " Rie-
del IgL] discussed Lhe creep beha*¿ior r]eär the cräck ti.p ð1:

dif fcrent stages of creep deforma.tion. Huj.. and Riedel t3zl
cierivecï the asympLotic sLress anri strain fields near the

4



crack tip of a si.c"rwly growinç crack and discussed the stress
pnci st.rain síngularity of this fierd. Mccartney [¡a] apptied

a cr:nLinuum energy balancc* approach to Lhe creep fracLure of

both linear and non-linear matería1's. with a general j.zed

c reep c{amage hypotl'res i s , Kubo et aI t 34l proposed an ana tyt*
icaL method based on singr:1ar stress strain field near the

ürack tip. McCartney [35] proposed a crack growth la.w for
linear visco*elastic solids by using the DugelaJ.e model of

small yielding. CILher modei-s have arso been proposed, Fuch

as critical straín model by Barnby [36], plastic zÕRe size

modal by To [37], conti¡ruous rupture model by Purushothaman

ancl Tien t38l and crítícal COD model by Viteh [39 j erc.
Taira and Oht,aní [12,40] applied the finite e]ement rneth*

od to simuraLe the process of creep crack growth under a
crj.t.ícar strain criterion and comparecl it with bheir experí-
menLal work" This will be discussed ín detaí1. in chapter 7,

Stonesifer and At.luri L27,28I a-tso perf ormed f inite elernen.t:

analys í s under the un í f ormly appr ied di sptaceÍrrent rates
aL the top and bottom edges of ã compãcl tensile specj.men"

Tn tireir änalysis both c* aneÌ cräck propagaLion raLe - were

ä $ sumecl to be con stant. .

Äs for the mechaRism of creep crack growth from a stand*

point of microstructur:e, a review on anaryt ical breaLments

of creep cräck çrowth dr.re to vacancy diffusion and conclensñ.-

tion was given by Leeuwen [4f], It ís agreed Lhat u¡rder

creep conelitic¡ns the diffusion of vacäncíe$ bowards ¿r crack

5



or a voíd and their conde¡rsation there r+ould contribute tCI

t.he cr¿lck gr:owth. Based on f:he cräck tip sLress f ield in a

cr."eeping krody anei on models for micrr:void growth, Riedel

Tazl showed that. ab ]ov¡ level of c*, lt're voids growth mecha-

nism prevails by iiiffusion v¡hereas at high C**val-ues the

voj.ds grow mainly due to creep"

1,3 OBJECTTVE1 OF THTS THESTS

Ä revi.ew øt Lhe literature of creep fracture shov¡s that
experimenfal studies were dominant during the past years.

Though there were some th¡eoratical analysis, mosL of them

were limíted to Lhe sitress strâin analysis arouncl a crack,
The analytical anal,ysís of creep crack growth is eomptieated

not only ity the non-l ínear creep def ormat j.on of Lhe whole

structure hut also by the prastic region deveJ.oped at bhe

cräck típ" lto the authsr's knowledge, in the very f ew f ínite
element analyses of the ereep crack Srrcrpa.gatj"on pr<-rblem,

erastic*prastic anarysis wäs not consiciered, rt woul"el k¡e ín*
l-erestinq to see how Lhis simplification would affecL the

results " The objec*ive of this t,hesÍs is to approach t.he

creep criùck growfh by another kray in u'hir:h an elastie-ç:1as-

tj"c analysis is included,

Tn Lhís t-hesis, the ereep deformaLiorr wí11 Ï:e convert.ed

Lo a eorrespondinq "pseudo*crÊep loadu' and added Lo än elas*
tÍ.e-'pJ.astic analysis by the firriLe element method. T,then the

strain at the eraëk tip reachres the val-ue rf whieh is

6



called a rupture straino Lt:e crack starts to gröw. To simu-

late the renl procesri of the crack growth, tire'obreak;¿bl_e

elements" {69,7a) will" be usecl vrhich cloes not }¡reak at once

but. gradually. Af ter the element i"s broken the reaction
force at the former crask tip will i:e given back t;o ti:e
sf.ructure also gradualty in ê form of relaxation.

The results wi11. consist of the sLress ancl strain fields
in Lhe viciriity of ti:e crack tip, the profile of the crack,
the maLhemat-icai- relationship between the crach growlh rate
a and the e* parameter and th.e size ancJ shape of the plasbic
zone" The resulrs v¿ill show that the method used in this
thesis is acceptable and the program works well. Through

this investigation, one may find ti¡at j"t is quite possible
to use a numerÍca} method to estahlish the relationship be-

tween the creep crack growth rate å and the c* parameLer.

7



Chapter T T

ELÀSTTC-PLÀSTTC STRESS STRATN ÂNALYST$ BY F'TNTTE
MLEMENT AN.À.LYST S

,)'t
^.L _ryFVJ_gW aå qryE E4STq EQU.ATTONS I ry FtI Nr:q ElF¡{Fsl M_E,qt{Q_Q.

wl:en a soLid i.s loaded at a stress lever beyonci its elas*
tic )iniit, t.he relationship between the stress and strain is
not linear äny more" various elastic-plastic analysis meLh-

ods have been proposed and most of them are expressed in
differential forms. Thus it is impossible to avoid a step by

step solutíon 
"

The fíníte element method was developed to meet the de-

mand for the numerical solutions of this types of engíneer-
Íng analynes problems and hence this methoel was also used in
this analysis,

'rhe l:asic idea in finite eremenL is to díscretize â body

or ä structure of compi-ex geomeLry inLo â)n equivalent systern

cf srnal.ler bodies, or units " Instead of solving the probtemr

f or the entÍr:e body in Õne operaLion, Lhe solut.ions are f or*
mulated for each constit,uenf unit and then combined to ob-

ta in the salut ío¡r f or the or iginal hocly er structure 
"

Tn this anaJ-ysís, the f inite elenent clisplacement method

i s used and hence i s presented in t,hi s secL ion.
For each unit or element, the di spl-acement-. { u } a.t any

poinL in Lhe element can usual l "y be reratecl to the nodal

displacemenL{uûIby
*8



{u}=tNl{ tlo ) ( 2.r"i )

where [ ¡¡ ] is câi.1ed a displacement trânsfornrat.ion matrix
0r å shape function.

Tf

at" an

sLrain

gÍve:

{ e } is tl:re vectúrr of the rel.evant strain component.s

arbitrary poi nt rç j.thin the f inite element, w* use the

clispl-acemenl" eguations and Lire dis¡:racement moclel te>

{ei tBl{uo} ( 2.1.2 )t

where I n j is a matrix ínvolving the derivatives of the

shape f unct ion I ¡¡ I with respect Lo the nodal- coordinaLes 
"

If { o } is the vector of stress corresponding to the

st.rain { E }, we may get â stress-sLrain relation following
the generéìl i zed F{ooke' s Jaw:

{ol= [c] {e}= Lcl lBl { uo } ( 2"1.3 )

vthere I c J is à] matrix of mat"erial proper"Ly const.ants and

is usuaJ"ly cal.tecl elasticí"ty matríx,

Srrg:pose Õne ellenient i s Ïoaded by sñme exLerna] f orcEs

{ .lr- i, the v,iork done }:y the nodal. f orces { r' i is equa.L to

tire $um of the products of Lhe forces and the dispÌ:cements

i. n the f orces d i rect ion ¡

9



T
IV F{ tlo ] t ] p ( 2.r.4 )e

where { ro i is Li:e nodal displêcernen.t vector"

The strair"i energy due to internal- work done Lry the

assoc ia:t.ecl stress and strain f ields is I

W J te lr { o } ¿v

]
.I

I

1

{ t e ]¿v

e

t)

( 2.r"s )

( tBl { u" } )r t cl tB.l { uo }¿v

{uo}TlrlT tclLBl{uo}av

where v rep::esents the volume of t_ire elenent.
Accordíng to the variational prínci.ple o the f unctional

'rT
J! l'{i trVI

will. be stai-ionary when

ll'd

ã'[ui

or i rr t.hí s cËì se

1û



IB]

ðhI.
1

rt*ît
avfÐn

V

e

,üF ð{*f"

theBy subst. i tut i ng

Hqs"( r.r.+ ) and ( r

o]:ta i. n

expresions for Þti and

) into the above relation,

=S

tBl {uoi dv ) = o

14 in

r{e may

( 2.1.6 )

e

IL

*'þ 
( {uoir{p} ) -"+":,. ( /u{uo}r tslrtcl

Since { , o i are the noda} di splacernents which ö.re

independent of coordinateso they may be moved out frorn the

integral. 'Îhe f ollowing equat.ion can thus be derived:

T{¡}="f tcl iBldv{uo}

Let

lK T I B lr I c I I B ] dv

11

( 2"i.7 )e ,

I K* i is ea]]ed stiffness matrj.x"

Hvery element has its oÞrn sLiffness matrix. After atl the

sLiffness matrices are evaluated, the stiffness for the

assembl.age cân be formed by surnminq up all the element

matrices t.o give;



lKt

tKl{uo}

e

E

=f'f
e=1

K tl
( 2.1.8 )

( 2"r.e )

The eguil.ibrium equations for the assemblege âre Rod,r obtêined
AS

{e}

By solving these eguations, the displacements at each

nodal poinf: can be obtained, then f ron ( t "t.Z ) and

( 1"1'3 ) the strain and stress in each element can be

deLermined.

2.2 YTETD CONNTTTON

The Von Míses yield condition has

most. präctical and relíable yield
engineering marterials, when t.he Von

at one point of â material become-*;

zero, p).astic deformat.ion occurs"

The genera.L f clrm of the Von Mi ses

been accepted äs the

críteria" llor most

l{ises plaslic potential

equâ1 or greater Lhan

plastic potenbíaI 15 :

K IF({o} { c 'lr ( 2.2.r )

t.he Llsual liardening parameter,v¡here K

F

12



{ o } = sLress vecLor,

T = temperature and

tel*sLrainrabe.
For än isotropic mðLerial, F is defined by

Ir=J..-T?=.1^-*o'¿y¿5y ( 2"2.2 )

where ,,

uniaxial
invariant

and Õi.j

and o
v

tensÍon

âre the yietd
respectiveJ"y,

in pure shear ancl in

the second sLress

( 2.2.3 )

gtress

Jz

is the deviatoric stress components defined as:

1S

I _,uz " 2 uti (Jrj

oi .

.].J
nO

F

1J
o

o'. .

:tJ

I
.1 f1

Accordi.ng to von hlises criterion, plastic yierding takes
place when:

0

ìê

1.3



'r-åol=o
or

Fron ( z.Z"S ) we obtain

3-,
/- LJ

o

'1"
1 = J n¿"2 3 "v

o2rJ v

Since the effective stress is defined as

U { à [(o'

61 .rJ

for a

orr)2 * (nzz

mu.lti*axLa1ly

5 ) and ( Z.z

o¡: )'I o t (olroo3.z+olr> lto:¡)za(o1t

?

2
(

L.2ol.
1J

( 2.2.6 )

( 2.2

loaded solid, it is easily observed from

6 ) that

oo
v

q+hich is Lhe yierd criterion used i.n this anal.ysís 
"

( 2.2.4 )

( 2"2.s )

14



2 "3 MATERIf{L CO}.ÌTITUTIVE RELÀTIOI'¡

The rel-af:ionship t¡etween the effective stress and the ef-
fecLive plastic strairr for a maLerial subjected to plastic
deformation is usually cjetermined frém experiments. Func-

tions which can descri"be experimentally establisheel continu-
ous stress vs. strain curves are necessary f or tire anaIysJ.s 

"

l{su eL al" [ 43 ] have propose d such a f unct ion whi.ch can cover

the enLire stress vs " strain regime " This function describe
a sharp turn at the con juncLio¡r of the elast ic and plast ic
parts of the stress*straj.n curve r+hicir is closer to the true
stress-strain curve.

EE
o

'1 T:l
t-- *

¿lJ+vJ

1/n ( 2.3.1 )

e-lastícity and

curve and

nËe{r+t l Ì
(t +s'e11

=E
okink

v¡he re

Fr

with E ancl

plarticity

3 Er
, ( 1 * 2v J Et-Ë

E' lo be the respect ive nrodul i of

from a uni-axial stress vs" sLrain

l5



nk;r.,k = Lhe st.ress ê.t l+hj.ch

wi lir the tangent of the p1as,c ic
B)r dif ferenLi.atirrg ( Z.:,f )

modulus Et t

Ec

EI

t.he e.Lastic line
curve äs shown in

, one Hây obtain

intersects

ri9,1"
Í3 tangenl

't'Í1,r
LLllt

.,rr+1 Et.t
J :_)

Coki..rk o E
E(l \do E

E
t_

Il+i
n+l-

ì il
J

dc t1
l

(t E
--a-l rr +Fi c

= ' 
"kink

f,

To obtain equivalent plast.ic

mul.tiaxial stress conclition, which is
sLress vs. eff:ective nlastic strairr
frorn

Let

dö
dã

( 2,3,2 )

modulus H' for the

the slo¡:e eif ef fective
c*t1r\7f¡ a)nê mâv ql-årt

- ""- J

decle + dË ( 2.,3,3 )

( 2,3, /+ )

p

p l-l'

Sirice

16



d0'
dð = ----efl ( 2.3.s )

( 2"3.6 )

( 2"3"7 )

UU

r, t
,

it fcl.loi,rs lhat

1

Hr
1 1

EE

2 "4 FT¡ITTE ELEMHNT CONSTTT'TJTTVE EOUÄTT ONS

ln the elasLic-plnstic problems, tire ôpplicafion of the

conce¡;t üf incremenLal rìtäf"ionary potentiaj- energy- leacls to
the incr*menta.l force-elj.splacemenL eguilibrir-:m in each

loadirrq st.ep:

t

{¡Q i K { Lu. I
I- ( 2.4.r )l I

where i denohes Lhe itil loading Ëtep.

T]"rr* ahove rel.at ionship i.mpl-i-es that
loaelinq process now has been ciivici.ecJ

l. inea r J.oadi ng st"eps 
"

the whole

into many

non- 1i rrea r

piecewi se

17



The key for elast.ic-plastic analysis is to geL the

elastic-plasticity mat.rix Icep ] whicir is different from

the el.e.st.icity mabrix I C* ] in ( 1.1"3 )" Once Lhe I a"r, ]

nrai:rix has been evaruat.ed, the computation of nodal

riis;pracement i.ncrenenLs, stress and strain increments can be

cårriecJ out following the sarne procedures adopted in Lhe

ela.sl-ic analysis.

T t has been f ound that the pJ-astic sLrain compronent

incremenLs are proport.ional Lo the current. deviaLoric l¡tress
conìpone"nLs { o' }:

de
22

de de
33 13

o U o
L¿ 33 13

which leads to t.he Pr:ancJtl-Reuse flow rule

dtti
;-î
'll

{¿e }
p

o !-_

¿À { <¡' } ( 2"4.2 )

( 2"1,"3 )

u'here d). is â proportionaLi.ty f actor.
Referrinq tc¡ nq" ( Z"Z,Z ), it is found that

1J
âF
ît-*-*
d(,).

r,J

or írr the matrÍx for¡n:

1B



| ^t 1 _ fTU)_L

{¿e }=dÀ{

AF,--
do'

] ( 2.1+.4 )

( 2,4.5 )

( 2"4"6 )

( 7,.4.1 )

K are t<:

Noç¡ ( Z"q"Z ) be*conies

and

()

'ãõ-i-

the

2.r

]p

I f only the sLress

be taken into account,

irardening parameter

) beco¡rìes

r'*F({o},K)

The differential form is

dtsdF={

By expressing

si-rairro f:q.( 2

ÌT{¿o}+ ãF
ãK

dK=0¡a

the

A'7

har:dening increment in teyms of plasLic

) can i:e expressed as foll.ows

dl- =" {
ðF
d()

]'r{¿oi âF
-5K ðK

q, ]{¿El- t ]=o ( 2.4.8 )

( 2"4.9 )

p

Ilhe toLal irrcremenL of strain at any step is

{¿c} ]o{¿e }p
lde

\9



1n

i cit:

hence,

whích { ¿e.^ } j.s the plast ic strain increment anclp

e I is t-he elastic incremenL. From Hooke's law,

{ ¿e l'= I c l-1'e {¿oJ+dÀ,. {*,

( 2.4.10 )

] ¡ (2.4.11 )

( ?..4.12 )

{¿c } l-1 { ao }lc

T

e

subs'uitute ( z.Q,q ) ancl ( z.a"t,o ) into ( z.a.g ), we have

{ ¿o } = [ c" ] { de } - [ c" ] t S,t al

sr.¡bs¡-it.ute ( 2.4,q ) and ( z"+"rz ) into ( z.¿.9 )and solve
for dÀ ,

]{
ðF
1,< lc l{¿e}

dÀ=
{ $r 1'r I cu l{ o' aF.

ct l\
cìK

OLnr
) iT { o' }

( 2"4"13 )

The relation

dr
ão

Ì= i )
aÌìr

dÕ'

*20



has been useci in the above cier ivat i on 
"

FínaI}y, combíning ( 2"4.I2 ) and ( 2"4"13 ) leads to:

{
F Fð a 1'Ic ãÕ ão

'lf
)L l C

c
{ ¿o } - [ c* J{ ac } - __--_{¿6}

]

( 2.4.14 )
s

where

g=r#ltIce cIF

ão ]{
ðFcJl

dK

l

{
äK
"T:d¿

p

r'I rJT ( 2.4.15 )ão

Tt is convenient to íntroduce the plasticity mat-rixt

F Frâ o Ìrtlc"l ¡a
'ì. fJt" ãr{

e

[.p]=

ÍL̂L

( 2.4.16 )

and t.ire elastic*nlasticitv mat-rix

Ic [.0]ep e

Up to rlow, å nevt eo¡r$Litutíve relabion has aJ.r'eac1y been

est.ablishecl for eIast.ic"'plastic analysis, which is

{do}=l'c l{ae} ( 2.4.17 )ep

Tt is also shown in [+0i that

-2r



{
dl-

ãÕ"

ãF
AK

AK
ri=-
ÕL

P

Hr

I = ( nl' -11'

2

3

Ì = { o 11'

t

1v0

( 2.4.ß )

( 2./+.lB )

( 2"/"t.20 )

Õ ,TI

L2220 2o

{ I

where H' is the plasticity modulus given i¡r the previous

sect.ion.

Since j.n the Ë)lane slress case,

E i 0
1*vC ( 2.4.2r ).2 syn.1-

2

we ha.ve

0 +-vo
l1 22

âF
ää

¡ -l- u22E
T

u oir
C ]{l ( 2.4"22 ), ..2.I*.V (1-v)

?.2

oiz



änd

Let

(t-vt)2

]{]Icu]{ dt'
"to

'f F*âoã

syn

*or-22

C c

(voi,

t+vo).2

( 2./+ .23 )

(oir+vo)r)2 (oj ,+vo|, ( t-v )cr i) (voi fo)z)

)2

f'o).2)

2.2

( 2.4"2/, )

,(oi

{"o(t-v),riz_ (uoir

11
,L .Ltr*v) o; ^t/_

E

(l = --.-L-- (o
1* v2

I
'1 )t

E

E

sz

Þ^
J

1: v2

I -1, .(f \l-l ' "z?_ )(vo

( :2 " 
a, ,23 ) hec oure s

l+'v
.rÌt']e

âF
âo

.)

IS

2

¿
SÌ[c*l=
si C

"z$.
,L

o
.1

S¡"2
a F

OU
i1' {t(-

e ( 2.4.2s )
syrn 

"
?_

3
ì)

¿J



+20

0n the other hando

t#r'r r r-êlÌ*nrr r ão , ., ll
e"l

t
S:

substitutirrg the above reJationship i.nto ( 2"4, "rB )

) *f * v,s.
J

2 12
S* oLzC

l^

-l="-:O H'I

* o)z

( 2.4.26 )

dI( -T
J

()I

3o{-aE_
dK

i

( 2.4.27 )

OL
p

g = ( oi, s s2+2o12
1

IJ
S. S.

¿J

^2q
J

ec

"?-

S
2

I
l
c

0

0

V

I

t

F'ina11y,

ep
ii

,l
('t

II * v2 sym.
2

syln 
"

( 2"4.28 )
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Chapt e r

CRAEP DAITOR}'ÍATT ON è'ND

ïïr
trSEUDO CREEP i,OÄJ-)

3"1 REVTEW OF' SOMh] B,4STC CCNCËPTS OF' CRENP

The progressive deformation of å maf.erj.al at constant

stress i.s cailed creeF. creep is úr ti.me*depend.ent phenom*

enon" A creep curve is usually used to describe the strain
change of a mat.er ial- vs " t ime aÈ a ce¡:La in temperalure and. a

certain stress leve]" One v¡åy to get such a eurve is to ap-

ply a constant sLress to a tensile specimen maínt.ained at a

constant temperäLure and to measure the strain as a Ëunction

of t. ime .

¡\ typical creep curveÂ sur\¡e Ar is given ín fig"?" It j_s

generally aEreed that. the creep curve has three stages" The

first stage of creep, known a$ pri.mary creepf represenLs a

reqion of decreasing creep rate " ?he seco¡rcl stage of creep,

known ãs secondary crÉepn is a peri.od of nea.rry consLant

rreep raLe" Ë'or this reason, secondary creep is usuarly re*
f erred to âs steaely*state creep. The averåge creep ra. he in
thi.s staçe is calleel the rninimum creep raf;e whrich is 1-he

mosL important engíneeri-ng design parameLer.

The thírd stage or ferl-iary ereep mainly occurs in con*

stanb load, high stress and high temperaLu¡:e Lests " T,{}ren row

tr:inpera*ure anel row stress tests are made, Ít" is frequenLly

1q



f ouncl that the second and the thi rd stage v¡i Ll noL occur and

ä creep curve like curve F ír.r t"iq, e úif f be obtainect,

Àt low temperätures, sã.y o below har f of the mater ia]' s

nreltinç Lemperature, prímnry creep dominates" The commonly

used creep lain' in this slage is

--L.
t_Ê ßrp ( 3.1.1 )

( 3,1"2 )

where ãc' is the effective creep strainn g and p are

constants deter¡nined from experirnents"

High-temperature creep is predominated by steady-state or
viscous creep" The minímum creep rate ís usually debermined

f roni "NorLon's Lârv" o vrhich iras tire f orni

.. --n "-0lRTKOC-3
e

where c_g
û

o

T'

R

= ef f ect.ive creep strairr r.äte o

* ef f ee t j"ve sLress,
s, ârc:f: j-vaL ion energy,

* abso:l-ute temperäture,

* un i,versal. gê3$ constant and

ã mêterial consLanLs.Krfi
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3 ^2 ELASTIC-PLÀST]C CONSTTTTJTTVH RETATTONS FOR CREAP
ANÀLYS I 5

GeneraIly speaking,

raLe of. the sLructure

at any particular tirne, t.he stra"ín

i. s composed of

{ e Ì Ì +{; {¿ Ì
c)k ( 3"2..r )

in wl:ich

{ ¿" } t.he creep strain rate and

{
o*

c ] {Ë }+{é-l+tð-epIre

]-r{

Ì

where { Ë.0 } * e}astic*plastic strain rate,
{ 11 } = thermat strain rate andt'T'

{ ;* } - strain rate due to temperature dependent-Te

material properties.

ln our prol:iem, t-he ternperatrtre is 66nclant anr! ( 3 -2 -l )

becomes

tci {e sc
a ]ep ( 3.2.2 )

u'here { å J ean be
ep

relat i o¡"rsbrip qí. ven

ex¡:resscl by sLress ra.Le following the

in ( 2..4"I7 ):

e{ ] Õ l ( 3.2.3 )e-p
Lcep l-1

'1 1



On 1-he

r,¡ri.tt.en in

obher

ferms

hancl, Lhe creep strain rate cæn a.lso

of a creep ¡:otential f unction Ia5]:

be

{ä
ßÞ-{

( o Ìc J-- ( 3"2.4 )

( 3.7.5 )

o

*}lrr,u ß is â posit.jve parameber depending on the loadíng

hi st,ory 
"

I f tÌ:e maLerial is assumed to be homogeneous and

isotropic r+ith no Bauschinger ef f ect, also to be

incompressible and obeys Von Mises yield conditiono the

creep potential then f-akes tl¡e forn of the second devíatoric
st,ress j.nvariant Jz given in ( 2.2.3 ):

{o} ã J"*l-T 
o T= { o' }

t'¡]: e r e

The

creep

c reep

stra in

{ Õ

Õ

i s Lhe c]e,¡ iat.oric sf ress corn"ponenf*s "

strain raLe Lensor is rei-at"ed to the effective
raLe by

T
e]{( z

1
-)

L;

a e ,t ] ( 3.2.6 )

( 3"2.7 )

srrbsti.tuLe ( 3.2"4 ) into ( 3"2"6 ) and solve for ß

geis;
0ne

.?
R:::--(,"?\ o )c



Substítr:t,e ( 3"2"F ) and ( into ( l"z,.q )3.2 "7 )

t e
't
J

c

or

( 3.2"8 )

( 3.2"ø ¡{ciec j }rae"/Õ){o'}

Ì,ron ( J

equå L i on

2"'I ), ( 3"2"3 ) and. ( ¡"e.+ ), the constitutive
is obtained as

l*1 ( 3.z.ro ){ å } n } c t' t ç ) { o' }{ð}=[c
ep

3 . 3 T¡ T NT TÐ ET,üMNÏ'IT FORT,{ULÃS

In Chapter 2, onJ^y mechanj.cal load

creep analysíri, however, a pseudo creep

Õn , The f otal Load i nc remerit- noTtr í s

i s considerecl" For

Loacl has Lo be added.

{¿¡'}='[ ap].+{¿p.}
C

( 3":": )

where {

{¿p }
c

dp ] is t.he mrechanisa] load on Lhe nodar poirrts and

is Lhe pseuclo creep load which takes the form

29



{¿p }=.f l-nlt[o l¿vCV

= I, I n ]r I cep.] { ¿e" }0,,

( 3.3.2 )

( 3"3.3 )

The equilibriurn ecluation has the same form as ( f"f ,g )

lxl{¿'r} {aE1

where I n J = elastic-plastic sti.f fness rnätrix and

{ Au } = displacemenLs of nodes in the fínite el.ement

mesh 
"

Apply the loacl in ( ¡. ¡. f ) to the structure and sol_ve

( 3,3"3 ), the displacenent of every node may be caJculated

and the strain of every elernent may be obtained from

{ae}=[s.] {a"} ( 3.3"4 )

( 3"'3.5 )

À1so,

{¿o}=[c I {¿e } p
ep eP

frorn which we Set.

{ ¿o }* [ cooJ ( { ¿e } - { ¿ec } )

30



3 "4 TNTEGRÄ,T'TC)N SCI.IEME

In this thesis, Lhe Huler int.egration has been adopted. as

the numerica.L inLegration scherne to calculate r.ire ef fective
c reep st ra i rr i nc renrerit ;

-i-c
e cltdt-

where É" i s given by t.he Norton ' s Law.

In the elastj.c*prastic analysis, Lhe mâgnitucie of t,he

load increment has Lo be controlleci so that the accumulat.ed

error will not be too hígh. In creep problems, s€lecLion of
the time incremenLs becomes very important" Too rarge a t,ime

slep can lead to unacceptabl-e errors or even tåivergence of
the solution. cormeau and ïrons et al. [46] suggested that
the integ::ation can be made if Ll're ratj.o of the maximum

creep strain increment and i-ire elastic strain at that point
i s kept beiow 2/n where n i s t.he exponent of the Norton' s

Law. From that, a maximu¡n time increment ar,n f or power-lai,ç

creep has been given in L47l ir: tei:,ms of t.he maximum

ef fect ive stress Õ
nìax

( 7:.4.1 )

( 3"4"2 )

( o / L)4(1'+v) ÍnaxAt
m .n

)') -,J LL K f (T) ( cr
inax

31.



ÀlLhough ( 3.4.2 ) is derived for elastic creep anarysís,
it is eãsy to understancl thaL it can be applied Lo

elasti.c-plast.ic creep anatysis due fo t.he facb thal- the

eJ-astic sträin woulcl be small in c'omparison Lo the totat
strain which j.s Lhe sum cf. t.he elastic and the prastic
strairr.



Chapter IV

FRÀCTURE M]]CH.A,NICg IN ÐIJCTTtEI lvl"ArTmRIALS

4.1 TNTROT}UCTTON

Since fracLure mechani.cs Ì,¡as introduced ås a result of

i:he study of brit"tl-e f ractures of steel. at f ow Lernperäture,

more attention wäs paici to linear or elaslic fracture analy*

sí s i.n early studies of this sub ject. The tLreory of linear
fracture rnechanics is welI estaLrl"ished" This thesís deals

only vvith the f racture of due tile solids. No atternpt was

made here to retroacL the elastic fracture theory and a re*

view of ductíle fracture is presented in this chapter"

4"2 THH SHÃ,PEI OF THE PLAST]C ZONE

The elastic stress functions at t,he crack tip in a polar
coordinate system are

Éì(1+sini)Õ

0
Ks --cos

2n r

"=v(o t

aìt+sini)_q

2
(

2

K

2tt r
0

o1
J

o3

(l+ ) 2v z for plane stra in,
?_

0

JJ

for plane stress



!¿here K is tire sf ress intensity f actor, r j.s the vector

dist.ance from the crâck tip, 0 is the anqLe between the

ver:tor and the X*axis ( fig"e ), o1 , ÕZ anel o3 åre the

príncipal sLresses, the principal stresses n1 anci óz are equal

and act in x and y direcLíons on the plane 0 - 0"

sui:st.j.tute these equat.ions ínto the von Mises yield
conci.ition r,r¡hich gíves the yield surface of a materiar under

a certain stress condition
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T'here i s another plast ic zone

Lhe Tresca yield criterion:
shape f unct ion derir¡ecl f rom

2
plane s;tressr:

plane sLrain s
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The corresponding figureË are in Fig.3 B"

Tuba t49l and Rice and Rosengren tSûl did more accurate
anarysis on this problem by usíng reraxation methods" The

results are presented in Fig.4. Tuba's result showed thab

the rine connecting the farthest poínt of t.he plastic bounrj-

ary and the crâck tÍp is a.t- an angle 0 = 69o from the craek

line" Ì'õote that this is almost the angle at v¿hich maximu¡n

shear stress occurs" Iìíce ancl RoseRqren however caleulated
ân angle of 100" 

"

,At'l these analyLicar resiulLs neecl experirnental. verifiea*
b i.on. Ti:e clark ärea j.n f ig, S .A [ 5l ] shows a prl-ast ic u one in
plane sf rems whicli resembles Tuba's modal well. ancl

Iiig" 5 m [40] ís another examp]e l¡hich conf irms Tub¿¡'s rnodel

tö be ã mcre real. i st ic one "
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4.3 FT,ASTTC ZONN CORRIÎCTTON MF]THOI)

Since most engineering maLerials have the ability to de-

form plasLically, the elastic solutions of crack problems

cannot, be apprj.ed dir:ectly. However, it v¡ould be easier to

solve the elastic-plastic problems by correlaLing pJ.astic

fracLure tc; the existing elastic Li.leories. Trwi.¡r Ib1 ,SZ] and

Duqdare [53,54i proposed two differelnt plastie uone correc-
tion methods to appro:ei.mate an elastic-plastj.c fracture so*

lution to an elastic fracture problem"

I t is ã r:ondition in both of these t.irerories Lhat t.he oc-

currence of plasticiLy makes the crack behave as if it v¡ere

longer Lhan its physical size as the existence of plastícity
inci:eases the cii splacement, and decreases the st i f f ness sf
the plate speci.men"

They assumed that

a^ -{-

U
6 ( 4 1 )

where a is Lhe equir¡aIenL

length of bire crack a.nel ô

calcui"ated as f ollorss:

According Lo Trwin,

c rãc k J-ength, r0

is the addiLional

the physical

IençLh to be

2
_L*
Ztr

K
ô ( 4.3.2 )2

o
y,e

36



for' ¡r1;rne si:rBsiß c&se.
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In thj.s cêse, Lhe Lwo methods ir:erd, te simirar so.Li.rLions

j:ecause ( 4"3"? ) arrci { .*"1"+ ) are ¿:}most ioeirtic¡'r-I" F'or

lairç(rr \räl.uer; ef u , .tr," , bhe cliffkìl:Rnce bç:t'¿reen tÏ"teg;e r-wo

meÌ::iroi"1s Ì:.recome: siqni-ij.*¿rnL becai..¡Eie ( ¿1.,3.3 ) s?rouLrl j".:e u5i:rd

ir:ste¿rc.I ol, ( 4 " :i" 4l ) by i-)ugdel-e's ¡:nethod,

The a¡:prl icaf ion *f thri s nr*thod i:; t j.mi ts,cl i:y lTre f"ar:t

[..l:;aL l+]ien r:he plast ic u ûne siiie is too sr¡1â j-l- j.n cf:rnparison

t-:ö *Ï:e {Jråìck sia¿+. ti:i.s correcti,::n rnig}:t, l_re unnecressnJ:y.

Ìtowe.,t¡ero wltrån titm p)",asbÌ.c zion€à siixe l¡e¡eû¡nes i.argeu t.Ìte uB.*

1itåi ny: c*f ttiis methc.rd. becomes cTuest.iona}:"Le¡ &Íå ne rl'í] l" reaJ-*

j.ze tlint tJ:e $bre$sì ånt,er"r*íf:y fac-"tor K w'hích i.s ír¡vol'.red ån

;,l1L t,Ì:e tÏ:Eee extlressions of 6 is cle¡::lveri fr*rn tlie bi:eory

c'f q:l.asLir.:it;r,
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4 " & TI-IE ENËRGY PRI NCT FLE

tf6¿iôJ

The

defined

The Crac k Grow th Re s i st,ance ( R Curve ) ¡¿ethod

crack groh'tir resistance of å ductile sol.id can h¡e

ASÎ

R

þrhere VJ is the energy reguired for the crack grorøth.

As the crack growt.h resistance R represent.s the energy

required for crack qrowth, R is considered independent of

cråck length under plane strain or brittle fracture
conditions" In the case of prane stress or ductire
fracture, the crack resistance varies r+ith the amount of

crack growÈh,

f ig. i5 shor,ps å typical. Ït curve and íts physical meaning 
"

The sbraighl- ]ines represenL ihe stress intensity fact.ors

K = Õ /Ã*f* vs" crack length a"

when the R curve starts from uero, Lhe material at the

crôck tip is not ready Lo separat.e ul¡rtiI bhe stress
increased tâ oo where t.he corresponclirrg Ko intersecLs the R

clirve at ã. s a0 and craãrk gr:owth talces prace " Af t,er the

crôck grows t.o Írr, []re K line int.ersected, wiLh ]ì curve

l;ecomes Kr which corresporrds Lo ä higher stress Lever Õr " I f
the applied stress remains äL o0 the crack growtil wí]l
st.op. The crack growth cân he resumed only when the stress
is increlased to a irigiier leveil, i.e, or physically ít,

d't,.]

d"

J t'1



means thãt as the crêcl,; grows longer n t.he resistance of the

material to arrest. the crack growth tends to increase, ín

other words, the energy reguireel Lo naint,ain the crack

growth becomes larger" The increased energy is mainly the

aciditionaJ" v¡ork to form a new anel larger: prastic zone t,o

overcome the increased straj.n hardeninc¡ ahead the crack Lip
âs the craök advances"

T,¡ote that the K l ine is tangent- to the R curve ab ä =

å2. After the crack lengt.h reache,s âzu the raLe of supplied

energy will be aj"ways hígher than the rate of the resistant
energy so ê2 is the crit.ical point where unstable crack
propagation occurs.

The R curve might be invariant. with the initial crack

size as pointed by Kraf fL et al t55j" Àn energy crif.eríon
for fracture mechanics provided by the R curve is possible

if än analyiical expression for R curve cãn be derived.
I{ow611s¡ , t.he theor¡r of Lhe F. curve i s st i ll- urrder

rleveloprnenL 
"

4 " 4" 2 The J*Integra]
/*nothrer energy met.hod

Lhe J*integral method"

the form

li¡¿àS proposed

J* ínhegral i s

[56] whieh is
integral v¡i Lh

by Rice

Ëì ] i.ne

T, (rldy"-r*P¿"1
dx

.T
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where i' =

( refer to
trlaú

a contour surrounding an areã aL the cräck t.íp
I,'i9.7 )

Lhe tension vector perpendicular tÐ f,
the displacement in x direbtion,

s an i nc renrent length on f and

= the strain energy per unit volume"

elastic fracLure or small scale yietding o the

meaning of J*i¡rtegral was explainecl by Rice IS?] to

u

ds

w

For

phy$ical

be:

âUJ
âa

ç¡here u is the potentiar energy which gives a generâlized

relation for t.he energy release due to cräck propagatiÕn"

since the J-integral value has been proved to be path

independent for small strain câse [56], one may select. a

¡nosL convenient pð.th to perforrrr the integratir:n. It may be

expected that there is a crj.ticar varue at v¡hich crack
growth 

"çí 
rl occu¡: " Begley and L,andes 158 , 5g ] f ound that

fracture índeeei Õccurs åt å constant JïC 
"

The J*íntegral s€lesìs Lo k¡e ê better descriptÍ<ln for cåEes

lqith some plasticit"y br-rt i h is Iimítcd to characterine t.he

initiaLíon r.rf a crâck or sÕrTrê l"imited er¿ìck"grov¡th because

one of the prel i.minar íes ín proving the path independence i s

Lhe def ormat ion iireory of plastie ity r,{hi.ch does not allor¡

f or Ioca] Íu ed unloacl:lng phenoma:non which takes place behind

f he firack Líp *urintS â sL¿lb1e e rãËir growth proc." e$$ 
"

1È t./



4 . 5 TFIË: CR.ä,CK OPENI NG DI SPLË{CEMENT CRI TERT ON

When the net section stress beyond Lhe yield st.ress which

is def ined t.o bec

o
1"7

=O__-* ÞO
\,¡ -- A

net ys

ir¡ which w is the r*'idth

becomes very large and

crackecl section, Thís is
conditiorrr â measure for

can be made by the crack

CTOD criterion wa$ first
Following the Þugdale

givel

Bo a

CTOD =
ys

nE

of the specimen, the plastic zone

it may spread through the entíre

called general yielding" Under this
t.he plast. ic strain at i-he crack tip
Lip opening displacement CTOD. The

proposed by wells [ 60,61 J "

approach, CTOD can b'e caleulated to
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,4lthougb. croD cannot provicle a quäntitative soluLion Lo

tl're fracture prol:}em, it shows one possribre way to ext.end

fract,u¡:e mechanics to highly tlucLile mat,erials, it. can aJ-so

indicate Lhe toughness of a material to f racture. A general

rule is that the highrer the ciroD valr:e, the bet.t-er tile crack

res i st"ance 
"
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Chapter 5

STMUL.qTION OF THE CREEP CR.ECK GROWTH

5 . 1 DHSCRT PTT Oi'{ OF T}-IE PROBTEM

P. center notched plate urrder considerat ion i s depicted in
Fi.g.8" This prate hacj the sanìe dímensions as t.he center
notched plate elescrihed ín ohtani's påper Ia0J for the creep

fest which was condr¡cterd at. å conslant toad in a singì.e.lev-
er creep Les'i:er, The plate was 32 rnm wirje, s0 mm long and

2,3 mm'ehick. À 5 mni long initial- crack rças situated at .Lhe

cenLer of t.he prate. since the plate wäs very thin in cöm,-

parison Lo the v¡idth, plane stress finite element formulae

hrere used in bhi s analysi s.

The material of this plate was assurned ho be 304 sLaÍn*
less steel, Table I present,s the mechanieal properties of
this ¡naterÍal used ín Lhe analysis" It shourd however be

not,ed thab there is considerabte variable in nhese propor*

ties as ]isted in dífferent handboc¡ks, The values listecl in

ta[:le 1 represent â reasonable est imal-e of Lhese va]ues,

The gross secL ion stress lever was g8 ,I MLra but f or f he

case of tf s r2e6 a higher ]evel of 13s Mpa was also applied,
'I'he envíronment,aL temperature was maíntained at 6H0. c f or

all cases" Àccording to the discussíon before, under sueh a

high t,emperature r. the secontåary or steaely-state e reep elorní-

nates " By neglecting the ef f ect c¡f i:tre aetivaLion energy,

the Nort,onrs creep L,aw becomesc
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:{: ," " *.nL=KtO)Ê'

where ä Ï¡as lhe dimensions of Mpa, the respecLive values of
K anti n f or Lhe naLeriar at 6F0'c are-.[ "32 x t0*17and 7,1.

A:1.1" case s:tr-rdies i:resenLed here äre li.mited to mocle T

type csf. c räc k growth 
"

5 "2 [I-ryÃ_rE kjtHMqT,lI IgE.-Ë

special i.soparametric elements, special triaLrEular ele-
ments arrd circular elenienLs have been used in elastic stress
analynis arou¡rd a crâck t ip wh,ich can si¡nurate the si.ngular-
i by of the stress at tÌ:e cräck t.i¡: and showed great. advan*

Lage by obtaining the same result wiLh fewer elernents" How-

ever o in the erastic'-pras'cic analysis, simpre but smalrer
elements have bee¡r used for computationat simplícity and ð.c-

curäcy 
"

Tn Lhe present analysisn orrly ä quarter ( tne shaded part
in Fig.8 ) r:f the plate was taken into consider*tion due to
symrnc-t.ry of Lhe geomÊtry. This quarter Tdas divided j_rrLo a

mixti:re of quadrilateral ancl ti:iançuIar elenents Ërs shown in
ri.g.9. Äror.rnd the cracl< t.ip, Lhe elements ¡reeded. to be very
sntall f or Iar:qe st¡:ess sLrain gradients in that. region, /.rs

the distance f rom tile crack Lip increases, i-hre e-lemenbs

became ).a.rç¡er and larqer. Fig"g ¡.r shows the finite efenient

meshes f or tire v¡hole quarter p:ra.te and rì.g. g B qirres the

detai] of region i\ in rig" g A. The ratio of t^he length of
the elements Rear the crä.ck tip ancl the original crack
lengti: !"r&s a.2/2.5 = 0.08. ¡\ LoLal, of 3zs eLemenLs ancj 232

ncldes \.dere ilseicl "
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lL is obvious Lhat 'chere rnust be some limitation on the

elernenL size" Beyond it, the problem might not converge" An

attemË:t was made to find a suitahre compromise" The eoncru-

sion i.s thal Lhis model is good enouþh for this particular
problern.

5.3 CRTTHRTON OF CRACK PROPÄGATTON

In elasl-ic f racture mechani.cs, it is coRsidered t.hat.

cråck extension will occur when t.he sLress intensity factor
K rc*aci:es a crit jcal value Kc, t.he f racLure toughness of the

material. In the elastic-plastic fracLure analysis,
critical values of COD, J-int.egral, the ultimate tensile
strength and the rupture strain criLerion etc have been

suggested as fracture criteria. Let us just focus our

attention on the rupture strain criterion for the time

being.

There were a few reseärchers 162,63,641 who attempted. to

measure the strain field around Lhe crack Líp" Thelr found

that the straín arounel the crack t ip s¡as almost a e onsLanL

durinE tire fracture process. The rupture strain criterion

staLes that when the st.ate of the strain at the crãck típ
reaehes a certain value fraebure will oceur [65].

Ti:ere should be only one rupture strain for one materia]
uncler cer:baín mechanical and environmenl-a1 conditions during

elast-ic-prastic deformation, which cän be obtairred t'trrough

€)xperimenl-s" This criterion appear:ed Lo work satisfacLorily
in Ifi9,70 J . HÕwever, it i"s not c]-ear at thi.s point. whether ä
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sinç1e va.lue of rupture strain Çan describe the ent.ire creep

stage, The purpose then of this thesis is not to def-ermine

arr Lhe parameLers in creep fract-ure a.nalysis qu¿rntitative*

Iy, but rather to u$e three arbitary rupLure strâin 0"03,

CI"0'75 anrl 0,1? and to assess tï¡eir sensitivity to the crack

growtLr behav j"our,

5.4 THH CONCË:PT' OF THE] ''TJRHÀKABLE EI,EMENT''

I¡r t-he pr"eF..ìenL analysis, the cracl< was considered to ex-

tend in a predetermined crack growt.h paLh. Those elements

along x-axis from the crack tip in Fig.9 B were assumed to
be "breäkable", the f ollowing sections describe hor\' they

broke graclr:a11y one af ter anothe y 169 ,7 0l 
"

5.4,1 l{xLra 1a t.ed Strain

since the present anarysis is based on the irasic

principle use.J- in ¡-ire TBP$A computer code on tl¡e consi:ani

$treËs sIrain e].emenLs;, the ef f ecti.ve strains in the

l:reakai:1e el emerr:ts could h¡e extrapota't-ecl ð.s a smoof.h cur:ve

l-owards Lhe cråck tip i:y e l$ast squåres cL¡rve fitting
technic¿ue t 661 . T t wäs f ound that usuaTly tire st.i:¿¡ins

chranges abrup'ci,y f rom the f i rst to hhe f ourt.h elemenl, , $o

'i:ire vari,:Lion of the ef fective straín in the f irst four
elenenLs ahead of the crâck típ had been considered. À

polynomi-al" funct.iern \,{¿rs used. to describe such a variation:
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¿le ) *3*ur*2-nu,r"*u4
t ( 5"4,1 )

wjrere x denotes i-he di stance f rrrm the cråck i:ip along

constants derived from

the âverage strains at.

tip can be expressed

crack

least

âsi:

path, ã1, â2, u3, ^4 are

squares analysi.s by using

the

the

the
e.l.ement centroicJs ( xt , *2 , *3 , *4 )

The e>ltrapolateci stråÍn a.b the crack

Eext ; (0.)

5.4.2. Ruptu_t,e oJ Ereakable Elements

Al- f i rst , ê**, $¡ås smal ler than .r,rp o*f , t.h.e rupture
strain" As LLre creep deformation increases, b1*, woutd

eventual.J-y exceed rf , at such time the cräck gror,rth process

Ì:egan. 'rhe amouRt of crack extension ax rÀras evaLuated by

solvirrg for x in r:q"( S,4.1 ) with ã ( " ) = nf rt cãn be

í Ilustrated scb.emaf ically in Fiq. Ï0 ¿js the crê.ci., growLh at
time step i"

At time sLep i+1n <Jue to t.he creelp deformationo t-he

strain in the crack tip el.ement would irave increased further
ancl t.ire stråin at poini- a might exceed Ëf " The same

procedure like in iime st.ep i 'poul.d he repeat.ecl agai n a.s

4"7



i i-lus:t ratecl in
point a reacired

Fig. J"1.

the next

Thi s proce s5 went. on ¿:nd on r-rn I i ]
node "

5.4.3 Force Relaxation of the Broken Element

Tn Chæpter '20 the equilibrium equation was shown to be

.[ l' .]" t"]
_ ._1lI n j'

L B J'

K

T

J

Ic]
Ic]

In]dv

[n]{,.'
{ u ]v

V
] ¿.t ( s.4.2 )

from above, the nodaL force components âre:

{r} t
r
t.

slrIc]{
slr{o}¿v

e ] ¿-o
V

( 5"4.5 )

Once tile cråck front had passed through å cráìck tip
el,enent., thi"s el"emenr-- v¡as cleemed to ha.ve fraetured ancl

bec;ame irrcapabl"e of carryi.ng äny 1oad," TÌ:e nodal forces

carried by this e*ÏernenL before ít þroke had tr¡ be re)easecl

to redisLribr-rte Lhe stress f j.eld of the plate, This force
release in called relaxatíon step in this analysis 

"

Tn t-ire relaxatic'n step, tire stj.ffness nìâtrix of the

brolqen element $r¿ìs reducecl to zero so i i: could not e ârry ãny

loacl in ihe laher anal-ysis.
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Since the restrict.ions on nodes I 8, 2 were all norma] Lc:

the crack, only ì:eaction forces in Lhis direction would Lle

gíven back 'Lo t.he struct.ure ås illustrated in b'íg"1.2," Tn

order Lo mai¡rtain ä smooth com¡:uLation o smal.I 1o¿ld increment

hacl Lo he used, The rea.ctiorr forces vrere divided by 15

segments and were added on Lhe strucLure by 15 pseudo-time

steps" A stre$s analysis \,¡'äs performed with these nodal

f or:ces whi 1e the external loacI remained u.nchanged 
"

llilrinq the relaxatjon process, some element,s v¡oufd be

kept uncler loading v¡hi le others would he under unloading in
Lhese elemenLs around the newly created free crð.ck surfaces.

Loading or unloading of the elements was determined by ô

trial and error technique" Tn Lrial step 1, aIl elemenLs

were assumed to be under loading. Eq. ( 1,1.9 ) was solved

and the incremental stresses t,üere added on in the usuâL way.

The effecLive stress ã of eacir element obLained in the tri*
¿r1 laad step r*ou1e1 be conpa.red þ-rith the effeetive stress
pr:ior to tl:re t.ria1 step, Äccord-ing Lo 6r Iõ, cr ö, o 6r. ì

1-he loading ancl unloacling element$ was determíned

r€lspective),y ( ni.g"f S ). The stress prior Lo the trial step

wås therr resLored, t-he anai"ysi.s of trial step 2 with t'he

stj-ffnesÍi matríces of t.hr"rse yieJ.ded unloading el"ernents

charrgecl from I t"o ] to I C* ] was cârrieci out.
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Chapter: VT

PRCIGTTAM ANT] SOLUTT ON PR,OCENURE

6 " J, T ¡{TRODUCTT ON

The program TEIFSA [ ¿S ] \,¡as used as the basis f or the

present analysi s " I t v,¡äs oriqinally developed by prof . Hsu

and his åssociateo A,A"M" BerLels to handle thermat elastic
pl.ash ic stress pr:oblems. The cråc k propagaL ion part has been

implemented by Y.J" Kim and the creep analysis part by

Y.J" Liu" The author combined a]1 these elemenLs boEether

1-o make a new program which cån now deal r.¡ith creep crack

growEh prolrlem 
"

The procedrrre of bhi s program work i s äs f ol.l-ows:

6 " 2 MmeH,\NT CËrL LOADT NG

The Ìoad incrernent for the f irsi; step was z,r MFa which was

almosl the maximum value to keep t.l:re st.rucLure in fulrlz
elasiic" Subsequent loacJ increments çf I Mpa, 0.5 I"lFa and

0.?5 MPa r'¡ere used ã$ Lhe.toarl increases" To reach the gross

seetion stress l-evels ab 98.1 Mpa and rg5 MFa, j"z0 and lB0

sLeps were used correspondiftç11y"

In order to simplify Ll:e analysiso creep effecb was not

sonsídered in tire initiar mechanical loadinç es this effeet
m¿åy l:e neglected fc¡r short time ciuraf:ion ínvolr'eel.
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The elasLic-plast.ic stress anaJ.ysis in the initial loading

stage wðs performed according to the fo1lowing steps:

t) Compare for each element Lhe present effective stress

r¡itht.he yieldst,ress, i.f õ.oy o' formthe elasticity
matrix I C* ] " Tf 6 u or , form Lhe elastic-pLastic matrix

¡ Cep l. Form element sLiffness maLrices I K" ] and the

overall stiffnes$ mütrix I x. ].
2) Eval.uaLe the mechanical load rnatrix I f ] on every

nocie of the sLruct-ure 
"

3 ) Solve f or I au ] f rom tire f o]towing equations ¡

Ir<]{¿u} {an1 ( 6"1 )

(6.2)

( 6,:1 )

(6"4)

then calculaLe the strain and stress from

{¿e}=[B]{¿"}

nnÄ

for elastic defornatíonu or

{do} l. c;
ep

for ti-:re elastic*plastic deformation.

4) è,dd th.is stress incren'.enL to rrpdate tl're sL.ress

{¿o}=[c"]{¿.}

l{aei
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{.o l {or}+{ao}i+1

5) Update new coordinates or nodes

{ V l tx] + {a"1
i+1 L

6) Repeat from step 1i,¡ith the newl-y defj.ned coordinates.

6. 3 CREHP ANË\IYSI S

Creep analysis started right after the i"nitial mechanical

loadíng finíshed" The procedure is as follows:

1) Find the element possessing the maximum effective
stres$ from alI the elemenhs"

2) Use the maximum effecLive stress to compube At in
( s.q.z ) and å" in ( 3.r"2 ).

3 ) DeLerrnine dËc f rom Eq" ( 3 .4.1 ) where Ar and ." has

lrc'pn ¿:rr=f rrnl-nrl in eforr ? pnrl t å Ì frnrn. I ? ? lR 't nnÄ slcn( ç' J êùv'¡¡

I op ] from ( 3.3.2 )"
c

4 ) llorwareJ. t-o the next t ime step i+-] rvi tÌ"r the pseudo

creep load { dP" } and perform the elastic-plastic analysis

for the whole structure agaín,

5 ) EvaJuate the tot,a] straån increment i cia ] by usirrg

( g"f ) r¡itli the $pecifiecl r'alue of { eu } in ßtep 4 and

ti:e stress increment I rto ] f ronr ( 3.3.5 ) .

6) Use ( 6"5 ) to updaLe the nodal coordinates and

( A"q ) to update the stre$$"

7) Repeat from sitep 1 again.
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6 " 
lL CRACI/I PROPAG.a^TI ON

Creep is â ti¡re dependent phenomenon" Therefore as the

time ¡rassed, the strains in every elemc+nt of the structure

çrêw unLil the extrapolated strain aú tire crack tip reached

the critical val-ue and t-hen crack growLh started. This

procedure has already been described in Chapter 5 so it will
not be repeated here " T t is worth notinç that af ter t,he re-

l"a:çat ion sLep of ä broken element o Li:e extrapol,ated strain
at thæ new crack ti.p might not yet reach the rupture sl-rain.

'Ihe creep anal-ysis would then conLinue unti] ður,, Þ ,f.

As tin¡e increased the "breakable" elements ruptured one

after another until the crack propagation trecame unstable"
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Chapter VT T

RBSULTS AND DTSCUSSTON

7 .7. CR.ACI{. GROWTH RÀTE VS " TIME CURVES

The extrapolated strai.n at tl¡e i-ip of the cräck was 0,0lS
at Lhe completion of the mechanicar roading at gB.1 Mpa"
After a creep reraxation of 1,6 hours, it reachecr â rupture
sLrain of 0.0s Lhen erack propagation initiated. ïn Fíg.14,
curve À represent the crack length vs. time for uf * 0.03,
curve B for uf = 0.07b and curve C for ,f = 0.I2. The
elapsed time before crack initiation were l0.b hours and
28.8 hours for rf s 0.075 and 0.I2 correspondingly.

?he curves in Fíg"15 represent craek growth rates å vs,
time for the three eäses under the same gross st.ress }evel
çi 98. i Mpa.

These rwo figures indicate Lhat iãs the assigneci rupLure
strain increases, both the crack gr'wth ancl the rate of
cråck growLh d,ec reases and the crfr,ck growth i n i t Íat ion i. s
delayed as well 

"

'*ctuarlyu in mâny creep tesls for s$ 304 at 6500c, the
erongation exeeeds 60% which sr:ggests å much higher rupture
strain than the present lA%. However, computing condition
rimirs the ;rnarysis to i.nclude a rupture $trårin of o, s or
o'6' By varying Lhe rupbi-rre strain from tJ"03 LÕ 0"J.2, a

rÀ
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trend indícates

the exper imental

experinrents []21
and 0.0?4? for e

tl'raL the crâcli gror+th rate cån approach

value of 0 " 001 mm/hr obtained through
( 0.15 2 f.ar .f = 0,03 , 0,441 f oruf = 0.07F

f = 0"12 ) when rf approches såy 0.5.

7 "2 SHAFE AND THE PLASTIC ZONE

The shape øf the prast ic ãone f ormed clur ing l.oading
prCIcess for the case of Ef * Ct.03 is sl¡own in Fig,16" It
coincides with some experimental rvorks described in
chapter 4 and arso some fini te element stress anarysis
results Ï67,69J. IL índicates; that the present finite
element anarys i s i s adeguate in simulat ing the crack
propagation process during creep deformation.

The ease study sLarted from the stress r.ever of 9g"1 Mpa
v¡hich corresponds to the smarr.est ptastic uone in Fig.r6.
Hcrwever, by the time the extraporated strain reached the
rLipture strain of 0.03, Lhe plastic zone diminished to
r+ithí' only ä few elements clue to the creep stress
relaxation. This was aLso true for the cases of .f * 0.02S
ænd 0.1? 

"

IJuring the

plast ic u orìe

the pJ-astic

IasL el.ement

most restored

Ìoadi.ng at

ill.ustr¿¡.ted

ST ZE OF

c rac k clpen i nE process ¿ the var i at i. ons of the
s,¡ere di f f erent f or three cases . For cf = û. 03,
uone enlanged äf5 the craclç advances tíl.t the
wðJ.s broken" l*y t.henu tÌ.re pl.astic selne vrês al._

to thre síue ab the end of initíar nieehanical
98"1 MPa ås shown in Fíg"16. This process
sche¡natically in Fig.I7"
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As for the cases of .f =, 0.075 and 0"12, the crack gror.rbh

rates were so low thaL it provided ample time for Lhe creep

relaxat ion to take pl.ace and herre e the st.ress concerntraf: j.on

at t,he crâck tip becarne less ¡:henomenâi-. Conseguently n Lhe

pl.asLíc uÕne did not expand as much as ín the eäse of ef Ë

ü.03. P.$ ã matf er of f act tire very small plastic u one re-
mained unchanged all the hrây t.o bhe end of bhe compuLation,

There is one thínq which has tc¡ be clarified, Consider

the case of qross seetion stress levet of 135 Mpa. Àt the

end of thís inítíal. loading, an extrapolated shrain of 0"104

was obt,ained" fhis is much Large:: than CI " 015 resulting f rom

the case of gross section level of 98 " I MPa " The excess j.ve

strain of our incremental method ís guestíonable. Forbu-

nately, this pnobleui of excessive straín has already been

recogníaed and therefore ë cê$e stucly with a gross section

sf ress l"evel of 135 MPa anrl a rupture stra ín of 0.12 has

l¡een treated as â trial ease and is gcrod onl¡'for compari-

son.

'7 "3 $TRESS AhTÞ STAP,TN NTSTRTBT}TTONS

The effesbíve s'Lress dístríbu+¿åon ahea.d of tÏ¡e cr&sk tip
at different st.ages of crack propagaLion ís presented i¡r

Fig"i'8 where Ào E and c correspeind f"o the assígned ser:ains

of t " CI3, 0 " û75 an¿T. 0 " 12 under the same stress ]_eve] c¡f

98"Ï þfFa. Tn each f í<¡ure, the f årst cu'rve ís drav¡n ab the

ür:åck init ieition, Lhe second curvft ís af ter bhe f j.rst ele-
nìenL 'o]:rokeno' ênd s0 ón,
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Tlhese curves are not ãs smooth a.s those obtåinecl by Taira

and Ohtani [12] and Kírn [69] due of the difference of as-

si:mptions" In Taira and Clhtani's cäse, the maLerial was as*

sumed to be elasLic ancì visco*elastic therefore 'hhe stress

rising tor,¡arcls the crålck t íp was very híg1"r. Tn Kim's cäse,

the gradienL r¡as also hÍgh because the elastic-plastíc må-

terÍals were consídered to be at reom temperature with very

l.righ yietd stressi. Tn the present e a$íe tirere ís a higher

temperature and a lower yietr-d stress than in Kim's cð$e.

In this analysis, a. low yield stress and a low gross

stress fevel made'*l:e scress distríbution eurve relaLively
gradual hence the stress distribr"rtion tended bo be sensítive
to the nodal relaxation forces" This is proved by Fig.Ig
r,¡hích is the stress distríbítion ahead of the crä,ck during

crack growth process with the inítiar gross sbress level at
135 MPa in which the stress gradient is greater but the var-
iat i.on i s lnore smooth Èhan t,h.at i n the eâse of gB .I Mpa

gross sect ion sLress.

Some other features of the sLress curveÉi are: The crack

tip stress keeps rising althougi: t.he v¿rriations becorre l-ess

drastic as the craËk grows" The distriirutj.on cur\¡es become

fairly smooth beyond^ ä certain disLance f::om i:he original
cräek tip positíon"

The stress nörmä] to the crack line is termed ooy, This

sLress and o * cÕmponent and the strear stress o_-_ are alsoxx xy
plotLed in Ì1iç"20" For eaeh câse, three curves are dralsn: t.
crâck çrowth inítiaLion, 2" ai:ter the fourth alement broken

and 3. after t.he last eIe¡nenL breiken,
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The shape of. oo* &nd ow curves a!:e similar to Lhe

ef fecti.ve stress ã e:ccepL the magnítudes are atl smaller.

The o** and o* f or thre three ca$Ès tf * 0 " 03, 0 " CI75 and

0.12 at the $ffime stage of cräck gräwth are close but the

shape of o__-_ does väry abruptly. I"iaving not icecl that bhe-xy
magnitudes of ory are all srnall ( ]ess than 25 MPa ), these

fluctuations are möst Iikely causecl by the numerical errors

ancl hence present no serious concern.

The effective strains are very nicely distributed in

f ront of the crack tip as illustraLed in f i.9.21. Variation

of peak strains at various stages of crack growth have been

observed" Àt tf = 0"03, the strain decreases very fasL from

the crack tip t.ill the fift.h element or a dist,ance of 1.0 mrrr

from the erack tip. This trend has slowed down signifícantly
af Lerwords whereas f or t.he case of tf = 0 " 12, the sLraín

keeps decreasing but not as fast. a$ in the previor.ls case

rrrr'l-iì a ¡{iel-nnrn nf 2 /I rnm r¡1rìn}r 'i e ) L 1-i,noc nÇ {-}ra

dist.ance in tire cê,$e of tf = 0"03. Nobe thaL these two

f ígr:res êre under t,Ïie same stress level, It is again creep

w'frich Ís responsible for Lhis phenomenon"

7 "4 CRÄCK PROFTLE AN]] CRACIT OPBh{TNCì /,'NGT"B

As has L:een rliscusseil in Section 7 .2 u unsler bhe same

sLress level sf 98.1 MFa, the cräck openi"nç would take place

ín a }arger plast ic si:ate f or the e âse .f * 0. û3 tÏ¡an f or

the other Lwo câ$es. This leads Lo a i:lunted crack prof il.e
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in Fig.22 À fc¡r uf = 0"03" Withín the three f igures of

Fig.22, À i.s closer ho t.hat produced by Ki.m 1671 and C is
closer to Taira'$ resul.ts [ 12 ] " The reason is that the

structure tends to be less plastic and hence less ductite in

cäse c l¡ith rf Ë 0.12,

The other t,wo ç:arameLers which äre sometimes used in

fracture mechanics are eOA ( Crack Opening Àngle ) and CTOA

( Crack Tip Opening A,ngle )" COA is the value of Lhe crack

opening ciisplacement increment divided by Lhe crack

íncremenL and CTOÄ is t.he angle af crack opening aL tire

crack tip.
Få9,23 and îi9.24 show the COA and CTOA with respect to

the positi.on of the advancing crack tip, from which one may

observe that COA tends to decrease as crack advances, which

is also observed in [69], and CTOA fluctuates significant]y
with higher rupi-ure strain values.

rn erasfic-prastic stress anaf:¡qis, croÄ can be used as å
frar:ture crít.erio¡r as these values äre almost eonstant dur*
íng cråck p::opaçation cuch €1s shown in [69,23], Tn the cãse

of creep crach propagation ¡ crCIð¡ rníght not i:e ä good f rac*

ture srieerion to use ôs such consistency ís rlo longer oi:*

served 
"
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7 "5 THE C* P.AR¡"METER TN CRENP CRÀCK GROT^TTH

Based on the concept of the J- integral , Landes a¡rd

Begl.ey t 18I proposed the C* pararneter def inecl ð$:

C*=Jt.tr^Jt(dy-t(* ) <ls ( 7.5"1 )

rorhere the integral
for Lhe J-integral

cont.oulr and ot.her symbols are LTre same as

e xc ept

l) the di splacement. rate and

Ë
¡lìnI{* 6". de".

U T-J0

C* was proposed for elastic-viscoelastie materíaIs or ma-

teriars quhích exhibit small scal.e yielding rike the.7-.inte-
gral, it has the energy rate interpretation only r..¡nder thes¡e

cond.itj.ons. Some fornulae for eval-uatinç r'* ï,{ers derù,JeCn

amonq bhem, Lhe simplest Õne vùas given by ohji anel hís cÕ^

worhers in 1.978 i7]l v¡hich has the form;

T

ú
net v' (l nl\

ç¡i:er e n Lhe exporlent of NÕrt,on'$ creep läw,

o the net sectior: sLresË andnet

V c rãc k open i ng cli. sp)"acement rate 
"
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0Ïrbani |"40] compar:ed l:he C* value calcutat.ecl by this
forrnnla and, the öne hy the íntegrati.on through finite ele-

menL analysis and found thal t.he value given k:y this formula

is al¡ouf. fifteen Ëercent smaller than the finite el-ernent $o-

1r".rtíon " Hsu, Iíu and Zhn i 17?J also studiecl the corelation

of the C*'from ( 7"5.1 ) and ( 7.5"2 ) and for-rnd that. t.he C*

value by ( l"S.Z ) was far from ( 7.5"1. ) but very close to
C* r,¡hich was 6rroposed by Liu and Flsu [29] " Note that. Ct in*g - -g

cludes a plastic energy rate integral t.erm" From thís,
the value of C* from ( 7.5"2 ) míght repre'sent a moditied e*

which can be used for materials with larger plasticity in*
stead of the origínal C* def j.ned in elastic analysis for ma-

Ler j.als witir very srnall plastícity, Eq. ( 7 "5.2 \ wôs ehosen

f or this analysis t.o evaluate Lhe C* parameter.

Af ter every element was broken, C* and t.he crack growth

råte å v\'ere calculated" The three short. curves in fig"25
were oblained after al.1 the eight elements wel:e broken.

îln f n nÕw - mnq* Å ,re f* ro'ì:¡1- i ¡n{: $rêrpa /ãcl-:}r'l i chaÁ-r

througÏ,: experiments " Tn 'laira and 0l"rtani's ænaJ-ytical work 
u

t.his proh:Iem'øas t.euched by mere.:1)r gi.ven å qroup of sLraighl:

1.ir¡es of clímensionless crãçh gror,rth raLe with respect tc)

climensionless {'r' witil no fur'}rter diiücusìsiern, I't r'¿i1i, be

expJ"oreci in & littIe deLail in Lhis researcir u'ork 
"

The long slr"'air¡ht i.ine ín Fí9 " 25 is Lhe experimental

result f or 304 s'L.a inless steel at 65û*c [ 4CI ] . At a sLress

J,evel of 98 . l- MFa , the exper imantal data cân be connected to
L:e å curve on that. ]ine as shown, Tt is easily observed t)rat
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tire three calcul.ated curves are almost parallel Lo the

experimental curve. It looks ås if l-he curve for uf = 0.03

is shiftíng dCIwn towarcls hhe experirnental curve asi the

ruptur.'e si:ra j.n approaching a more reitistíc val"ue 0 " 5

or 0"6" IL can be coneluded that the analytical coinparison

tÕ fl're exper imenLal resul-t f rom the present numer ie al"

analysÍs is qr-rit.e possi.ble"

Änot.h.er group of cLlrves j.n f ig.26 rsil-1 f urLher reínf orce

t.he above assessment ín â different way, The rupture strains
f or these three hypothetica.t curves are 0.03, 0.075 and 0.12

Ëespect ively l:ut the gross st,ress leveIs have been modi f ied

to 98,1 MFa, 110 MPa and 135 MPa correspondingly. These

three curves can be shi fted horizontally toward the

experimental curve.

Another character i st ic of these curves in f í9.26 i s t.hat

the::e i s ä point at v¡hich bhe å ,rs " C* curve changes i ts
ql onr f Õ rrn i i-r¡. "l"hi cl nhanñmÊn/rn wåe r I cn n}le¡:rr¡a¡f lrrv T.an¡{oe*-"r-..-'J

ancl Begley t18I . They f ound Lhat t.he poi.nL r:f the sloqrest

cråck gr:owtir rate Iíed far below t-he line through ttre olher

tesi- points" A thresholcl value of C* similar to the

thresbrolct K for Lhe f;:tigue eråek growth rat.e controi
paramet.er wäs thus postul"atecl" Physically, it me&ns that
belorq this threshold, the crack wiIl not start to girow,

I ncleed , íf. Õne takes a c loser l"ook at tire two curves f or

uf * 0 " 075 and .f * 0 " 12 in Fig.26, wÌ:ich corresporrC to
hiqher stress levs:ls of 110 I'ftla and 135 hfPa ancJ hence have
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higher crã¡ck gror+th raLeo thre threshold point vanishes in
both tl¡ese cåse$. Further: invest Ígat ions on thi s problem í s

necessary in the fut.ure by both experimental ancT analyticar
ínvestigaLíons"

The sì.ope of tire Lhi rd curve in Fíg " 26 needs some

explanat ion as welt " This curve is f or t.he rupture stra j.n

0.12 and gross sLress lever 135 Mpa " The matirematical
relati"onship between the erack growth rafe and c* paraneten
estôb1i shed througir t.hi s curve i s

a = 0.0Sû ( C" )!' t5s

which deviates from linear relationships as have been

presented by experimenLalists" As diseussed earlier, the
extrapolated strain under gross section sLress level of
135 MPa is fairly large to introduce sígni.ficant error when

usinq small. strain t.ireory .quch as in the present analysis.

7 -6 CÕMFUTER NXECTTTIN6 TTMË:

The compi:ter execr:ting ti¡ne was åpprÕximately F hours
the câse of a ruptr¡re strain of 0.03 and l0 hours f or
casë of â rr-rpLure Ëtrêin of a"rz respectively, Ä restart
pabirity made this birne consuming compuLing possihi.e
this analysis.

for

the

Lñ

for
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Chapter VI T T

CÜNCLUSTONS ANN RECOMMENÐATTON$

A ne$/ nunìer ical met.hod f or c reep c reìc k propagat i on analy*

sis has l:een proposed. This method is po!¡erful b:, its gener-

al. consideratic¡ns of elasLic-plastic cr.'eep behaviour of mâ-

berials, The adoption of "breäkable element" and
u'rel"axatÍono'of a broken el.ement al.lov¡s unloading of the ma-

terial behind the crêck tip to occur ímmediatel-y after the

crãck tip element breaks.

The results showed ín Chapter 7 have itlustrated the ap-

pl icabi.1i ty of thí s method and the establ í shed connputer pro*

gram" It is hoped that this method and program can be used

to study the relationshíp between å and C* ancl CI for struc*
tr-tres vrith compi-ex geon:reLries. The cÕRclugions and recom*

mendat ions äre ôs f ol-.ì-oþrs g

L ) Due t-.o the ef f ect of e reep, t.he seress at bhe crack

tip decreased and ttre strain åf: the craËk hip increased

sbeadily au the time erapseel in t,he creep fracture process"

Bes j.cles, tÌ:e $'Lresìs d,ist"ribution in f rclnt. of cr¿¡ck tip t.enel*

ed to be very senËítive i:o the crack prÕpag&tion r,,rhil.e the

sLrain waß not as sen$itive " The ruptur"e nLräi.n erÍterion
is therefore considered to be mÕre sriiLable for Çreep craek

problem.
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2j T'he cräck; openir-rq angle and bhe rräck tip cpening an*

qle l:oth showed some gr:adual fluct.uat.ions which is untike
the elasti.c-pIast j.c situat- j.ons 

"

3 ) Beyond a certain val.ue of Lhe breep cråck growth rabe

,ï , å ean be related to the flË parameter by a línear rela*
tÍorr.

4) Further stucly of clt and cä parameters for their usä.ge

aud rirnitations in creep fracLure rnechanics is *¡arranted,

5 ) Wel-l plar"rned and execuLed exper iment.s äre necessãry to

obLain the mater ía1 properties such as å rupLure strain,
yielcl s"ress, tangen b modulus and t.he mul.ti-climensional.

creep lars with unloading behavíour eic " ExperimenLal veri*.

ficat.ions of the analytical results produced by Lhe presenL

method are also required so that a qr-ranti.tative numeríca1

analysis can be establíshed"

6 ) Modí f y bi:e progräm to make it suí rairle f or large de*.

formation or Large p1-asLicit;" ar:al_ysis by the finite sLrei.rr

apprÕximat ion method in order to study hir¡Ìr slress level
creep cr'àÇk problenìs.
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