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ABSTRACT

The method of estimating some crack cherscteristics, ie.c. ini-
tiation, propagation and COD has been developed. This method

is based on the statistical analysis of the initiation and pro=-—
pagation of cracks in specimens with central hole under low—
-cycle fatigue and also on the statistical analysis of main me—
chanical properties of the material and its distribution func-
tions. The data obtained are used for study of probabilistic
approach to the calculation of low-cycle strength at stress con-
centration zones in terms of the strain criterion of failure.
The peculiarities of short cracks growth in terms 1imit of crack
resistance are supposed to be taken into accounte.
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PREFACE

The evaluation of low-cycle strength and life of most elements
of modern highly loaded machine structures, which are characte—
rized by cyclic elasto-plastic strains arising in stress concen—
tration zones, must include the estimation of life according to
the following two stages: the moment of crack formation and the
moment of crack development with defining the statistical cha-—
racteristics of crack propagation. This way of getting up the
problem is quite justified because, for the zones of stress con—
centration, the duration of tnese two stages is usually compa-—
rable. The available data on crack formation are quite plenti-
ful both in theoretical and experimental field. However there
are practically no statistical data on the initial growth of
low—cycle fatigue cracks from concentration zones.
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EXPERIMENTAL PART

The investigations are based on the statistical analysis of the
regularities of crack initiation and propagation in flat speci-
mens with central hole of 18-8 steel (eolg = 2,4), based on the
statistical analysis of main mechanical properties, on the es-—
tablishing and evaluation of the parameters of experimental dis-
tribution functions. Tensile tests and cyclic tests under ten-—
sion-compression at symmetric loading on 3 levels of sﬁress
(18-20 specimens for each level) in cycle numbers 3.10<, 10%and
10% at room temperature were carried out. The specimens for ten-
sile tests were cut out from the non-deformed part of the main
samplee.

Measuring of crack length ¢ and its opening displacement (/'du-
ring the experiment was carried out by an optical method by me-—
ans of a microscope with magnification up to 120. The methods

of testing and data processing are described by Mackhutov, Zat-
sarinny and Novikov (1983). As an example in Fig. 1 is shown the
field of the lengths of all cracks whigh appeared on the surfa-
ce of 18 specimens (cycle numbers - 10 )s The crack length was
measured only on one side of the specimen. Such fields were al-
so obtained for the COD (¥ and crack growth rate o /dn for

all the three statistical series of testse.

The experimental distribution functions of cycle numbers accor-
ding to the moment of crack formation Ng and the moment of fai-
lure N¢ as well as the distribution functions of cycle numbers
for certain crack length N ( ez (Fig. 2), size of COD N (U)
and crack growth rate N (d€ /dK ) were checked for homogenelty
(according to the criteria of Grubbs and Irvin) and for corres-—
pondence to the chogen type of distribution function (according
to the criteria W? and Shapiro-Wilk W ).

The results of graphical analysis and calculation analysis per-—
mitted the establishment of a satisfactory correspondence of the
distributions to the normal and logarithmically normal laws. The
normal distribution law corresponded better to the initial stage
of crack growth; before failure, as a rule, better corresponden—
ce was observed for the logarithmically normal distribution law.
The dispersion of characteristics of main mechanical properties
(6yooe »0yoas» 6u 5 W, Sc ) was sufficiently well described
by the normai distribution law.

With the aim of obtaining a calculated estimate of cycle num-
bers dispersion for the moment of crack initiation Np , the cal-
culation was done according to the strain criterion of failure
including the probabilistic characteristics of the main mechani-
cal properties of the material. The number of cycles before
crack initiation was estimated by means of the equation (1) of
Langer type for the fatigue curve from Norms of design (1973)
for constant amplitude of strain mode; this equation reflects
the influence of main mechanical properties and the asymmetry

of local elasto-plastic strains in the concentration zone:

*= E 1 6-4 . 1)
g O T R

where: E - elastic modulus, iPa; Yo —~ relative reduction of the
specimen cross—section area at static tension; 6-y - fatigue
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1imit of a smooth specimen at cyclic tension—comppession,Mra;
6. - ultimate tensile strength of a smooth specimen, MPa ;
1% - coefficient of skew of Jocal strains; 6 — conyentlonal

elastic stress, which is equal to the product of strain (elas~-

tic or elasto—plactic) and elastic modulus ( 6% = €€ e

y i ¥ § £
The conventional elastic stress 64 and the coefficient o
skew 1% have been determined according to the method (Mackhu-—

tov, 1981):

= = (0) (1)
6 - & Hox E - F= emaxm‘ Efvax .
a 2 ’ 29 ’
50 __e® o, a0 €
Max ~ €yopz '’ max- €yo02 & -

where €%, E(;L) , €9y, EWax are nominal and maximum local

strai%s in the zero and first semicycles of deformation, Kg
and Kg)are strains concentration factorse.

It is assumed that the strain value in the first.sgmicyqle

is determined for the cyclic strain diagram stabilized in the
first and successive semicycles. In the powerfmode approxima-
tion of strain diagram, the value of the strain concen?ratlon
factor is determined (Mackhutov, 1981) from the following ex-—
pression:

2
_ de™™ . 6bn >/
Ke o™ g Y iy 2N Praed” | @
Y 0,02 '

where M is the characteristic of hardening at power-mode ap-
proximation of strain diagram (it is determined for the zero
or K —th semicycle of loading).

The hardening factor for steels at £ = 200 GPa _in the zero se-—
micycle may be defined through the main mechanical properties
(Mackhutov, 1981):

by [E (08 +2,06%]]

G 102 tn 7o) / (200 + a56v65)]

Thus, after the statistical processing of the results of tensi-—
ie tests and knowing the empirical distribution functions of
the main mechanical properties, it is possible, to gst}mate by
equation (1) the number of cycles before crack initiation No
depending on the preset probability level P .

The results of processing of experimental data obtained in.ten—
sile tests (the number of tested specimens was about 60) did
not permit the establishment of functional connections between
such characteristics as bu and Y ; 6u and by, 3 Hu and
6Yow . ‘Which is why, when probabilistic gst;matgs were being
doné, the values of the static characteristics introduced into
the eguations (1+3)were chozen from the experimental functions

m=075- 3>
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of their distributions for the preset probebility levels P .

For checking the correspondence of estimated and experimental
results, four variants of estimation have been made. The obtain-
ed coefficients of variation for estimation distributions are
comparable with experimental coefficients (Fig. 3). This fact
proves the possibility of estimation description of cyclic cha-
racteristics dispersion(of cycle numbers N, ) through the dis-
persion of main machanical properties.

The estimation variants 1, 2 and 3 differ by the method of ob-
taining the values 6",02 and Sc (estimated or experimental).
For the variant 1 the value of the yield limit was found from
the experiment with the tolerance 0,02% for plastic deformation.
For the variants 2 and 3 the value fghozwas taken as estimated
and it was calculated on the basis of equation:

1
- 6yoz2 =m
5Yo,o? "[(E.Oag.la-—z P 6Ya,2 ym ] s

For the variant 2 the puer ultimate tensile strength SC was
estimated according to the relation:

S
6—2 =08+206%

For the variant 1 and 3 the value § was taken from the expe-
rimental data. For the variant 4 the method of obtaining the
values oozand Sb is the same as for variant 1, but, unlike
the latter, here were used the values of static characteristics
which were obtained not from empirical distribution functions
(for equal probabilities ), but from the experimental data
for a given specimen.

The analysis of Fig. 3 shows that in the field of limited 1life
there is a satisfactory accordance of the estimate with the mean
value of the experimental life distribution curves. When cyclic
stresses decrease and life increases these estimates give re-
sults without the safety factor. In most important field of
small probabilities of failure , these errors exhaust to

55% of the presently assumed safety factor /L = 10. The coeffi-
cient of life variation (} , on appearing of the crack Np, va-
ries in the range from 2,5 to 7% for estimated data and from
2,5 to 4,5% for experimental data for logariphmically normal
distribution law. We. can also note the decrease of coefficients
of variation with the increasgse of cycle numbers.

The results of experiment showed the absence of the threshold
value of the stress intensity factor range AK at the crack
growth rates ¢ /dN > 10~4" mm/cycle (which corresponds to ini-—
tial cracks more than 0,05+0,71 mn long). As an example, Fig. 4
shows the experimental results for a series of 102 cycles (10
specimens). I'or short cracks was observed an increase of spread
in results and a rather high value of experimental crack growth
rates as compared with estimated values according to Forman's
equation (curve 1).

The calculation was made for the conventional values of the

R
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stress intensity factor (on the basis of the equation of the
linear fracture mechanics):

AK=A5n\/ﬁ - Frto

i i 5@ = 6(1 is

h 6n is the range of nomlpal stresses (A .

chggtéd according to the assugtlon of a fluctuating st;eziess
cycle at the crack tip, R =0 H f, and..fk are dlmgnSloack
correction functions which take into consideration the cr =
length, the dimension of the hole and the width of the speci
men (Broek, 1974). .

The values of crack growth rates have been estimated on the ba-—
sis of Forman's equation:

at _ A -aK® .
dN = (4-R)Kc-4K ’

= - icient of skew;
where: A and B - parameters; R = O - coefficien o
Ke - critical stress intensity factor (its value was conven

tionally assumed to be equal to 50 MPa m de

ntroducing into the estimation the limit of crack resistance

t Ic (Moro%ov, 1975) instead of K¢ , considered as a m%tegizl
constant, imroves the correspondence of the es?l@atlon o e
experiment in the field of short cracks. The limit gf cragt
sistance Jc¢ is connected with the critical stress 1ntens%p%b
factor K¢ according to the relation J¢ = Ke -@ (&) or.Igz égaL_
where 6c is the ultimate stress which is usually defin . gxgc_
rimentally. The limit of crack resistance Ic is calculate
cording to the equation:

Ic-Ked 1~ (B2)" ; @

- 244, The values of the ultimate stress 6¢ were
zgigilagéd according to the method described by Markoche§_§}9§01
The obtained estimated crack growth rates correspond to_ %h e
rent exponents /L in eguation (4): the curve 2 =N = 4; e
curve 3 =JL = 2e coriatios
esented data don't contain statistical characteris ic
E?etigpgyclic fracture mechanics in evident form. But it 2%?
be supposed that the dispersion of crack growth rates 1n = g
initial and successive parts of their development may be deter-—
mined by statistical characteristics of the critical stresi. "
intensity factor and of the pgrameters_ A and , which,
in turn, are connected with the main mechanical propertiese.

Due to the high plastic deformations in the crack zones, the
analysis of t%e gegularities of their @evelopment must be ﬁade
not in the values of the stress intensity factorg,but }n_t e -
values of the strain intensity factors. The particularities o
kinetic curves shown in Fige. 4 (in the field of short cragks)
should be connected with the analysis of damage accumulatlon
in concentration zones at the moment of crack formatione.
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CONCLUSIONS

The experimental distributions of cracks according to different
paraneters (lengths, COD, growth rates) satisfactorily corres—
pond to the normal and logarithmically normal distribution laws.

It is possible to estimate distribution functions according to

Yhe moment of crack formation on the basis of strain criterion

of failure, introducing into it the dispersion of main mechani-
cal properties.

when considering the particularities of short cracks develop—
ment, it is expedient to use the limit of crack resistance [¢
However, even in this case, the influence of plastic deformati-
ons in the crack zone is essential and must be taken into ac-—
count when calculating the values AK and Ic .
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Fige 1. The experimental field of crack lengths
for the test series with the stress am—
plitude 6q = 285 MPa.
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Fig. 2. GLxperimental distribution functions of
cycle numbers according to the parame-—
ter of crack length N (& ) ( Ga =
= 285 MPa).
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Fig. 3%. Dxperimental and estimated distributi-

on functions of cycle numbers before
crack initiation Ngfor different esti-

mation variants (1, 2, 3, 4):

O - experimental values of cycle num-—

bers before the initiation of a

crack 0,3 mm long No 3
@® - experimental values of cycle num—
bers of failure Ng¢ ;
A — estimated values of cycle numbers
before crack initiation for vari-

ant 4.
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Fig. 4. sxperimental (points) and estimated
(1ines 1,2,3) crack growth rates.
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