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ABSTRACT

When estimating fatigue crack growth (FCG) life of suuctures, the use ol crack growth models and

knowledge of the values of their corresponding parameters are of vital importance. Inconsistency in using

models with appropriate parameters can lead to enormous errors in FCG life prediction. In this paper

examples are analyzed and compared with test results to show the possible problems. Consistency checks are

necessary for avoiding some pilfalls, and also necessary [or veiifying the correct performance and accuracy of

the used computer program.
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1. Introduction

Estimation of crack growth lile in a cracked body
is composed of two steps.

The  first
representation. Il usually involves testing the material

step is  the material property
accordmg to some standard to obtain the material
properly. For crack analysis using fracture mechanics,
the direct test results will be a~N curve for a cracked
specimen as shown in Fig. 1. where a is the crack
length, N the number of fatigue cycles. Then the data
are processed to obtain a crack growih rate curve as
shown in Fig, 2,

The second step will be the crack growth analysis
based on da/dN~ 2K relation.

Bridging these two sieps, at the cenler is Lhe
crack growth rate (CGRY model. Consistency issues in
these two steps arc the main concern of this paper.
The problems will be discussed based on real iest and

analysis results.

Fig. | and Fig. 2 are actual test results for a
Center Cracked Tension (CCT) specimen made of
2024-T3 thin sheet [1,2], which will be used

extensively to illustraie our poinis. The width of the

o

(%)
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specimen is 60min and its thickness is 1.016mm.

The chemical composilion of the material is as
follows (%wt): §i=0.11, Fe=0.23, Cu=4.46. Mn=0.58,
Mg=1.44, Cr=0.04, Zn=0.03, Ti=0.02.

The relaled mechanical pioperties of the 2024-T3
are as [ollow [1]:

Young's modulus  E=70000MPa. Poisson's ratio v
=03, yield stress ¢, =370MPa, fracturz elongation
=17%, tensile strength=300MPa, plane stress fracture

loughness & =80MPa vV .

2. Consistency between basic models and their
parameters

There are many models that can be used in crack
growth Ta
specific simple models will be used in examples.

analysis, make the discussion clear,
The most simple and widely used one is the
Paris-Erdogan model{or, as often simply called, Paris

law)[3], i.e.:
dafdN= C(4R)" (1
Also equally well known, Forman Equation [4]

can take the stress ratio R into account:

da/dN= C(AK)"/[(1-R) K. — AK]1(2)
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Walker Equation [5] is another one to account the R
eflects:

dafdN= C{AK)"/(1—R)"” {3)

min . stress )

where R : siress ratio { =
max , stress

It is all apparent and well known that the
so-called "material property constanls” {C, n and m)

are not the same using diflerenl modezls. From (he
same da/dN test data in Fig, 2, values of these
listed in Tab. 1.
obtained by statistic regression. As the data arc only

malerial constants are They are
for one stress ratio, it is not possible to fit a sensible
m value. Walker Eq. (3) degenerates to simple Eq. (1)
by forcing m=0.

The solid ling curve shown n Fig. 2 is actually
the Paris madel (Eq. 1} with the experimental points
{symbols) shown as well. It is seen from Table | that
the valucs of C differ by the order of nearly 2
decimal positions. The predicted curves using both the
[fied Paris and Forman equalions are compared with
test points in Fig. 3. Tl is seen lhat they can reprcsent
lest points almost equally well.

The most imporiant thing is not the question
which model is used, but what maticrs mostly is that
parameters lo be used must be consistent with a
chosen model. The paramelers aie constant only
relative 1o a specific model, but not so with dillerent
modeis. In a word, they are not tuly material
constanis, As this is a well-known facl, we are not
discussing il in detail, but simply showing the brief
lable 1 1o emphasize the difference. The other issues
of consistency that could be overlooked will be

discussed in more delails.

3. Consistency with modified models

Enormous models are derived [ram the above
by

"effective stress intensity” concept to account for the

basic  cquations making modilication using
variation of stress ratio R, or the ellect of "crack
closure" [6]. In simple form, the effective stress

intensity factor is,

AK = UAK (4

( =UAdoY wa - sec(za] W) for CCT )
Combined with the Paris law, we have:

da/dN=C{AK )" )
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Elber [6] showed cmpirically for 2024-T3 Al alloy
that

U=0540.4R. for 0<R<0.7 {6
We call this medel (egs. 4+3+0) the Paris-Elbed
maodel for clearness.

Other
relardation

modifications.
eftect

such 1threshold correction,

correction eic, can make the
compound models even more complex,

With all kinds of medified models, inconsistency
the

Paris-Elber model is used as an example flor its

problems may occur in 2 manners. Here

simplicity.
3.1 Inconsistency case 1

This kind of inconsistency olien
[ollowing situation,

occurs  in

The rescarchers may have conducled quite a lol of

experiments, say, crack growth rate tests under

different stress ralios When test resulfs are processed
it is lound that they can be representad besl using ihe
abave "elfectlive stress So the

inlensify" concept,

results are cxpressed in the form of da/dN~ AR 4
curve(Eq.5) as shown in Fig. 4.

As the resulls are pul inlo vsage for analyzing
life,

rogram (available commercially or from olher source,
g ¥

slruclure  compenent some  kind of analysis
such as in [7]) 15 used, The program gives oul life

predictions and it scems no problem whatsoever,
However, actually the analysis program may nol troat
the oa/dN data as an "effective" one, or the
program may ncl implement the Elber model at all,
which is cut of the experimenters' contiol If that is
the case, the predicled life is serously in error,

Here in Fig 4, the curve was reprocessed using
Parig-Elber model based on the same data in Fig. 1.
Firstly, we would like 1o point out that the values of
C and n for the Paris-Elber model (C=2.2585E-10,
n=3.23} are nol the same as {quite different from)
those for simple Paris model shown in Table | in the
last section (Mot material constants ). Secondly, il
these values are put into a program that did not
implement Elber model, the caleulated crack growth
behavior will not resemble the origin Fig. 1 at all. In
Fig, 5 shown below, the dolted line is ihe response
from the inconsislent prediction. The solid line is the
using consistent Paris  law

predicted a~N curve
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(values of C and n in Table 1), which agrees well
with the lest symbol points The difference is so greal
that we do not need Lo say any more aboul it This
kind of inconsistent error will make the resulling
stiucture too conservalive and cosl too high. In short,
if the analysis program does not incorporate Elber
model, the values of ¢ and n inpul to the program
must be valves in Tab. 1 instead ol values derived

[rom Eg.5.

3.2 Imconsistency case 2

There are other chances 1hat the analysis have
developed their own program that has many complex
models implemented. They gel some malerial property
data from lueralure or other sowces, such as in
reference [8], and slarl to analyze the crack growth
behavior under variable amplitude load spectrum. To
sult the varied R ratios, some kind of modified model
is used in the analysis. In this siluation, the predicled
lile could also be misleading as there might be a
polential inconsistency problem,

The data [rom literature (or other sources) are
usually processed against apparent applied stress
intensity, certainly not according te their modified
As
parameters  in

models, we said, again and again, that the

a specific model (including detail
modifications) are not material consiants. This point
can also be seen clearly by comparing figures 2 and
4,

The solid line cmve | in Fig. 6 is ihe predicted
crack growth behavior using consistent Paris-Eiber
model, ie. valies of C and n derived from [Fq.S
{C=2.2585E-10, n=3.23 as staled in last seclion). il
agrees well with the 1esl points, The dotted line 2
predicts the behavior wrongly due (o the inconsistency
problem values of paramcters for simple Paris maodel
ircm Table 1 (simulating data from [Heralure) are
used in the Paris-Eiber model prediction‘. Il can be
seen this kind of inconsisleney may predicl a much
longer life thal leads not only to no conservative but
also dangerous.

In aclual analysis, such big errors as we iilustiated
in casel and 2 will be probably easily spotted if a
consistency check is made. A re-analysis i3 lhen
inevitable. If the consistency issue was well kepl in

analysts mind, the analysis could be done riginly at
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the first time. Whats more important, if some crrors
(with other kind of modifications,
threshold)

such as for

were not  easily spotted for variable
amplitude fatigue analysis of a structure and no
consislency check were altempted, an inconsistency
problem ceuld present 1n the results without noticed.
[lowever, a consistency analysis for a constant
amplitude test applied back to the same standard
specimen, such as we did heie, will be very useful

for checking the inconsistency pioblem.

4. Other consistency issues

First we are going to show a minor error of
inconsistency due 1o the test dala processing which
could be easily overlooked.

During rate formula [itling, discrele measuremenls

of crack length «, at loading cycle N, were used to
{ N/ Aa)  as of
(da/dN) within the interval from N, to N, .

This averape rate may seem ta be related 1o any cycle

calculate approximation

N fram N, 1o N,.;, bul the stress inlensily range

K at different N are not the same. One could use

the right end value of K, at cycle N,yq, or
use the lefi end value of 1K, at cycle N, together

with the (N[ 2a) to make a2 dala point (2 pain.
and it is usually done that way. Certainly there is
some difference between thesc 2 end values, and
dillerent f{ilted parameters (C and n, for Paris’ law)
will be obtained. The predicted crack growlll curves
based on them are shown in Fig. 7. It can been scen
neither curve using lefl end K nor that using right
end K resembles lest points properly, especially when
crack growth longer. Instead, using the XK values al
the middle of the interval will make a much better
prediction as also shown by Fig. 7. Tf lile prediction
is made [or structure under variable loading without a
cousistency check, the incorporated error will not be
naticed.

As the computer sofiware technology advances,
now it is casy lo represent material characleristics in
a numerical discrete lable format without using any
analylical functions.

Since ihe inconsistency problems discussed above
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all associated with some analyfical rate models, one
might think that there would be no such problem with
numetical rate tables. However, this is not true. The
inconsistency is not coherent with analytical model.
but resulled from inconsistenl use of daia. If the data
table used to represest the inalerial is not in the
corresponding form for life prediction, the same sart
of ciror can also oceur as discussed above.

Shown in Fig. 8 are similar errors as discussed
above, The tabular rate data werc processed using
Elbers offective stress intensity concept {(as in Fig. 4}
and input into the analysis program. If the crack
growlh analysis is dene correctly using Elbers model,
the predicted growlh curve will be the selid line that
agrees with test results. [ growth analysis is made
based on applied stress intensity (withoul Elbers
the predicted be
dot-dashed linc which gives a much shorter life.

correction) life cwrve will the
Another dotted line shows Lhe opposite error (rate
data table of applied SIF used in Elbers imodel)
similar as the case 2 discussed.

If the ratc data table is in the form of applied
stress intensities, it must be a 2-way (2 dimensional)
table. One-dimensional numerical table will not be
able 1o predict crack growth under random loading
since the CGR is also stress ralio dependent (apart
from dependent on stress inlensity). Overlooking this
issue will result in some other inconsistency error.

Consistency check should also be performed for
models. for

retardation {interaction) Any analysis

constant amplitude test using whatever retardation
model must agree with the result of non-retardation
model. This fact can be used to verify whether a

retardation model has been implemented correctly.

5. Conclusions

As iliustrated above, the consistency issue is very
imporianl 1in fatigue crack growih analysis. [n order to
perform correct crack analysis, we strongly suggesi
thal consistency check must be made before any
The

test specimen  under constant

structural  analysis, consistency  check on

individual standard
amplitude fatigue loading serves as multi-purposes :
* To check that the analysts fully understand Lhe

problem and know exactly what model to be used.
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= Ta check whether the analysis program has actually
implemented the model needed.

» To check whether the proper data (including thew
presentation forn) are used for amalysis input.

» To voiify whether the computing software performs
cowrectly and how good s perlormance. This is
necessary no malter the program is self-~developed
or commercially available,

We have developed our own computer soitware
that includes (he rale data model fitting (parameter
determination) and the crack prowih analysis in one
package consistently. We have run consistent analyses
extensively to check the program and [ound its
performance satisfaciory.
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