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Abstract

Various components of nuclear reactors experience various thermo-mechanical loading. Thermal fatigue cracking
has been clearly detected in reactor heat removal system (RHRS) of Pressurized Water Reactors (PWRs). The study
presented here is focused on the AISI 304L stainless steel used in PWRs. The thermal fatigue behavior of this steel
has been investigated using a specific thermal fatigue facility called “SPLASH test”. This test equipment allows the
reproduction of multiple cracking networks similar to those detected during inspections. The present study deals with
the modeling of cracking network development. It is structured in two parts: (i) experimental results and main charac-
teristics of the crack networks, and (ii) numerical simulation on the multiple crack growth problem, using a modified
stress intensity factor, and a generalized Paris’ law. In spite of simplified assumptions, the model predictions are in good
agreement with observations, as far as the evolution of the mean and deepest cracks during cycling are concerned.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal fatigue induces in-service damage in various industrial components, such as moulds, rolling mill
cylinders or turbine blades. Some examples are given by Bressers and Rémy (1996), Spera and Mowbray
(1976) or Fissolo et al. (1996). Such damage sometimes also occurs in different types of nuclear reactor com-
ponents. In the case of Pressurized Water Reactors (PWRs), crack networks may appear in auxiliary loop
zones, close to a cold water injection site, in spite of relatively small temperature fluctuations (Keroulas and
Thomeret, 1990). In May 1998, a leak occurred in the reactor heat removal system (RHRS) of the Civeauxl
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plant. The major root cause of cracking was identified as high cycle thermal fatigue (Cipiere and Le Duff,
2001). Experiment tests were carried out for developing crack network under thermal fatigue loading using
specific specimen and equipment. The present study is focused on the crack networks obtained with the
SPLASH facility as described in the first part of this paper. In most cases, the crack propagation depth
is small. The propagation and the shielding effect of the cracks in the network are therefore investigated
numerically under thermal fatigue using a crack propagation simulation, as reported in the second part
of this work.

2. Experimental set-up
2.1. The SPLASH equipment

For in-service components, thermo-mechanical loadings usually come from temperature gradients across
the wall thickness. The SPLASH equipment was developed in order to reproduce such gradients on two
opposite sides of a parallelepiped specimen.

Fig. 1 presents the specimen geometry. It is continuously heated by an electrical DC current (Joule ef-
fect), and cyclically submitted to thermal shocks (corresponding to a cooling rate of about 5001000 °C/s)
when water is sprayed on opposing faces.

Two types of specimens are used: calibration specimens and test specimens. Both are instrumented with
four K-type thermocouples brazed in depth, at 3 and 7 mm from the left and right surfaces. Calibration
specimens carry two additional thermocouples brazed at the center of the left and right quenched surfaces

- |-
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zone
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Electrical
current, Joule

effect heating

Fig. 1. SPLASH specimen.
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Table 1

Thermal test conditions

Tinax (°C) AT (°C) Number of cycles to initiation Total number of cycles Number of specimens
320 125 190,000 500,000 1

320 150 70,000-80,000 300,000-700,000 4

320 200 50,000-60,000 150,000-300,000 2

and are used to determine the parameters of the water spray and the electrical current necessary to obtain
the selected thermal loading. The test specimens are not equipped with those surface thermocouples, in or-
der to avoid premature crack initiation.

The steel studied here is a AISI 304L type austenitic stainless steel.

The thermal conditions studied are given in Table 1.

The number of cycles to initiation N; is determined by optical microscopy observations at regular time
intervals of the quenched surfaces, after the removal of the thin oxide layer that forms during cycling. It is
considered that initiation occurs when at least one of 50-150 pm long crack is observed (Fissolo et al.,
2000). The formation of a network is observed regularly during the test. Then the test is stopped at a chosen
number of cycles. After the end of the test, the 3D characterization of the crack networks is performed,
using a step-by-step removal of thin layers (Maillot et al., 2004).

2.2. Network parameters

In order to characterize the growth of the networks, various geometrical and statistical parameters are
determined on the surface of the specimen during the cycling, and in depth, at the end of the test (Maillot,
2004).

2.2.1. Evolution of the network on surface

It takes time for the first cracks to grow, coalesce and form a network on the surface of the specimen.
The crack density is used to quantify the stability of a crack network. It is calculated for a chosen reference
surface which should correspond roughly to the uniform temperature region obtained on the SPLASH
specimen during the thermal shock. The density is obtained by dividing the total length of all cracks by
the area of this reference surface. For tests performed with AT = 150 °C for example, such a surface is de-
fined as 200,000 cycles. Although the scatter of the data may be large, we can consider that a stabilization of
the crack network is obtained on the surface after 400,000 cycles as shown in Fig. 2.

2 . Crack density
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Fig. 2. Crack density versus the number of cycles (7 p,a.x = 320 °C, AT = 150 °C).
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Fig. 3. Total crack length versus the depth (T, = 320 °C).

2.2.2. Evolution of the network in depth

Because of the loading itself, there is a strong loading gradient in the specimen depth. Therefore, the
cracks cannot propagate very deep into the material. Furthermore, there is also a shielding effect, between
neighboring cracks, that slows down and then stops the propagation of the smaller ones.

Those effects appear clearly in Fig. 3. The total crack length quickly becomes smaller after a few hundred
micrometers, as most cracks stop. The complexity of the network also decreases as the depth increases, be-
cause only a few of the most important cracks still propagate. The figure shows that longer crack not exceed
2.4 mm length even for the most severe loading (AT = 200 °C) after 300,000 cycles. Experimental observa-
tions in depth show that only one or two cracks reach the maximum depth (Maillot, 2004). In any case,
such dominant cracks propagate is the middle of the quenched zone.

3. Simulation

Here, we discuss simulation of the propagation of a thermal cracking network in two dimensions. We
first present the thermal-mechanical calculation on a quarter of a specimen without cracks. Such a calcu-
lation will give us the mechanical quantities induced by the imposed thermal shock. In the second step, we
develop a procedure for the calculation of the propagation of a parallel crack network. This procedure will
be based on the thermo-mechanical calculation made later on, by assuming that the coupling cracks—
mechanical field is less important than the shielding effect.

3.1. Thermal-mechanical simulation

The objective of this simulation is to determine the strain and stress fields within the specimen, during
cycling.

Calculations are carried out with the finite element code of CEA, CAST3M. Taking advantage of sym-
metries a quarter of the relevant part of the SPLASH specimen is modeled in two dimensions.

The calculations are carried out twice:

e initially, purely thermal analysis. By adjusting the heat flux into the specimen, we try to match the evo-
lution of the temperature measured during a stabilized cycle at the various positions of the thermocou-
ples on a calibration specimen,
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e subsequently, the resulting time-dependent temperature fields entail a certain stress and strain, where the
material behavior is described by an elastic—plastic law with isotropic as well as kinematic hardening
(Chaboche, 1989). Elastic—plastic law is identified with low cycle fatigue tests performed at the maximum
temperature 7 = 320 °C.

3.1.1. Evolution of temperatures
The FE-mesh used is presented in Fig. 5. A very fine mesh is used in the critical zone, i.e. the one located
immediately under the quenched zone. The thermal boundary conditions are chosen as follows (Fig. 4):

e adiabatic conditions along the lines of symmetry,

e a heat source being constant over time, corresponding to the Joule effect loading to a uniformly distrib-
uted heating of the specimen,

e a heat flux leaving the front face of the specimen, in the zone not exposed to the water spray, correspond-
ing to the convection of air on the free face of the specimen,

e a heat flux leaving the quenched zone of the front face of the specimen, variable in time, corresponding
to the convection by water at the time of quenching and to the convection of the air during the remainder
of the cycle, called flow of quenching.

To define the heat flux away from the quenched zone as a function of time, the thermal cycle is divided
into four phases, as presented in Fig. 6. The application of the quenching flux should be nearly instanta-
neous on the zone of thermal variations. However, an instantancous jump of the flux from air convection
to forced convection due to water spray quenching causes numerical oscillations of the temperature calcu-
lated on the surface. Such oscillations have not any physical meaning. To eliminate this problem, we chose
to a time of 0.02 s (to be compared with the duration of the quenching of 0.25 s) for the transition from free
to forced convection (Fig. 6).

The material is supposed to have an isotropic thermal behavior. The data of the AISI 304L adopted for
the calculations are as follows: p, volume mass: 7800 kg/m3; C, specific heat: 500 J kg{1 K~ !; K, thermal
conductivity: 19 Wm™'K™'; «, average coefficient of thermal expansion: 18x10~%/°C.
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Fig. 4. Thermal boundary conditions of the model.
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Fig. 5. Finite element mesh: mechanical boundary conditions.
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Fig. 6. Evolution of thermal conditions in the quenched zone.

The values of the various flux are adjusted until the evolution of the temperatures obtained on the cor-
responding thermocouple positions agree best with the experimentally measured temperatures (Fig. 7).

3.1.2. Stress and strain fields

The temperature fields determined previously in a thermal analysis are applied to a 2D model for the
mechanical calculations with symmetric displacement boundary conditions (Fig. 5). The evolution of the
stress field as function of time can be given at any point of the specimen: the temperatures are imposed
on the nodes under plane strain conditions. The result of the calculations give e.g. the distribution of
the stress component o), along the axis ox (depth direction) which is presented in Fig. 8, depicted for
t =0.25 s (almost at the end of the cooling down to Ty;,), and for £ =7.75 s (end of the increase in tem-
perature up to Tax); the third curve represents the variation of stress o), during a thermal cycle.

One of the assumptions that we formulated previously, was the equibiaxiality of mechanical quantities
on the surface. Fig. 9 compares the evolution of the various variations of principal stress according to the
depth during a cycle. It shows that this equibiaxiality on the surface is about satisfied for Ty, = 320 °C,
and AT =200 °C.
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Fig. 7. Evolution of the minimum temperatures versus the depth for three cycles: comparison with experimental measurements

Tmax = 320 °C, AT =150 °C.

400

300

200

-100

-200

Stress (MPa)

o t=0.25s

¢ t=7.75s
Dsigma_yy

Depth (mm)

Fig. 8. Evolution of the g, stress at T, and Ty, and the stress range Ag,, during one cycle, as function of the depth (Ti,ax = 320 °C,

AT = 200 °C).
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Fig. 9. Evolutions of the principal stress variations Ac,,, Ag,, and Ac.. as function of the depth (T = 320 °C, AT =200 °C).

The maximum variation of the stress obtained on the surface by means of the finite element method, are
359 MPa for Ac), and 446 MPa for A... The stress range Ao, likely to open crack bands parallel to an xz-
plane is equal to 359 MPa on the surface; it decreases in-depth and vanishes at about 1.6 mm of depth,



778 N. Haddar et al. | International Journal of Solids and Structures 42 (2005) 771-788

Inelastic deformation (1.E-3)

e,

‘ﬁ‘-. Depth (mm)

o Dep_xx MDep_yy F—1

3 ADep_zz

-4

Fig. 10. Evolution of the inelastic strain range Ag,,,, Ag,,, and Ae¢,_. as function of depth (7p,x = 320 °C, AT = 200 °C).

becomes negative beyond that point. The 1.6 mm depth then calculated gives the order of magnitude be-
yond which a crack is no longer subjected to an opening stress.

The SPLASH loading generates plastic strain which extend up to 1 mm depth in the middle from the
quenched zone, as shown in Fig. 10. For cracks the plastic behavior of the material has to be taken into
account since it obviously has an effect on the crack propagation.

On the surface, we notice that the plastic strain range varies according to the distance from the middle of
the quenched zone (Fig. 11). Although the imposed heat flux is constant, the boundary conditions make
sure that the inelastic strain decreases towards the periphery of the quenching window. Thus, according
to the position of the crack on the specimen and its length, the response will be different. Taking into ac-
count this distribution seems important to us in the calculation of the propagation of the crack network.

3.1.3. Influence of thermal conditions on mechanical loading

The elastic—plastic calculations are carried out for three thermal conditions (for the same maximum tem-
perature 320 °C). Fig. 12 gives the variation of the stress o), during a cycle versus the depth for three tem-
perature ranges. The general shape of the curves is comparable for all conditions. The stress level in the
surface is influenced by the thermal condition. This difference disappears in the depth of the specimen.
Fig. 13 represents the variation of g, on the surface for different temperature ranges. As for the inelastic
strain, we notice that A, varies on the surface. The level of stress is constant in the middle of the quenched

Inelastic deformation (1.E-3)
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Fig. 11. Evolution of the inelastic strain range A¢,.., A¢,,, and Ae,. in surface (Tnax = 320 °C, AT = 200 °C).
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Fig. 12. Evolution of the variation of stress Ag,,, in depth for three temperature ranges.
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Fig. 13. Evolution of the variation of stress Ag,,, on the surface for three temperature ranges.

zone, the more we move away the more it decreases. For the three conditions the level of stress is nearly
cancelled at a distance of 20 mm from the middle of the quenched zone.

3.2. Crack propagation model

The 2D model was designed to take into account for the in-depth propagation of multiple cracks under

thermal loading conditions. The model which is to develop thereafter is composed of two stages as shown in
Diagram 1:

The first stage simulates the initiation of the thermal fatigue network. As a first assumption, we will sup-
pose that the network is already existing at the beginning. The sizes of the cracks correspond to those of
the grain diameters and their spacing corresponds to the experimental spacing which was observed in the
middle of the network.

The second stage deals with the propagation of this network. The propagation program is divided into
three steps:

— In the first step, half a specimen is meshed including a crack network.
— In the second step, an equivalent elastic load deduced from the stress field calculated later is applied.
Here a modified stress intensity factor comes into play. By supposing that the interaction between

cracks plays a more important part than the effect of the cracks on the loading, the calculated stresses
will be applied directly to the flanks of each crack.



780

Initiation

Propagation

N. Haddar et al. | International Journal of Solids and Structures 42 (2005) 771-788
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Diagram 1. Propagation of a crack network due to thermal fatigue.
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Fig. 14. Experimental and theoretical distribution of the sizes of austenite grain: distribution assimilable to a log-normal law.

— In the third step, the incremental growth of each crack is determined by calculating the variation of its
stress intensity factor (AK.g) and by applying Paris’ law.

Several iterations will be carried out until reaching a given size of a maximum allowable crack (Diagram

).

3.2.1. Initiation

The simulation of crack initiation is performed in two steps. In the first step, a Monte Carlo randomi-
zation method (Binder and Heermann, 2002) is used to determine the size of the surface grains, according to
a distribution law of the experimentally measured grain sizes (Fig. 14). The obtained grains are square-
shaped. In the second step, another Monte Carlo randomization assigns each grain a position relative to
the surface.

In the present state of the model, it is assumed that right from the beginning, one out of eight grains is
completely cracked through the middle. This assumption is not unreasonable as can be concluded from the
experimental spacing of the cracks in the formed network. However, it is still an oversimplification since it
was observed experimentally that the cracks do not appear at the same time. Nevertheless this initiation
hypothesis is employed so that, the simulation of the crack propagation can be performed.

3.2.2. Propagation

First the thermo-mechanical loading has to be calculated. Near the surface, the stresses are equibiaxial.
Skelton’s model (Skelton, 1983) is used to define an equivalent stress intensity factor Eq. (1). According to
Eq. (2), the strain loading can be reduced to an elastic stress loading which follows the laws of Linear Elas-
tic Fracture Mechanics:

Aaeff = qAO— + AGpseudo (1)

B
(I=2v)(1+v)

q.Ac represents the part of the cycle when the crack is open, while it takes into account the plasticity at
the crack tip. For the present purpose, ¢ was estimated to be close to 0.9.

Ao is fitted with two polynomials as function of depth (x) and surface distance from the middle of the
thermal shock (y) as presented in Eq. (3):

AGpseudo = [(1 —v)Ag,, + vAg,, + vAg,.] (2)
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Aoerr = f(x).g(»)
F(x) = Ao + A1x + Aox* + A3x + Agx* + Asx®

(3)

g(v) = Bo + By + Boy® + B3y’ + Bay* + Bsy” + By’
The parameters 4; and B; are given in the following tables for different thermal conditions.
AT (°C) Ay A, A As Ay As
125 371.16 —412.16 150.08 —25.18 2.003 —0.0612
150 437.3 —475.89 170.44 —28.15 2.206 —0.0664
200 537.25 —569.59 197.08 -31.34 2.362 —0.0683
AT (°C) By B, B, B, B, B B
125, 150 and 200 0.9995 0.0072 —0.0309 0.0194 —0.0082 0.0013 —7.02E-5

For the three studied temperature ranges, Fig. 15 represents the evolution of the effective stress versus
the depth of the specimen. For AT =200 °C, for example, Ao.y decreases from 500 MPa on the surface
to —50 MPa at 2.5 mm depth. The same shape of the curve is obtained for the other two levels of loading
(A T=150 °C and AT = 125 °C). The range of the effective stress decreases when the range temperature
decreases.

The distribution of the effective stress on the surface (Fig. 16), shows that up to 1 mm of the middle of
the quenched zone, the effective stress range remains constant. The more we move away from the middle of
the specimen the more the level of stress decreases. At the edges of the quenched zone for example, only
60% of the maximum stress (in the middle of the quenched zone) are reached.

AK. is then calculated using the superposition method of Buchalet and Bamford (1976), as presented in
Eq. (4a). for a crack of depth a and position y in the quenched line:

2a a? 4q° at 6a’
AKeff(a,y) = 4/ nag(y) AOF1 —+ ;Ale —+ EA2F3 + §A3F4 —+ ZA4F5 + §A5F6

where F), F,, F3, F4, F5 and Fg depend on the geometry, and particularly on the other cracks (depths and
distances from the studied crack) Eq. (4b).

(4a)

Effective stress (MPa)

500
\ Temperature range
400 125c |
\ 150°C
300 ff———] - 200°C |
200 -}
100 -
0
1b
-100 Depth (mm)~

Fig. 15. Evolution of the effective stress versus the depth.
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The growth of each crack then follows a generalized Paris’ law, as presented in Eq. (5), for a given incre-
ment of cycles.

dai = C.(AKeff‘i)m dN (5)

where

AK (o = Asx°)

C=2.05x 109" (MPay/m)™; m=42
cycle

3.3. Results and discussion

3.3.1. Single crack propagation

Initially, we studied the propagation of a single crack under SPLASH thermal loading. The crack is lo-
cated at the middle of the surface specimen. By applying the procedure of propagation (described previ-
ously) starting from an initial size of 0.12 mm, we obtain the evolution of the stress intensity factor
AK. g according to the crack size (Fig. 17). Under SPLASH loading, we notice that the stress intensity factor
increases when the size of the crack increases up to a size of 0.7 mm. For higher depth, we primarily notice a
decrease of the S.ILF due to the decrease of the resulting mechanical loading.

By applying a standard Paris’ law, we obtain the evolution of the crack length according to the number
of cycles (Fig. 18). With the high thermal range, the crack propagates more quickly than for low temper-
ature range.

3.3.2. Network crack propagation

This part presents the results of the propagation of a network of 15 cracks. As we specified previously,
the spacing between cracks corresponds to the smallest distance observed in experiments. In our case the
spacing corresponds to the distance between cracks of eight grains. The evolution of the network (Fig.



784 N. Haddar et al. | International Journal of Solids and Structures 42 (2005) 771-788

AKeff (MPa.m"0.5)

Temperature range —
16 17— ~ 125°C [
. 150°C [

14 L N
"// NG 200°C

I

0 1 2 3 4 5
Crack length (mm)

Fig. 17. Effective stress intensity factor versus to crack length in SPLASH test (7p,.x = 320 °C).
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Fig. 18. Simulation of single crack growth in SPLASH test (7. = 320 °C).
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Fig. 19. Crack network propagation (7T.x = 320 °C, AT = 150 °C).
19) shows that propagation is favored in the middle of the specimen. At one million cycles, only the central

crack is able to propagate until 2.2 mm. This result is in agreement with the experimental results obtained
for different temperature ranges (Maillot, 2004). It shows that SPLASH thermal loading is more important
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Fig. 20. Crack length versus the number of cycles: comparison with experimental measurements.

than the effect of crack shielding. Nevertheless, the propagation of the crack no. 7 has to contribute to the
deceleration of cracks nos. 4 and 11. It should be noted that peripheral cracks (crack nos. 1 and 14) are
propagated in spite of a lower load level. Its cracks benefit from the minimal shielding effect.

By comparing the results of the simulations (those of the longest cracks) and the results obtained in
experiments (Fig. 20), we notice that the simulation underestimates the maximum crack length. Neverthe-
less, the tendencies are comparable, with a deceleration of the cracks towards a depth of 2.5 mm. An impor-
tant result that of the simulation is the behavior of the other cracks and their stability. Indeed, it is noted
that the propagation of the central crack inhibits the propagation of cracks nos. 4 and 11, but the peripheral
cracks benefit from the absence of any shielding effect to propagate at the end of the test (Fig. 20).

For a more critical temperature range (AT = 200 °C) and the same initial configuration of the network,
(Fig. 21) we obtain the same results with the kinetics of the propagation more pronounced than for a
AT =150 °C.

Fig. 22 shows that a higher temperature range promotes network stabilization assuming always the same
configuration: a central crack and two peripherals cracks which start their propagation.

Figs. 23 and 24 show an example of a configuration of the network of cracks obtained by thermal fatigue
after 99,000 cycles and 1 million cycles respectively, as well as the meshing of the cracked zone.

5 Crack length (mm)

2 O initial length
O N =100 000 cycles
15 N = 584 240 cycles

7l
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0 F\-Ermrrar[ T e ‘rrn‘m‘rru‘rl-arl'ﬁ‘mﬂ- il
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56 7 8 91011 121314‘15
Number of the crack

Fig. 21. Crack network propagation (7 p.x = 320 °C, AT =200 °C).
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Fig. 22. Temperature effect on the crack network growth.

15 mm

Fig. 24. Finite element mesh of crack network N = 1,057,000 cycles (Tax = 320 °C, AT = 150 °C).

3.3.3. Discussion
The results obtained within the framework of this paper are rather encouraging. Indeed, such a simula-

tion, although it is simple, enabled us to reproduce the experimental results in terms of the final configu-
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ration of the network and especially in terms of the maximum depth of the cracks. Nevertheless, some
points still must be improved, which—in our opinion—are due to some simplifying assumptions:

The first assumption is the simultaneous initiation of all cracks. In experiments, it is observed that sta-
bilization is obtained after 400,000 cycles for AT of 150 °C as shown in Fig. 2. Before this stage, we observe
a continuing initiation of new cracks on the surface during cycling. Such a deviation of our model assump-
tion from the observed reality could explain the variation obtained between our simulation results and the
experimental depths (Fig. 20). Taking into account this phenomenon in a separate simulation appears very
important to us, it will therefore be the focus of our next work.

Secondly, we assume that there is no coupling between the cracks and the stress field. It is clear that the
presence of cracks in the structure contributes to a relaxation of the stress.

Finally, the last likely point of improvement is the equation governing crack propagation. Actually, we
applied Paris’ law starting from the initial size of the cracks. But we are quite conscious that the short
cracks of such a size propagate with a higher speed than that predicted by Paris’ law. In this context, we
could take as a starting point the work of Tomkins (1974), Skelton (1988) and Murakami (1988) by express-
ing the propagation velocity in terms of the loading parameters and as a function of the size of the crack.

4. Conclusions

We construct a crack propagation model that predicts the growth of the crack network under thermal
loading. A modified fracture mechanics Paris relation (Skelton method) was used based on an elastic equiv-
alent stress measure. An effective stress intensity factor is calculated taking into account shielding effects.

We have developed a simple and efficient automatic remeshing algorithm. This algorithm, together with
the Skelton methodology and a modified Paris relation, has been implemented in an automatic two-dimen-
sional crack propagation program, which enables to simulate the evolution of a crack network.

The present approach is applied to various examples. It is demonstrated that the simulations agree rea-
sonably well with the experimental results obtained for SPLASH conditions. Such a program thus gives an
estimation of shielding effects and of the network stability under thermal loading conditions.

References

Binder, K., Heermann, D.W., 2002. Monte Carlo simulation in statistical physics: An introduction, Fourth ed. Springer, Berlin.

Bressers, J., Rémy, L., 1996. Fatigue under Thermal and Mechanical Loading. Kluwer Acad. Pub.

Buchalet, C.B., Bamford, W.H., 1976. Mechanics of crack growthASTM STP 590, pp. 385-402.

Chaboche, J-L., 1989. Constitutive equation for cyclic plasticity and cyclic viscoplasticity. International Journal of Plasticity 5 (3), 247
302.

Cipiere, M.F., Le Duff, J.A., 2001. Thermal fatigue experience in French piping. International Institute of Welding. Document no.
XIII-1891-01, Lubyana.

Fissolo, A., Marini, B., Nais, G., Wident, P., 1996. Thermal fatigue behaviour for a 316L type steel. Journal of Nuclear Materials 233—
237, 156-161.

Fissolo, A., Robertson, C., Maillot, V., Marini, B., 2000. Prediction of cracking under thermal fatigue. In: Proceedings of ECF 13, San
Sebastian, Spain, 6-9 September 2000.

Keroulas, F., Thomeret, B., 1990. Société Frangaise d’Energie Nucléaire, vol. 1, pp. 107-117.

Maillot, V., et al., 2004. Thermal fatigue crack networks parameters and stability: an experimental study. International Journal of
Solid and structure.

Maillot, V., 2004. Amorgage et propagation de réseaux de fissures de fatigue thermique dans un acier inoxydable austénitique de type
x2CrNi 18-09 (AISI 304L). Thesis CEA-R-6041.

Murakami, Y., 1988. Correlation between strain singularity at crack tip under overall plastic deformation and the exponent of the
Coffin-Manson law. In: Salomon, H.D., Halford, G.R. (Eds.), Low Cycle Fatigue, ASTM STP 942, pp. 1048-1065.



788 N. Haddar et al. | International Journal of Solids and Structures 42 (2005) 771-788

Skelton, R.P., 1983. Crack initiation and growth in simple metal components during thermal cycling. Fatigue at High Temperature, 1—
61.

Skelton, R.P., 1988. Application of small specimen crack growth data to engineering components at high temperature: a review. In:
Salomon, H.D., Halford, G.R. (Eds.), Low Cycle Fatigue, ASTM STP 942, pp. 209-235.

Spera, D.A., Mowbray, D.F., 1976. Thermal fatigue of materials and componentsASTM STP 612.

Tomkins, B., 1974. Fatigue crack propagation—an analysis. Philosophical Magazine 18, 1041-1066.



	Thermal fatigue crack networks: an computational study
	Introduction
	Experimental set-up
	The SPLASH equipment
	Network parameters
	Evolution of the network on surface
	Evolution of the network in depth


	Simulation
	Thermal ndash mechanical simulation
	Evolution of temperatures
	Stress and strain fields
	Influence of thermal conditions on mechanical loading

	Crack propagation model
	Initiation
	Propagation

	Results and discussion
	Single crack propagation
	Network crack propagation
	Discussion


	Conclusions
	References


