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ABSTRACT
The method for modelling of subcritical creep crack growth,
based on stress near tip field analysis 1is proposed. The

critical damage accumulation near a crack tip 1is assumed as
crack growth criterion and leads to crack initiation time and

growth rate estimations. For the uncoupled statement of
creep/damage groblem the main features of creep crack growth
under constant and cyclic loading are investigated. It has

been shown that for Rabotnov's coupled statement of the
problem the new stress asymptotic field near the tip of a
growing crack 1is obtained. The possible development of
presented approach is discussed.
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INTRODUCTION

The evaluation of suberitical crack growth rate 1s ,important
roblem for design of various modern structures. Failure of
igh strength structural members under high temperature often

occurs due to slow crack growth from microdefects. Intensive

experimental investigations have shown that this process even
for normal tension under constant loading is very com licated.

Different stages of crack growth may be controlled by

different parameters of load such as net stress, elastic

stress intensity factor invariant energetic integrals and

others (see for example reviews by Van Leeuwen (1979,

Sadananda and Shahinian (1983)).

The main causes of such situation are the complexity of
mechanical behaviour of materials under high temperature and

the variety of local fracture micromechanisms. The biggest
part of structural materials deforms accordingly to the
elastic-creeping law. Theoretical investigations of near

crack tip stress fields for this constitutive equation were
analyzed by Cocks and De Voy (1991). They presented a map for
choose a governing parameter and equation of crack growth
under different conditions.
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Models of creep crack growth are based on the stress field
analysis and local fracture criteria. Among all types of used
criteria, continuum damage approach seems most wuniversal and
perspective.

The first aim of present work is to present the main results
in modelling of subcritical creep crack growth under constant
loading reached by authors 1in uncoupled statement of
creep-damage problem. The second one 1is to develop this
approach on coupled statement .and on cyclic loading.

UNCOUPLED STATEMENT OF THE PROBLEM

Constitutive Equations Let's consider the material which
deforms accordingly to the next law:

i _ - .
Eij (1+v)(0ij vakkéij/(l+v))/E + SBoe S,.,/2 (1)

13

where E is Young's modulus, v 1is Poisson's ratio, n 1is creep
exponent, B is creep constant, S is stress deviation tensor

( = aij - ”kkaij/a ), ae is effective stress,

2_
o= 3 85,,8,4/2 (2)

The process of damage accumulation is described by R o
Kachanov's kinetic equation e

w = Alox/(1-0))™ , w(0) =0 (3)

Here w 1is scalar damage parameter, ox = acl + (1-ado_, 01 is
e
maximal principal stress, A, m, « are material's constants.

The criterion of crack growth is assumed as
wlalt)+d,t) =1 (4)

when d 1s structural parameter connected with avera
size, alt) is current crack length. . gradn

Governing Eguation for Crack Initiation and Growth The

integration of equation (3) with taking into account criterion
(4) from the time of loading t=0 to current time t gives the
governing equation for the process of crack initiation (when t

is less than crack start time ts) and for the process of crack
growth (when t > ts):

t
1 = A(m+l)gotm(a(t)+d,p)dp (5)

Stress Field Approximation Let's assume that stress components
in the small near the crack tip creep zone are determined from
asymptotic solution for power-law creeping cracked body. This
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solution is obtained from HRR field for power—-law hardening
material (Hutchinson, 1968; Rice and Rosengren, 1968) by
substitution of displacements rates instead of displacements:

_ 1/(n+1) =(c)
aij(r +> 0,9) = (C(t)/(BInr)) Uij (n,e) (6)
where r,¢ are the polar co-ordinates at the crack tip, In is
constant connected with n, EQC)(n,¢) are dimensionless
functions given _in by Hutchinson (1968), C(t) is

generalization of C —integral of steady state creeg which
describes stress redistribution from initial elastic state and
is given by Riedel and Rice (1980 ).

Outside the creep zone the elastic solution is valid (see for
example Parton and Morozov (1989) or another book on linear
fracture mechanics)

(r,¢) = Ko/(2nm) /2 51O}

. 15 (o) (7)
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Here ;;e)(¢) are known dimensionless functions, KI is elastic

stress intensity factor.

Constant Loading The solution for constant loading when only
once stress redistribution occurs is given by Astafjev and
Pastukhov (1991). Let's assume for simplicity a=1 and consider
the main results.

Time of crack start after loading ts is def ined by
substitution of t=ts into the governing equation (5). For

ungrowing crack stress redistribution means the stress
relaxation under constant loading accordingly (6), where C(t)
is monotonic decreasing time-function. The creep zone 1is
defined as =zone, where stress relaxation accordingly (6)
reduces initial elastic value given by (7). It's size 1is equal
to 0 at the moment of loading and increasing during transition
time of steady state creep tg Riedel and Rice (1980) . The

estimation of creep zone size may be obtained by comparison of
(6) and (7). If the critical point remains 1in elastic =zone
+111 the initiation of the crack, the result the crack start
time has the form:

b = LZEElf(i (8)
s~ Almr1)KT(a )

where a, is initial length of crack or defect.

I[f the creep zone reaches the critical point before the crack
start, then ts is more complicated function of KI(aO),
C'(n,ao), d and material constants.

Results for Crack Growth Rate The change of integration by

time on integration by current dimensionless crack length for
t >t  in equation (5) with taking into account value of t_
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2ives the governing equation for o
rack owth te. !
??gé¥§ical solution is  obtained by Astaf?gv andrapzstuiﬁoi
s using lLaplas transform and asymptotic analysis for
a_>>d. The result is sensitive to -he grade of creep

localization:

s m.,1-m/2
a = PKId ,Rla,t)<d (9a)
4 = QKi(n+1~m)/(n~l)C(m—2)/(n—1)_
_ (n+l1-m)/(n+1) _m/( +1)
qd g in yd<Rla,t)<w-a (9b)
. - _ (n+l-m)/(n+1) m/(n+1)
a H(a ao) c , R>w-a (9¢c)

where w is width of cracked
member, R - size of
Q, q, H are defined by material's constants. SESSE! e 5y

These results reflect the main feature
s of creep c
observed exge;émentallz.lMogg interesting are tﬁe ra§§31§§?Y§$
vernmen cading parameter durin the

Zﬁagiack g{owth and the descri Eion of trans%tion mgg:ceg?
correlgii h, when alone parameter don't give a sufficient
atar tﬁ on with crack growth rate. It should be mentioned
Correct? pr:sence of parameter d in the equation (9a) and
Eota ok ng)erm of equation (9b) and it's absence in the main
b ek and in (9c). It corresponds to the experimentally

rved structural sensitivity of EI—controlled crack growth

and the absence of such sensitivity for C“controlled.

Q%ﬁii%i%%ggggg - Numerical simulation of damage accumulation at
fulrins cal point under plece-constant cyclic loading was
Riedel—gd ?n the bases of e uations (3), (6), (7) and
B e ice's approximation for (t). Five different ways of
s stchanging at critical point were observed. In all " cases

r the several initial cycles of loading was reached the

described by the number of o
ycles. The character f 4
?gggfulation Strongly depends upon the ratio betweeno eriggag?
stateng cycle and Riedel-Rice's transitions time o
e pczeeg. For it's big values the periodical decreasing of
o witg /2 (for example) leads to increasing of crack start
load B Fo:esgggt to }?e tiTe corr?sponding to the constant
. sma values o ratio crack tart
:iiggti?lly decreasing due to the increasing role gfarelagéTg
s field with comparatively high stress level.

on the crack growth rate. Thus, th
. § e empirical estimati
creep/fatigue crack growth may be formglated in terms g?s K?f

x
C ', number of cycles eriod of 1
’ di = !
transitions time of stegdy state creg;. & and Risdel-Rice's
COUPLED STATEMENT

Constitutive E uations I
q n the coupled statement of th
the ereep/damage interaction 15 taken into accgu§€0bl§$
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Rabotnov-Leckie-Hayhurst constitutive equations (3) and

gij_ (3/2)Blo*/(1-w)) Sij/(l w) (10)

(Rabotnov (1970)).

Analysis of Stress Field The asymptotical analysis of boundary
problem for the member with growing crack was fulfilled for
r »+ 0. The eigenvalue problem for the system of ordinary
differential equations was obtained. It's solution for plane
strain, plane stress and anti-plane shear conditions is given
by Astafjev et al. (1991). A new type of stress and damage
fields in process zone near a tip of a growing crack is

obtained:
* am/(n+l-m) (n+1)/(n+1-m)
y = nm[ g ] [ A ] rg' 1y (11)
B I a
n
* 41/(n+1-m)
o, /¥ = n[ A © ] pdld oy (12)
13 aBI 13

n

where fil)(v) and g(l)(w) are known dimensionless functions
given by Astafjev et al. (1991), vy = 1-w is continuity
parameter and » is undefined parameter.

It has been shown that for small r continuity =0 1in range
[n/2,n] of polar angle. It means that fully damaged zone
(failed zone) adjoins to traction-free crack surfaces.

The introduction of damage state variable into power-law
constitutive equations of creeping material permits to
describe the stress redistribution and appearance near the
crack tip a process zone in which the net stress 1is bounded
and stress and continuity disappear. This is a result of
damage influence on creep process taking into account in
coupled creep-damage theory. The arising of such zone during
cree crack grogagation determines the creep oiening
displacement at the crack tip even 1if initially " crac had

infinite small width.

Evaluation of Crack Growth Rate The asymptotic fields are

T current crack growth rate,

comgletely specified by
path-independent integral of steady state creeg theory, cree
and damage material constants. It should e noted tha

asymptotic solution is independent of time t explicitly and
their implicit time dependence associates only with crack
growth rate a(t). Besides, the dimensionless parameter »x and
crack growth rate a(t) in asymptotic solution are undef ined
and can be sought numerically by solving the main governing
equations in whole range of variables O<r<m, 0<t<em and O<gp<m.

The evaluation of crack growth rate is fulfilled by gluing the
solutions for stress field obtained for near and far from the
crack tip zones. Accordingly to the results of stress field
analysis, these estimations gjve the wupper 1limit of crack
growth rate due to usage of C values obtained without crack
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opening displacement. The finite width and smooth tip of the
crack decreasing the stress concentration 1in the case of
transgranular creep crack growth. This fact 1s described by
results obtained in coupled statement.

DISCUSSION

The results for creep growth rate and stress state near a
crack tip obtained on the bases of continuum damage concept
glve the qualitative description of creep crack growgh

henomenon. They reflect many important features noted above.
guantitative results aren't sufficiently precise because of
essential idealization used 1in the theoretical study and of
complicated character of estimations obtained 1in terms of
loading parameters and material's constants. The later are
determined ex erimentally with strong disperse. But the
comparison with available experimental data shows that it is
possible to use this results as upper estimation of crack
growth rate.

The limitations of used approach connected with limitations of
kinetic equation (3) for scalar damage parameter. Even it's
agplication to cyclic loading 1in the case of uncoupled
statement needs in additional grounding because it was
established only for the constant or increasing loading. The
description of crack growth for combined geometric modes of
fracture under complicated ways of loading demands the
generalization of resented approach. The tool for this
generalization exis s, it dis ghe more complicated and
universal continuum damage theories based on the vector or
tensor damage measures. Evidently, the results for crack
growth rate in such complicated models may be reached only
numerically and it 1is more difficult to wuse +them for
qualitative analysis. It shows the importance of presented
simplified approach and results.

The used methodology of modelling of subcritical crack rowth
may be applied not only under the cree conditions. t 1is
concluded in the a?plication of damage Einetic equation and
results of stress field in cracked body analysis. %he first is
established on the bases of experimental data for time to
failure of uncracked members under constant and increasing
load. The second one is obtained by the solution of boundary
problem which contains the materials constitutive law also
determined experimentally. It seems perspective the
application of this approach to ceramic materials.

CONCLUSIONS
The continuum damage concept allows to obtain the important
results in the theoretical study of subcritical cree crack

growth. The presented model based on the uncoupled statement
of creep/damage problem reflects the main features of the

rocess observed experimentally. The coupled statement leads
go the description of process zone and creep opening
displacement a the crack tip. This approach may be
generalized on materials with other constitutive equations and
on the more complicated conditions of loading.
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