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Abstract

The aim of this study is to simulate fatigue crack propagation under random loading conditions using a simple algorithm based on the
Wheeler model [Wheeler O. Spectrum loading and crack growth. J Basic Eng D 1972;94:181-86]. To create the computer simulation, a
model based on the mechanical properties of the material has been used. These properties include the yield stress (oy) and Paris’s con-
stants C and m. The loading conditions (baseline loading ratio R, baseline stress intensity factor range AK and overload stress intensity
factor K., R,) are also required. The present model is validated with fatigue crack growth test data conducted on 12NC6 steel samples
with four different heat treatments in order to have different types of mechanical behavior. The computer simulation and experimental
results for crack propagation for different overload distributions (a single overload, a repeated overload, different overload magnitudes,

random overload) are in good agreement.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

While periodic maintenance inspection programs are
vital for the prevention of critical failures, they are both
costly and time consuming. Even an overload test with a
single overload takes about 20 h.

In particular, fatigue tests are very expensive, since they
require a lot of human and machine time, so it is very
important to find models and develop suitable software
in order to simulate fatigue analyses.

A number of models for performing broad-spectrum
fatigue analyses have been proposed, including non-linear
damage summation models [2,3], strain—energy methods
[4,5] and models that use modified strain-life curves
together with a linear damage rule [6-8]. The major short-
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coming of many of these models is that they are often
material-specific and are therefore unsuitable for incorpo-
ration into computer simulation programs for general use.

We decided to solve the problem of predicting crack
propagation evolution with simple software that does not
need performant computer resources, but uses a simple
mathematical model based on a traditional approach that
can also reproduce the behavior of a structure in the case
of different overload distributions.

The software can run various types of overload
conditions.

Many experimental results have been compared with the
simulated results. This comparison shows a good
agreement.

2. Experiments
In order to establish a model for the initial delay in

crack evolution in the case of overload, compact tension
(CT) specimens, 15 mm wide and 80 mm long, made of


mailto:bacila@ed.univ-lille1.fr

A. Bacila et al. | International Journal of Fatigue 29 (2007) 1772-1780 1773

Nomenclature

a crack length (mm)

ol crack length where the overload was applied
(mm)

aq crack length affected by overload (mm)

Amin crack length associated with the minimum crack
growth rate (mm)
C,m Paris’s constants

AK baseline  stress intensity  factor  range
(=Kmax — Kmin) (MPa \/I’Il)

K, stress intensity factor for overload (MPa /m)

K stress intensity factor for the first crack propaga-
tion (MPa y/m)

Ky stress intensity factor for the first overload
(MPa /m)

K, stress intensity factor for the second crack prop-

agation (MPa /m)

K> stress intensity factor for the second overload
(MPa /m)

N number of cycles

R baseline stress intensity factor ratio (=Kpin/ Kmax)

R, overload ratio (=Kg1/Kmax)

oy material yield stress (MPa)

o overload monotonic plastic zone = o (Ky/ay)?
(mm)

g overload cyclic plastic zone = o (Ko — Kmin)/
26,)* (mm)

wp  baseline monotonic plastic zone = « (Kmx/o'y)2
(mm)

oy, baseline cyclic plastic zone = « (AK/Zay)2 (mm)

Sy severity ratio (: m%)

12NC6 steel were used. The dimensions of the samples are
in accordance with the prescription ASTM E647 as in
Fig. 1.

Four different heat treatments were selected in order to
obtain four different types of mechanical behavior. Each
treatment begins with an austenization at 880 °C for 1 h.
The subsequent treatments are as follows:

e Treatment TR300, which is quenching with water fol-
lowed by tempering to 300 °C.

e Treatment TR500, which is quenching with water fol-
lowed by tempering to 500 °C.

e Treatment NA (normalizing in air), which is cooling
with air.

e Treatment NF (normalizing in the furnace), which is
cooling in the furnace.

The mechanical characteristics of 12NC6 steel are dis-
played in Table 1.

Crack tests (constant amplitude and overload) were car-
ried out using an INSTRON 8500 test machine with a
capacity of £100 kN and a maximal frequency of 50 Hz.

100

4L — 96
i =

80 A5

Fig. 1. Geometry of the samples (in mm).

These tests were carried out at room temperature. The
test frequency was 30 Hz. The crack propagation length
was measured on the front of the specimen. A binocular
magnifying glass (20x) set on a micrometric table (50 mm
stroke, 0.05 mm accuracy) was used. A camera views the
other side of the specimen and thus enables the crack
growth to be monitored. A stroboscopic lamp set at the
fatigue test frequency allows the crack length to be
measured.

The measurement of the crack closure is carried out on a
0.1 Hz frequency cycle. Data are recorded at each load
adjustment as well as during pre-overload, during overload
and post-overload cycles.

One of the objectives of this experimental study was to
analyze the role of each plasticized zone in the delay in
crack propagation.

It should be stressed that the loading parameters of in an
overload test of the type defined here are determined by
three values: two of these characterize the initial loading
(the load ratio R and the baseline amplitude AK); the last
relates to the amplitude of the overload (i.e., to the choice
of K., Ry or 14). Each of these three values produces an
effect on one or more of the plasticized zones (four in the
case of a single overload):

o 0 =0 (Ko/ ay)2: monotonic plastic zone of overload;
2 . .
o ¢ =o-(AK,/20y)": cyclic plastic zone of overload;
o . =0 (Kma/0oy): monotonic plastic zone of basic
loading;
2
¢ wﬁase = (AK/Q’G)’) :
loading.

cyclic plastic zone of basic

The material becomes monotonically plasticized during
the first part of the cycle (loading), whereas cyclic plastici-
zation occurs during the second part of the cycle (unload-
ing) on a material that is already plasticized. The design
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Table 1
Mechanical characteristics of 12NC6 steel
Heat treatment ay0.2v (MPa) our (MPa) E (GPa) Striction Z (%) Lenghtening A4 (%) K (MPa) n Hv(20,
NF 340 489 194 49 31.2 544 0.45 133
NA 330 710 208 62 21 1017 0.41 195
TR500 900 911 216 64 16 495 0.53 275
TR300 1005 1262 226 54 12 729 0.35 360
Table 2 assumptions for the cyclic plasticized zones are based on a
Loading conditions for a single overload linear law of kinematic work hardening.
Heating Koo Ko Ko R Ry The parameters used for the case with one overload are
treatment (MPa /m) (MPa \/m)  (MPa/m) presented in Table 2 and the loading history in Fig. 2.
NF 2 22 44 01 2 The experimental results for crack length versus number
NA 325 9.1 65 028 2 of cycles for a single overload are presented in Fig. 3.
TR300 32.36 6.8 71.2 021 22 The parameters used for the case with two consecutive
TRS00 2 24 60 0.1 25 overloads are presented in Table 3 and the loading history
in Fig. 4.
After the first overload, the initial crack speed was mod-
K ified because the crack propagated too slowly, but this mod-
[MPavm] 4 ii'icatior} offered us the posgibility to verify the computer
simulation for various conditions of crack propagation.
Ko The modifications of the initial crack speed give different
slopes for the evolution of the speed curve. In our case, we
have two different slope tendencies as presented in Fig. 5.
K max The second overload was applied when the crack started
to grow inside the plastic zone created by the first overload,
Kmin and only for the NF heat treatment.
N > 3. Empirical model for fatigue crack propagation
[Cycles] . .
The disturbance of the fatigue crack growth rate after
Fig. 2. Loading history for a single overload. overload is often described [20-22,24-26] starting from
50 - NF R=0,1 Rol=2 45 NA R=0,28 Rol=2
40
40 35
— a0 30
g 301 E
£ 4 £ 25
= 20 w2
15
10 4 10
5
0 ; ; ; , 0 , , , , , ,
0 200000 400000 600000 800000 0 100000 200000 300000 400000 500000 600000
N (cycles) N (cycles)
40 TR300 R=0,21 Rol=2,2 45 TR500 R=0,1 Rol=2.5
35 40
30 gg
€ 25 £ 26
Ex Ex
® 15 ® s
10 10
5 5
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Fig. 3. Crack length a versus number of cycles N for a single overload.



A. Bacila et al. | International Journal of Fatigue 29 (2007) 1772-1780 1775

Table 3
Loading conditions for two consecutive overloads

Heating treatment  Before overload First overload

After first overload

Second overload After overloads

NF Kimax = 22 (MPa y/m)
Kimin =11 (MPa \/m)
R=0.5

Komax =22 (MPa /m)
Komin =2.2 (MPa \/m)
Kio1 = 44 (MPa /m)
R=0.1

Ry=2

Komax =22 (MPa /m)
Komin = 2.2 (MPa \/m)
R=0.1

Komax =22 (MPa /m)
Komin =2.2 (MPa \/m)
K> =39.6 (MPa \/m)
R=0.1

Ry=18

Komax =22 (MPa /m)
KZmin =22 (MPa \/m)
R=0.1

Kiol
KZ ol

K],2 max |~
KI min

KZ min

N
[Cycles]

Fig. 4. Loading history for two consecutive overloads.

an equation introducing a delay coefficient Cy4. The general
expression can be written in the following form:

(da/dN)y = Ca - (da/dN)p,- (1)

The model is based on the following assumptions, which
were confirmed at the time of our experimental study:

e the delay occurs at a distance after overload equal to the
value of agq which is estimated starting from the sizes of
the monotonic plasticized zones of overload and basic
load, and given by the following expression:

e the minimum speed is reached at a distance a,;,, which
can be compared with the cyclic plasticized zone of
overload

1 (AKy\> .
Amin = ﬂ ( ) = W5 (3)

20y

e the value of the minimum fatigue crack growth rate after
overload (da/dN)pyi, can be deduced starting from the
severity ratio S, which also utilizes the baseline fatigue
crack growth rate (da/dN)pase. In this study, the severity
ratio is given by the following relation: S, =7.10"* x
(to1) ®.Fig. 6 gives a schematic indication of the various
assumptions of the model, which are:

e the baseline fatigue crack growth rate reached before the
application of the overload is (da/dN)pase = C(AK)™,

e loading conditions: R, K.x, Ko1, Rol

e material yield stress gy,

e dimensions and geometry of the specimen.

Our model gives this type of delay curve by a linear
approximation of the evolution of the logarithm to base
ten of the fatigue crack growth rate (da/dN) on segments
AB and BC.

The equation of the first segment of cracking [4B] can
be expressed as

2
adzi Komax (R —1) = 0 — s (2)  log da =Ex(a—aq)+F (4)
b oy ol ol base? 10 dN ol )
35
30 1 o°
&
o
25 mmmw
.
o o * *

= 20 1 o ¢ ¢
£ o+
é «** * ¢
© 15 4

10

5 4

0 T T T T T T T

0 200000 400000 600000 800000 1000000 1200000 1400000 1600000
N (cycle)

Fig. 5. Crack length a versus number of cycles N for two overloads.
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Fig. 6. Schematization of the delay model.

with E and F being respectively the directing coefficient and
the ordinate at the origin of the first segment [AB].

We have determined the delay coefficient Cy for a crack
with length in the interval [a; do) T dminl:

Ca = (S)) () (5)

The equation of the second segment of cracking [BC] can
be expressed as

d
log,, (ﬁ) =G x(a—ay)+H, (6)

simulation

N let 5= [S'(l)...,S'(n)} be the list of sequences for

*) let ag, B and ¥ be initial parameters
* let sequenceindex € 1 be the index of the first
sequence in the list

.

*) let S = S(sequencelndex) be the sequence to process

Yes

=

//l\ No

1s S overload 7

*) store N as Ny, a as ag)

*) compute a4, Amin

o (S=] -

2 a,

|
g = L [ AEa
iz | 2.4,

*) simulate (apic, apictamin)

a—ﬂﬂ-
C, =5, tan
*) simulate (apictamin, apictad)
agta—a
O!’ = S?’ [ i ey

*) move to next sequence in the list
sequencelindex = sequencelndex + 1

,

is sequenceindex =n 7

No

Fig. 7. Logical scheme of the program.
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[ simulator 2 g@@

general ver. 9

a0 0.024 w008

C 214E-10 B 0.015

m 393

vl Sequence i1 sequence parameters )
Sequence 02 Kmax [325 Kmin (91 DK (234
Sequence H03 ki |65 DKol|559
Sequence #05 tol 238883588868
Sequence #06 Sy 330 v | St 007915662625
Sequence H#07
Sequence #08 A 028
Sequence #09
Sequence #10
Sequence #11 N interval
o 2 interval [ N output samples |1
S #13
S:x::g: #14 { Update parameters ]
Sequence #15
=
Sequence #18
Sequence #19 "
Saquence #20 [ Reset sequence list “ Save sequence list ]
simulator
Finished.
Start
|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Fig. 8. Simulation program interface.

with G and H being respectively the directing coefficient
and the ordinate at the origin of the second segment [BC].

The delay coefficient Cy for a crack with length in the
interval [ao + @min; do1 + aq] 1s given by

-l ()

4. Computer simulation concept

The computer simulation uses the mathematical model
presented above.

The simulation process, carried out in C*" language,
takes as input a list of sequences S = {S(1),...,S(n)} and
a set of initial conditions (ay, B and ). Each sequence is
defined by a set of simulation parameters such as the
mechanical properties of the material (the yield stress (ay)

and Paris’s constants C and m) and the loading conditions.
These are the baseline loading ratio R, the baseline stress
intensity factor range AK (=Kpax — Kmin), the overload
stress intensity factors K, R, and two extra parameters
that control the output response in terms of sample points
(maximum number of cycles and the output sample cycle
interval). The output is given in terms of several simulated
parameters such as da/dN, a, a — as, N, N — Ngi, Fraxs
Fmina a4, Amin-

The sequences are simulated taking into consideration
the different situations that may appear:

1. Sequence with no overload, K, = 0. The simulation is
completely defined by (da/dN)p.s. over a specified num-
ber of cycles.

2. Single overload occurs: an overload is defined as a
sequence with one simulation cycle that has a non-zero
value for K. The output parameters are generated tak-
ing into account specific parameters for a single over-
load given by our model, such as:

a—ag]

2 2
— 1, [ Kmax . 2 _ R AKy — Q“%min
A4 = 5, ( ay ) (Rol 1)’ min = 2 (Z'Gy) > Cr =S

agtagi—a
and C, = §;¢" | respectively.

3. Multiple overloads are superimposed: if multiple over-
load conditions are met (the current simulated da/dN
is less than the initial (da/dN)p,s at the moment the sec-
ond overload appears), the following distinct cases are
taken into consideration:

® a4 < dmin1, Which means that the second overload is
much smaller than the first and it does not influence
the simulation output results. The simulation is carried
out as if this additional overload had not occurred.

® Amin2 = dmini ANd  dg> > Gmint; @min2 ~ Gmint - and
ag2 < dq1; Amin2 =~ mints min2 < @q1 and aqy > aqy : for
all these cases the second overload influences the simula-
tion results according to the relative position of the

1.00E-03
NF R=0,1 Rol=2
N
1.00E-04 -
:
A
E N A faanbpdanas oA
E =
2 A
1.00E-05 - A
A A experiments
—  simulate
1.00E-06 T T T T T
4 -2 0 2 4 6 8
a-ag {mm)

Fig. 9. Specimen with NF heat treatment.
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NA R=0,28 Rol=2
A

1.00E-04
§ a b A A P
I
£
E
=
-

1.00E-05 -

—  simulate
1.00E-06 - T - -
5 3 A 1 3 5 7
a-ag (mm)
Fig. 10. Specimen with NA heat treatment.
1.00E-03
TR300 R=0,21 Rol=2,2
A A

1.DOE—M-aAAAL\.AAAAAAAA Sanbapbaapnapnbda,
. A
)
E 10005 -
E ol
z
-]

1.00E-06

A experiments
—  simulate
1.00E-07 . - T - T T T - T
4 3 2 B 0 1 2 3 4 5 §
a-ag (mm)

Fig. 11. Specimen with TR300 heat treatment.

points 4,, B,, C, of the second overload with respect to
the points A4, By, C| of the first, where 4 is the position
where an overload is applied; B is position of the mini-
mum value of da/dN at a propagation value of ap;,
and C is the position where da/dN is the same as the
propagation speed at point A4, at a relative propagation
distance of a4. Analyzing the relative positions of these
points and handling properly the intersections of seg-
ments A,B, and B;C; will give the simulation results
for the three distinct cases above.

The iteration calculus is shown in Fig. 7 and the user
interface in Fig. 8.

The program has a user-friendly interface and
accepts the multiple scenarios created by the various
sequences.

5. Discussion and conclusions

The experimental results and the simulation were com-
pared for the four types of specimens used in the experi-
ments in the case of a single overload to validate the
empirical model and the program. This comparison shows
a good agreement (see Figs. 9-12).

The results of the simulations show that an overload
applied at certain intervals of time leads to a temporary
decrease in the advancement speed of the crack, and, over-
all, a series of overloads leads to an increase in the lifespan
of a metallic sample before the crack reaches a critical limit.

We have obtained a good smooth curve for the case of
sequential overload, which is shown in Fig. 13.

Overloads can produce a very short initial acceleration
before significant deceleration occurs. This initial
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Fig. 12. Specimen with TR500 heat treatment.
1.00E-03
1.00E-04
)
g‘ A A A A A
E
=
o
B
=
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Fig. 13. Case of two consecutive overloads.

acceleration is observable only at high overload ratios and
depends on the mechanical behaviour of the material. This
can be seen clearly in a constant AK test [9]. Our purpose
was to create a computer simulation able to show the crack
speed retardation after applying one or more overloads,
and we ignored this initial acceleration.

5.1. Conclusions

e The computer simulation is able to predict the crack
growth retardation for a single overload and two over-
loads with different initial speeds even when we had
ignored the initial acceleration after the overload.

e It is shown that modifying the delay retardation causes
an interaction between the two overload.

e We have proposed a simple model using the mechanical
properties of the material (the yield stress gy, and Paris’s
parameters C and m), which offers a good agreement
with experiments after modifying the yield stress with
different heat treatments. This good agreement suggests
that this computer simulation could be used on other
materials.

e The simulation based on the model can be used to pre-
dict fatigue crack growth under random loading. So,
we can imagine that a random loading has a mean
stress on a mean magnitude which can be used to
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determinate the baseline fatigue crack growth rate.
Thus, a random loading can be reduce to constant
amplitude loading containing successively overload
and underload cycles.

e The model should be widely applicable after this
development.
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