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A PHENOMENOLOGICAL APPROACH TO
FATIGUE CRACK GROWTH RATE PREDICTION

W. R. Sperr*

INTRODUCTION

“ost of the so-called fatigue crack growth 'laws'' are empirical represent-
‘tions of the available experimental data. In order to predict crack pro-
pagation in thin sheet structures, specimen tests were conducted under
simulated conditions. From these data respective parameters of an analy-
tical relation between the fatigue crack growth rate versus stress inten-
sity factor range are to be evaluated. Integration of these differential
aquations results in the crack propagation plot. But application of con-
ventional statistical methods to the test data masks the different reasons
for scatter, namely in the crack initiation and crack propagation range.

Phenomenological comparison of crack propagation data under comparable
test conditions often yields congruent crack propagation plots, if the
points of equivalent crack lengths are shifted on the load cycle axis.
flased on this observation a concept to identify the different influences
sf crack initiation and crack propagation mechanisms is presented.

CONVENTIONAL FATIGUE CRACK GROWTH DATA ANALYSIS

in the present literature more than fifty different crack rate prediction
syuations are proposed [1]. Most of these equations are based on the static
toad relations of classical fracture mechanics. Paris in 1961 was the

first to introduce the cyclic stress range AC or the stress intensity range
AK as a basis for crack growth relations, thus opening the way to a formal
introduction of a cycle-amplitude dependency in fracture mechanics. For
engineering purposes the parameters of these equations (e.g. €, p) have to
be determined by compliance tests.

fhe major limitations of this approach are summarized in [2]. Some of
them are: 1) the mathematical description of the elastic stress distri-
bution around the crack tip must be possible. 2) the plastic zone at the

¢rack tip is small compared with the specimens' dimensions; 3) if the
stress intensity under comparable conditions is the same from one specimen
to the other, the fracture behaviour of the two specimens is also the same.

fo saiisfy the physical reality that unstable crack growth will occur when
muximum stress intensity approaches the critical value Ko, Forman [3] pro-
posed the following relation:

da _ c (™

dN T (1-R) K_ - &K

(1)
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{h;s equation has a singularity at [(1-R)Ke¢ - 4K] and allows for the trans-
ttion at high AK values. By a further modification the threshold stress
1nten51Fy range AKy, below which subcritical cracks will not propagate,

can be introduced. Thus a more general equation can be written as

. m
da _ Ci (AK - AK)
dN (1-R) K. - &K (2)

Quantitative comparison of the validity of the different macro-crack
growth prgdiction hypotheses is commonly made by a least square check of
the.exper1mental and the predicted growth rates. But the so-called "ex-
perimental" crack-rates have also to be extracted from a set of discrete
test daFa. Since finite difference calculations between successive values
result 1n erratic gradients, due to unavoidable experimental variations
polynomial regression analysis procedures are usually recommended. '

'HE "DATA SHIFT'" CONCEPT FOR CRACK GROWTH PREDICTION

Qpen mgde fatigue failure consists of at least three different stages.

Ihesg involve phenomenologically the initiation of a microcrack, the macro-
scopic crack growth under inplane stress, plain strain or mixed mode (trans-
{tlon) conditions and final fracture within one cycle. As one stage in-
tluepce; the other, difficulties arise with the application of conventional
statistical methods to evaluate the relevant parameters [4].

Figure 2 shows? how a conventional mean-value calculation of experimental
crack propagation curves with different curvature results in a change of
the shape of the resultant Mmean curve. The use of such mean curves to

differences in the local crack-rates. Evaluating mean-values of the con-
stants, extracted from each single experiment does not produce better re-
sults. Only if a large number of accurate test data is available, does
the above mentioned method provide sufficient precision. With a ;mall
pumber‘of tests, elimination and special analysis of these data seems to
be pre#erab1§ for practical purposes. Data from the literature prove this
reasoning, since test results, obtained under similar conditions show
astonishing congruency of propagation plots, if they are shifted along
the cycle-axis to account for the '"initiation effect'.

This means that according to the assumptions from Figure 1, the experimen-
Sal data will be shifted along the cycle-axis to check for congruency.

~On congruent data have to be eliminated. Because of the congruency of the
shape of the new 'mean" curve and the contributing data there will result
less scatter with reference to any other prediction method. A schematic
representation of this analysis is shown in Figure 2.

Application of crack growth partly implies some of these assumptions.

But the integration constant was never used to give the displacement of
?hc crack propagation curve a physical significance. If the beginning
of the grack propagation range is arbitrarily set to a cycle number zero
*odertain "initial" crack length can be correlated with 1t '

the data-shift principle could be applied to the prediction of crack growth

?Jfﬁ dqtqu§th some success. Based on the assumption of analogous curva-
ure of similar crack growth test results a method was developed to
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cialculate the constants for crack prediction equations with additional
information on the optimum AN to shift the input data for the best fit.
Data which cannot be fitted to the optimum curvature will be eliminated.
lowever, the question of the absolute position of the multitude of crack
jrowth data is treated somewhat arbitrarily. The phenomenological criter-
ion, which was introduced into the analysis, was the simple assumption of
4 certain crack length associated with the beginning of macroscopic crack
growth (e.g. 5mm at N, equal zero).

lhe basis of the analysis is the Forman equation, which may be integrated
to give the relation between crack length and cycle number. This equation
then represents an analytical expression for crack propagation curves.
Similar results can be found with any other equation. Mathematically the
problem reduces to finding a combination of parameters C, p, and ANy lead-
ing to the best approximation to the given set of discrete test data as
shown in Figure 3 and [5]. In order to facilitate the data reduction a
computer program called SFA 1 was established [6]. To account for finite
sheet with the Feddersen formula was adopted in the analysis.

APPLICATION TO DATA FROM SPECIMEN TESTS

The objectives of the crack growth data analysis with the proposed method
were to find out the reliability of the crack growth rate prediction and
the computation of the respective data-shift constants when used as re-
gression function. Figure 4 shows a conventional crack propagation plot
for three specimens of a high strength steel tested at a high stress
range. A comparison was made between the conventional mean-values from
cxperimental data and the results of the data shift analysis. The shifted
data points are nearly congruent. The regression curve also fits the data
well. The divergence in the low load cycle range is due to the fact that
the weight function was set equal to one for the whole range.

The bigger difference between the shift constants and the fact, that the
absolute position of the regression curve depends on the arbitrarily chosen
initiation point should be kept in mind. But this integration constant
does not have any influence on the crack rate plot of Figure 5. Because

of the simultaneously computed constants for the specific set of test

data SFA predicts the tendency better than the conventional prediction

with mean values for the parameters C and p-

SUMMARY

Conventional crack propagation analysis does not perform any systematic
study on the input data. A rather phenomenological approach to do this,

was presented. However, evaluation of laboratory crack data of different
materials at different load levels with the proposed procedure showed im-
provement of crack growth rate prediction and better representation of the

crack propagation plot.
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Possible relation between the number of total cycles to failure Ng,the
initiation phase N,. the transition stage Nr. and the crack propaga-
tion stage Ne

Ne = Nov Np(N,J + N (Ny)

(2) Crack propagation tests show only a part of the overall fatigue Iife Ng l

of a component. This part is represented by the expression Nc. The lower
| P Y
(imit against Ny is defined by the applied ND/-capabilities

(3) The Ng+ Nr value can only be reliably established by cycling under
conditions equal to the later crack propagation load histories.

(4) The shape of the crack propagation plot of a specimen shows the relative
behavior of the sample with reference to the cycle axis. To find its ab-
solute dimension additional information Is required.

(5)  Similar test specimens show very similar shapes inthe crack growth plot
if the test parameters are really identical.

(6) If congruency of the crack propagation plots of different samples cannot be
achieved by shifting along the cycle-axis, this discrepancy may have
systematic origin.

Figure 1 Basic assumptions for the '"data shift" analysis
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Figure 2 Schematic representation of the "“data shift"
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(1) Principal criterion

® = [N (caic) + aN, - N, /exp)/‘}
with :
Njlcalc) number of cycles derived from the

orediction formula to propagate the
crack from the length a to a;,,

(2) To account Ssimultaneously for m sets of a-N data

m i P >
P = )_—7 ,w,_,-[: Wip.ajil+ aN, -fla; )]
ErE g
with
m numoer of a-N data sets
n data per test
AN, k number of cycles to obtain the mitial

crack length a,

/i; p,a;;) number of cycles calculated with the
= parameters Cand p to attain the crack length a,

fla; -} number of cycles to attain a found by tests

'3) Minimizing @

Figure 3

(49 ;%
AN 4!
W= A % weight function to account
7;(4_ ;‘ for the relative errors
AN it
5@ _ ; 6o =0, k=1.m with p=const
6¢C SaN,

Result: (opt)C, (opt) No «

(4)  Fipally lopt) p wiil be computed by a numerical procedure.

Procedure to compute the optimum parameters G D, NO

1054

{

Fart IV - Fatigue : Mechanics

= T T T T
i 20 <0 60 80 100
Material 177345 o | f= 23 Hz
- 60 load 540:90 N/mm?2 & | 2a,=5mm
| specimen (o), (a), (Q) o |
L 2 / o
ol 5
g | 5
- 40 o / 8] —
o/ g
Arithmetic mean value __ 8 / g
—3 B
B @® T/ & |
o a
0
o ﬁy// o
20 o, o
— ° o] )} o o
£ g5 0 a
£ NS 8 .
b o o °a _g—"0
[e] paxe) Bl i
~ —
S 0 1 1 1 1
s,)
c
L SFA1 =
§ r p=219, C=183 1076
S No(223)=-20.7 kC
L os0 No(224):-278 kC 7
No(225)=-46.1 kC
Ke=7400 N/mm3/2 4
|
40 1
|
|
|
1
|
J, |
!
|
0 20 40 60 80 100 J
1 1 1 b e e RO
Number of cycles N[kC)
Figure 4 Data from crack propagation tests, conventional

plot (upper portion) and shifted by N, to account
for crack initiation effects (lower position).
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Figure 5 Crack propagation characteristics of a high strength
steel
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