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ABSTRACT

The modern methods for prediction of structural elements strength and service life-time on the
basis of fracture mechanics have been considered. The calculational models for the analysis of
the different stages of fatigue fracture, including crack initiation in the vicinity of the stress
concentrators, short fatigue crack growth and macrocrack subcritical growth have been
formulated. The possible ways of these models application for the account of the effect of
loading conditions (nonregular loading, mixed mode loading) on the fatigue crack growth rate
have been considered. A system of calculational dependences for subcritical crack growth
period in three-dimensional bodies under general loading conditions have been presented. The
effective method for practical assessment of the residual service life-time of structures, using
the data of non-destructive testing method, has been proposed.
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INTRODUCTION

Fatigue of materials is one of the major causes of structure failure that leads, as it is known, to
high material and sometimes to human losses. Therefore, the investigation of the fatigue
fracture processes and development of the methods for their prevention in practice are the
most important problems in science and technology. The investigations in this directions have
been performing over more than 150 years. During this period a great progress both in
understanding the physical nature of fatigue phenomena and in creation of the methods for
their practical analysis, has been achieved. This progress is caused, to a great extent, by the
development of fracture mechanics, the latter formed the basis of a new universal
interdisciplinary approach to material fatigue problems study. According to this approach
(instead of classical postulation of the phenomenological conditions at which fracture occurs)
the main attention of the researchers and engineers is paid to the analysis of the fracture
process, which is considered as a process of fatigue crack initiation and propagation. In

practice this approach became a basis of new principles of provision the engineering structures
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feliabulity basing on the safe damage concept. According to this concept all structures
tmatenials) contain defects and sites of fatigue damages initiation. Therefore the predicted
fesource (service life-time) of the structure is defined by the time or the loading cycles number
necessary for subsequent development or accumulation of these damages,
formation and propagation up to final fracture. In this case, the improvement o
reliability can be done in two ways: first, by the usage of constructional or t
solutions, which would provide maximum resistance of material to fatigue crack i
propagation and second, by introduction of the system of flaw detection aim
detection and removal of the dangerous defects in service conditions

macrocrack
f structures
echnological
nitiation and
ed at timely

To solve the mentioned problems,
fatigue cracks initiation and propag,
methods for their practical realizat
problem are considered in this paper.

the development of the adequate calculational models of
ation under different loading conditions, as well as the
ion is very important. Some new investigations of this

MODELLING OF MACROCRACKS INITIATION AT THE STRESS CONCENTRATORS

It is a widely-known fact that in most cases structural elem
concentrators. Just in such- zones of local

develop. This process consist of two main

their growth, coalescence and macrocrack fo
the mentioned above the life-time of a body
of two compounds which correspond to the
subcritical growth period WN2):

ents failure occurs at the stress
overloading of the material the fatigue damages
stages: 1) microstructural short cracks initiation,
rmation; 2)macrocrack propagation. According to
(structural element) N. can be presented as a sum
macrocrack initiation period (NV;) and macrocrack
N* = N1 + N2 (1)

P If a body with a stress concentrator which has the form of
notch with curvature radius p (Fig. 1) is assumed to be th
investigated object, the problem of the fatigue macrocrac
| initiation analysis is reduced to the following: determination o
Z §§§§ the moment when fatigue macrocrack appears near th

i 1\ concentrator, i.e. establishment of conditions of microcrac
transformation  into macrocrack;  establishment o
calculational dependences, which allow to evaluate th

durability of macrocrack initiation perid (V) for the stres
concentrators of the given geometry.

Fig. 1. Process zone in the vicinity of the concentrator tip.

To solve this complicated problem, different approaches were proposed (see Panasyuk, 1991;
Shin, 1994). In particular in the studies of Andreykiv (1976, 1982) the physically well
substantiated model of fatigue fracture of the material in the stress concentration zone is
proposed. This model is based on the hypothesis that the intensity of fatigue fracture processes
is fully governed by the material deformation in the prefracture zone and is determined by some
dependence, invariant for the given material. This dependence can be written as (Andreykiv,
1982):

dl
o o(2)=1, @

Fracture Mechanics of Materials 107

where [ is the crack length; N is a number of loading cycles; ®@(1) = 1/v is the characteristic

: it ich
function of fatigue fracture; v is the fatigue crack growth range; A is a parameter whic
defines the deformation value in the prefracture zone.

During stabilized macrocrack growth under quasi-brittle fracture, the parameter A is Ie;(prfessﬂel:
by the maximum stress intensity factor (SIF) value in a cycle: A =1- K Im,,_x/ Kp (Kp is

critical SIF value, that corresponds to the beginning of spo.ntaneous fracture). In t'hls way the
concrete form of function @(4) can be determined, proceeding from the standz;‘rd kn:.etilc icx:luall:
of fatigue fracture of the material. Besides, sin.ce for the mz}crocrack, the(:: %% (I)Dr;n? Algdreymv
prefracture zone is proportional to the crack tip opening displacement ( 1
i Emax/ e = Omax/Ofe = Kimax/Kze 3)
( &, & are critical values of deformation and CTOD, respectively), the parameter A can be
expressed immediately by the value of deformation:

iz]—,[emax/efc ; @)
On the basis of the above hypothesis, dependencies (2), (4) describe also the przlctless o}f
macrocrack initiation, if only we assume that / is the newly-formed crack length (or tot, engt’
of microcrack) and & is the deformation at the tip of these. cra-cks, accounting stres;
concentrator. By integrating dependence (2), the formula for estimation of the macrocrac
initiation period is obtained: ;
0
N; = jcb(;t)dl. 5)
0 . . . .
In this case, /, corresponds to such length of the newly-formed crack, at which it is FQSSI?erSg
to be a mac’:rocrack. Obviously, to obtain this, the fatigue cra.ck should pass the initial p asc 11(
zone of length /, near the concentrator (Fig. 1) and form its own, typlc.al of {‘rtxlacr?cra iI;
prefracture zone. For many cases this condition is necessary and sufficient. erefore
formula (5) we can take /, = /.

ip of crack of length 0<I<[, , initialing from the

As to the deformation value at the t :
;oncentrator tip, it can be approximately evaluated in the follow1pg way. F.rom the r;sults :lf
Panasyuk (1968) the value of CTOD for sufficiently small cracks. is proportional to the cra
length (8,..-=B! , where B is a constant). Taking into account this fact as well as dependence
max bl i i
(3), the deformation at the crack tip can be presentled as: e
Emax =& — Bl , ) )
where & is the maximum deformation near the concentrator in t.h.e original state (crack 12
absent), B, is unknown coefficient, which is defined from this ?ondltlon. As soon as the crac!
length i’s I=1, , it becomes the macrocrack and than relation (3) is fulfilled, i.e.

(0 + Bl )/ 6 = Kinax/ K2 -
Hence fr = (schp,,ax/Kfec - go)/lp and thus
Smax = 50+ (€ Komas Ko — 20 )U/15) - 10

Andreykiv (1982) had showed that estimates of the macrocrack injtia'Fion peri.ods withind.the
framework of this model agree well with the experimental data for certain materials. According
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FATIGUE MACROCRACK GROWTH MODELLING

1\17\;21&;12 ;r;vzzzgz}tglfdfzt;ﬁe f;;;r-oz?;i pl;(z/p:ggtilgn ttllle hypothesis, expressed by equation (2),
:::;izeb;dz ;v}uglv is solibjécted tjo the czfclic lgadipzrcarﬁikhéitgﬁx){s fﬁfﬁ?ﬁ&ﬁ&"ﬁéﬁ; i;le
ol 0 = 0) is considered. To determine period N, , the following equations were
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Here 7 is a radius-vector of the poi
' points on the crack surface; », ¢ , @ are th i
. A e spherical
g?rzgfsgitz%iSI ,gI:'u‘;r; i\/lo;lle I and Mode II SIF values; 3 is an angle of inclinatiorf of t(l:ie
I owth. In the case when the fatigue crack i
this system of equations is reduced to the form: e jiinsncaii i
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where r=7 @ 1 the IlkIlOWll Iadlu vector of the moving crack contour in the polal

Th i i i
2y ;ynggl:eglgtlc:i:g;ﬁ;r;)o; equalt’ltc.)ns1 ?) ;md (9) and the equations of elastic equilibrium of a
or particular elements of the structure i her di
small member of problems was solved (And i 3t gt
: of ¢ reykiv,1982; Andreykiv and Darchuk, 199
t;:racuca.l application, a rather effective approximate integral approach, presented’ belo?'. I;‘;;
cen proposed. The @(4)=v~' characteristic is very important in these equations ’It is

evahiated exnerimeantsil

tv};muu;u experimentally and depends on the mode and character of material deformation i
e prefracture zone. This section deals with the mentioned problems =

Modelling of the R ic Yi ;
Crecck Tho of everse Plastic Yield and Closure Effects in the Vicinity of the Fatigue

g:;g;;uizazl;ngrpﬁgh its rfelﬁted, first of all, with the reverse yield of the material in the
. in front of the crack. It is very complicated to anal hi i
continuum theory of plasticity. However, the main iti e S e
. A regularities of this process can be descri
by the known &, -model (Du ; 4 ol iy
3 gdale, 1960; Panasyuk, 1968), generalized i
loading. The assumption about the ater o ol Hoeis i Tl
ading. : material plastic yield localization in narr i
lc;:egslr;a;ltrﬁg f(;r.oni the crack ;1p , is the basic one for this model. These strips are mode(l)l‘:d ls);ntphsé
e displacements discontinuity, on which the plastic conditi
. : : 5 C ons are fulfilled and i
which the body is considered to be elastic. Thus, the original elasto-plastic problema;ls rzgltlségs
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to the elastic problem for a body with a modelled cut, which includes the crack and the
modelled plastic zones.
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Fig. 2. Deformation of material in the vicinity of the fatigue crack under maximum () and
minimum (b) loading of a cycle.

ance with this model the elasto-plastic deformation of the material near fatigue Mode
equence (Fig. 2). Under maximum loading of the
_model: a monotone plastic zone of length /, with
is formed in front of the crack (Fig. 2a). During
clic plastic zone of length Ly

In accord
I crack tip takes place by the following s
cycle, the situation corresponds fully to &
stresses equal to material yield strength oy
unloading the reverse plastic yield of the material occurs and cy

appears.

Besides, on the fatigue crack surfaces there is a layer of plastically deformed material(plastic
stretches) of thickness ur.(%). They appear when the crack passes the plastically deformed
region in front of its tip. These stretches as well as compressive stresses which appear near the
crack tip during unloading lead to crack closure: in the particular part of the crack, adjoining
the tip, its surfaces link together, interacting between themselves. This situation (Fig. 2b) is
modelled by such boundary-value conditions on the surfaces of the modelled cut:

- on the open part of the crack the stresses are equal to zero;

- on the closed part of the crack the conditions of full edges contact operate ( Umin(X) =Ures(X)),
where (%) is displacement of the modelied cut edges under minimum loading in a cycle);

- within the cyclic plastic zone the compressive normal stresses are equal to the material yield
strength;
- outside the cyclic plastic region ( fy ), within the monotone plastic zone ( , ) the reverse

plastic yield does not take place ( Upmin(X) =tmax(X) )-

In this formulation of the generalized &, -model, the elasto-plastic deformation of the material
near the crack tip has been analyzed in many studies (Budiansky and Hutchinson, 1978,
Fuhring and Seeger, 1979; Lo, 1980 et al.). Today the general algorithms for such problems
solution by the finite element method (Newmen, 1981) or by the method of weight functions
(Wang and Blom, 1991) have been developed. They open new prospects in investigation of
fatigue crack growth kinetics with account of plastic behaviour of the material and closure
effects in finite bodies (structural elements) under general loading conditions. However, it is
rather difficult to realize them. A relatively simple scheme of these solutions construction on
the basis of superposition method and singular integral equations is proposed by Panasyuk et
al. (1994, 1996a). It allows to obtain a close solution for a rectilinear crack in a plate. This
simplifies greatly the analysis of the influence of nonelastic behaviour of material on the fatigue
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s Peipagation at least in two cases i i

e abil 2 t Interesting fr i i i

e orach ' mos| g from the practical v :

wanil and mechanically short crack. (The first is modelled by senﬁ-inﬁrllfzpc(;largl'( o
In a

fiate and the second - by the rectili : j
erack tip) Hlinear crack of finite length with large plastic zones near the

As an example of thj ; )
stabilized gfofv?h ﬂ;l; St?llunorll usage, Fig. 3 presents the calculational results for the

(R=K tmiv/K pmax=const) T};3 . f;'Sl_mllar crack under loading with constant stress Ci_se

it 8 = - 1Be varation of the ratio between cyclj ratio

yclic CTOD (46=Gee-Gr) and

maximum CTOD (in ou = K3 i
( I Case &, = Ki, 0 /EUY) which depends on stress ratio is presented

These results are com i i

pared with the estimate f i i
the cr.ack closure effect (Rice, 1967). It is evi(c)irexﬁé: ey g
especially at low stress ratio values. ’
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that this effect is of great importance
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ure influence on 1ts Propagation rate can be e aluated ina most simple b
Y, 0y

usi i
ng the effective value A]{]ef:AK,mx-KIgp and not nominal range of SIF AK;

the fatigue crack growth driving force. Thi =K'Irnzzx'l(']rm’n , as

s fact is proved i ice: kineti :
curves, reconst: i o ; n practice: kinetic fati
ructed in v + AK Ier coordinates, depend much less (and in most casgucse ti:;tg:

)
(
EIltIIely invariant) on the loadlug CO]ldlthI(lS Cycle Shape, Stres)s Iatlo, ﬁeq lellcy)a specimen
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linear-elastic fracture mechanics) is not rightful, and a direct model experiment for calculational
evaluation of cyclic parameters of the stress-strain state in the prefracture zone is extremely
complicated or impossible. Some of the typical situations are considered below.

Application of the Generalized S, -model for the Analysis of Some Aspects of Fatigue
Macrocrack Growth.

Crack growth under nonregular loading. Experimental investigations of fatigue crack
propagation under loading with variable amplitude (Robin et al., 1983, f. ex.) show the
presence of cycles intereffect: the middle crack growth rate at the given loading cycle depends
not on its parameters only (amplitude, stress ratio etc.) but also on history of loading. Usually,
crack growth retardation takes place during the change of loading level from the higher to the
lover one, while compressive stress accelerate crack propagation. The above mentioned effects
can be explained by the proposed model. Thus, for example, a one-time peak overloading
causes increase of the plastic strains in front of the crack. As the crack goes through this
disturbed region, the elastic stretches value u.(x) on its edges increases; the corresponding
growth of the crack closure level is observed and this means, that the driving force of the crack
growth ( 45, 4K, ) decreases. Later this process gradually stabilized and the preliminary level
is reached. As an example, Fig. 5 presents the results of cyclic CTOD calculations depending

on crack increment A/ after the body overloading. These calculations

ey ———————=

1 1 | MO
] 2 3 Al lo
a) b)
Fig. 5. Cyclic loading with a single overloading (a) and a plot of cyclic CTOD AS depending
on crack length increment after overloading A4/.
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agree well with the known experimental data on the effect of overloading on the crack growth
rate (Newman, 1981; Wang and Blom, 1991). Thus, application of the proposed model opens
new prospective ways of the cycle-by-cycle analysis of fatigue crack growth at arbitrary
variation of the loading amplitude with time. With respect to the random loading, most typical
of service conditions, this approach forms the basis when establishing the generalized
regularities of crack propagation, depending on loading spectrum characteristics (de Koning,

1988).

Short cracks propagation.The advantage of the proposed model, as compared to the
conventional linear fracture mechanics approaches, is that it takes into consideration though in
a simplified formulation, the plastic yield of the material in the vicinity of the crack tip (in this
case it is not limited by the conditions of small plastic zones). Using this model the propagation
of the mechanically short cracks (sizes of which do exceed the dimensions of the structural
elements of the material) can be analyzed. The proposed model allows to consider at first the
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microcracks, macrocracking along the phases boundaries, etc., do not have corresponding
residual deformations on their edges (stretches) - the major cause of the crack closure. Only
later, when such a crack begins to develop as a fatigue Mode I crack, the residual plastic
deformations appear, which lead to crack closure. As a result, cyclic CTOD A5 at first
exceeds the stabilized value, which corresponds to the long cracks, and only with crack
growth, these values become similar (Newman, 1981; Wang and Blom, 1991; Panasyuk et al.
1996). This effect additionally explains the known experimental fact (Miller and de los Rios,

1986; Ritchie and Lankford, 1986) that short cracks rate exceed the rate of long cracks at the
same SIF values. :

Fatigue crack propagation under mixed-mode loading. After certain generalization, the
del can be used for prediction of the fatigue cracks behaviour under complex stress-strain
state (Panasyuk et al., 1995). These generalizations are reduced to the following.

A. Plastic zones. For the mixed-mode cracks the plastic zone is assumed to be a strip,
originated from the crack tip at some angle to the crack line, These strips are considered to be
the cuts, at which sides the normal ( 0 ) and tangential (o1 ) stresses operate, which satisfy the
material plasticity conditions (for example, the Mises plasticity condition: ol + 307 = o).
Thus, the problem is reduced to the elastic problem for a body with curvilinear model cut (a
crack and additional cuts - plastic zones). The method of singular integral equations is the
effective method of such problems solution (Panasyuk and Savruk, 1992). The solution result
is, first of all, the determination of the normal (&,) and tangential (&) components of CTOD,
which characterize the corresponding plastic deformation components.

B. Crack closure effect. The crack closure caused by the crack edges roughness is considered
together with the plastic-induced crack closure. The contribution of the first one is very
pronounced when the shear component of the crack edges displacement is available. The
boundary conditions within the contact region also vary: alongside with the condition of
complete junction of the crack edges (displacement condition) it is assumed that the stress

comnonentg are ralata 1 1

.. rOUSHiS are reiatea between themselves by the dry friction law oi=fo, , where f is the
friction coefficient.

C. Fracture criterion. The value of specific energy of the reverse plastic deformations aw, |

which is defined in terms of the CTOD and stress components in the plastic region is assumed
to be a criterial parameter:

4w, =0,468, + 0,46, .
In this case, assume that crack propagates in the direction, where 4w, achieves its maximum

value, and crack growth rate depends on the 4w, value. This dependence is a universal
characteristics of material and is evaluated from the kinetic curve of fatigue fracture.

Preliminary verification of this model proved that it allows to analyze the fatigue mixed-mode
crack propagation (Panasyuk et al., 1995).
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ION OF
PREDICTION OF FATIGUE CRACK PROPAGATION AND EVALUAT
RESIDUAL LIFE-TIME OF STRUCTURES

! . : £ qil
irect solution of the boundary-value problem (9) in a general case is corpph:ft?, tf;ll?i; (c))ntour
gt b e of universal calculational dependences for S[.F estimation along et
g it 'Se?iracks Direct calculations by the bulky nume‘ncaI. methods are lcziw—e ef sn;
gf::i?lzzaltll?g 1(c::;ack gec;metry and sizes constantly change with time and procedure o
e

calculation should be repeated many times.

i accuracy. The
Besides, the initial defect contour is not alwa:l/ls kr}own n\llvnltlh: Szgj(zstsagzes i ZO A
’ i i ve only :

i i -destructive testing methods usually gt . . . ny
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dIEterm{cnea.re ivgen the canonical geometry (in most cases = elhptuca.l). Theﬁeforte, i eneraﬁze =
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L e?ts of life-time calculations in the form of the simple engineering cr:i eb Bl

;easzuard assessment. The application of the apprOX}matefniﬁzh(;tli;n;;rzgzsﬁs Szbcriﬁcal i

i luation o :

92, 1993, 1994), of integral eva i

Dar'dcliuil; St9her promissing. It is based on the usage of the crack. areafas ta r:a;n L::ation e
e ter of material defectness and on the reduction of the fatlgug ractur . W(zh
f;;iligis which immediately describe the variation of the crack area with its gr 3

In particular, for the internal plane crack, area of which is described by the dependence
n p , for th k hich
2z

S(N) = ( y 2) I rz( N ¢)d(p , this relation (taking into consideration (9)) has the form:

0
2r

as _ (N, p)dp = IV(A K;)ds (10)
N ;

where ds = '\V +(ﬁ’ /a@) d¢ is the element of the CI ack contour L arc. In pIaCthe it 18
more convenient to use lllStead of the area S o the linear paIa.ﬂletel a.-a radius of a cir cle with
the same area as that of the cr aCk ( S 7a ) In this case folﬂlula (10) 1s written as:

e

= 11
Qe _\(aK). i

here A K; is the average value, which integrally considers the variation of the SIF range AK;
Wi é >

= CAK}
along the crack contour. In the case of power dependence between v and AK; (v 7)

this value is defined by following relation: i

_ I n (12)
- AK;) ds .
B _[( 1)
L

. for the crack
Presentation of the crack growth relations in the form (12) has__some adv:.m;laigez. (::nd:on .
ith smooth convex contours (most typical in practice) the 4K 7 value slig ;ly .epl i e
:f cts shape and is determined mainly by their area. Thus, in the case of elliptical
efe
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the same area the A K 7 value changes not greater than by 2%

i with variati i
ratio in the range from 1 to 0.2 and corresponds to the solution v

for a circular crack

2
AK;=—"=Ac.
1=7=4oa, , (13)

where i i
ere Ao is the nominal stresses range in the defect location zone

This specific feature of AK 7 Parameter is corr
accuracy) also for the surface and subsurface defe:
first case, the value of A4 & 7 in (13) should be additi

integrally takes into account the effect of the free
2
AK;=11-<A
740V, . (14)

n the second case the eﬂect of the SquaCe 1S taken into COI]SldeIathn by the correction

I

function ', which de ends i

) th

location 4 ) 12 on the integral parameters of the defect (crack area and depth of its

2
AK;=—=40ya, F(/a,). (15)

Thus the proposed de
: pendences (11), (13)~(15) j i i i
geometry, describe the crack area varia(tior)x t("or )tli: :rlllzsltn :’aﬂaﬂt e S

the subcritical cracks growth period »; only by their integ

: ‘ crack
ypical cracks. This allows to evaluate
ral characteristics:
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N2 o f &
2 V(A K, 1) (1 6)
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the structure bem tt 1€ same S1l11 wi l1en estab 1 lllll tl € per llllSSl])le deiecl value it 1S wor th
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and Panz'lsyuk et al. (1996b), during assessment
of the railway rails under operation.

CONCLUSIONS
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prospects and revealed new problems. In particular, it is obvious that it is necessary to perform
further development of the methods for prediction of fatigue fracture near stress
concentrations. They should present more adequately the physical features of this process,
and, especially, its stage-like character. However, it is also possible to develop common
approach, from the methodological viewpoint, which uses one and the same set of standard
characteristics of the material for these stages description.

The difficulties also arise during application of the traditional linear fracture mechanics
parameter - SIF range ( 4K; ), as a universal value of the fatigue crack growth driving force,
that determines its growth rate. (This assumption is used as a basis in the practical methods of
calculation of the subcritical fatigue crack growth and estimation of the residual life-time of
structures). The restrictions of this approach are evident not only under violation of the
condition of the small plastic zone in the vicinity of the crack tip (mechanically short cracks
growth) but also during self-similar crack propagation under particular loading conditions
(nonregular loading, complex stress-strain state and other). The correct estimate of the crack
propagation rate under these conditions should take into account, first of all, the elasto-plastic
deformation of the material in the prefracture zone and the crack closure effect. The model of
thin strips, generalized for the case of cyclic loading, forms a good basis for these effects
account. The results, obtained within the scope of this approach, allow to explain and
quantitatively describe the known peculiarities of the fatigue crack behaviour, observed during

experiments.

When performing the practical analysis of fatigue cracks growth in structures, it is worth
while to use the integral approach according to which the kinetic relation are reduced to the
dependences which directly describe the variation of crack area during its propagation. In this
case the relations for evaluation of residual service life-time of structures and criteria of
defects danger assessment obtain simple and convenient form for practical usage and are based
on such parameters of the defects, which are most reliably described by the existing non-
destructive testing methods. Such approaches open new prospective ways in the study of
material fatigue fracture and in prediction of the structural elements integrity.
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