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SYNTHESE:

Electricité de France a lancé un programme d'études visant à déterminer les
vitesses de fissuration de la corrosion sous contrainte dans les tubes de générateurs de
vapeur en Alliage 600 et au contact du milieu primaire. L'objectif est de corréler la
vitesse de fissuration au facteur d'intensité de contrainte. Une des éprouvettes
sélectionnée pour les besoins de cette étude est l'éprouverte Tubulaire à Entailles
Longitudinales (TEL).

Cette note présente l'analyse numérique du facteur d'intensité de contrainte et
sa validation expérimentale à partir d'essais de fatigue. Le facteur d'intensité de
contrainte a été déterminé à partir d'un calcul 3D aux éléments finis par les méthodes
de Hellen-Parks et G(9) et ce, pour les phases d'amorçage et de propagation. La
comparaison des courbes de vitesses de fissuration par fatigue déterminées sur une
même tôle à partir d'éprouvette TEL et CT a permis de valider les résultats de ces
calculs.
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EXECUTIVE SUMMARY :

Electricité de France is conducting a research program to determine corrosion
cracking rates in the steam generators Alloy 600 tubes of the primary system. The
objective is to correlate the cracking rates with the specimen stress intensity factor K,.
One of the samples selected for the purpose of this study is the longitudinal notched
specimen (TEL).

This paper presents the analysis of the stress intensity factor and its
experimental validation. The stress intensity factor has been evaluated for different
loads using 3D finite element calculations with the Hellen-Parks and G(6) methods.
Both crack initiation and propagation are considered. As an assessment of the method,
the numerical simulations are in good agreement with the fatigue crack growth rates
measured experimentally for TEL and compact tension (CT) specimens.
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INTRODUCTION
The cracking of Alloy 600 steam generator tubes is an important

problem in nuclear pressurized wator reactors (PWR.) (1). A
widespread effort has been undertaken, in EDF and elsewhere, to see
how and at what rate existing cracks will propagate, especially at the
bottom of the tubes just above the tube sheet

In the first stage, the aim is to make an evaluation of the limitations
of the overall method, which consists of using the change in the rate
of da/dt crack propagation, as a function of the stress intensity factor
Kr, for a given environment and temperature. In order to determine
this material-specific curve, tests have currently been carried out on a
compact tension specimen (CT), and on a longitudinally notched
specimen (TEL - éprouvette Tubulaire à Entailles Longitudinales),
machined from tubes originally intended for use in a PWR steam
generators. Although the CT specimen has the advantage that its
characteristics are fully described in the literature, the TEL tube
specimen (Fig. 1) is representative of tubes in situ. Hence, in using it
for testing purposes, account is taken of the thermal and mechanical
processes to which it is subjected in machining. Such processes
determine of the material's structure, and hence have an effect on its
sensitivity to stress corrosion cracking [2] [3]. On the other hand,
there is no characterisation of the TEL specimen in terms of stress
intensity factor K, and it is therefore necessary to determine curves
K, -f{a) for tests under constant load (for corrosion test) or constant
crack opening (for fatigue pre-cracking test).

Preliminary calculations based on a simplified description of the
specimen give reason to believe that there is a substantial gradient for
K, along the crack-tip in the specimen through the tube thickness. It
was decided to make supplementary calculations to assess accurately
the amplitude of the gradient and to characterise TEL specimen in
terms of K,, using geometrically accurate finite element modelling.

After a brief presentation of the geometry of the TEL specimen,
this paper gives an account of the state of progress of the calculation,
and of its experimental validation.

TEL SPECIMEN
The longitudinally notched specimen (Fig. 1) is directly machined

from an Alloy 600 steam generator tube (<|> 22.22 x 1.27 mm). It has
two longitudinally notches at the bottom of which corrosion cracks
initiate and then propagate, in contact with the primary environment
or under cyclic fatigue load. Two internal grooves as an extension to
the notches have been machined to provide an axial guide for cracking
(depth = 0.25 mm). Two semi-cylindrical shells make possible the
application of constant or variable load (for fatigue test) or crack
opening (for corrosion test). The opening of specimen (2 6) is
measured using a mechanical sensor located 11 mm from the end of
the tube, the load being applied in a single direction with an
appropriate device.



NUMERICAL ANALYSIS

Calculation Assumptions
First, plane stress at the crack-tip was chosen because the thickness

of the specimen is very lower than other dimensions.
Furthermore, finite element elastic calculations were carried out.

Hence, before applying expressions derived from the linear elastic
fracture mechanics it must be checked that the plasticity at the crack-
tip is below limited. The plasticity radius Rp at the crack-tip should
satisfy the expression (1):

in which Re is the conventional limit of elasticity. After many
experiments and calculations, the usual limit is given as:

(2)

in which b is the thickness of the specimen, and W the remaining
ligament, and a the length of crack. For the TEL specimen, the most
restrictive condition is the thickness of the specimen b. From
expressions (1) and (2) the maximum value Ki can be determined,
verifying the hypothesis of confined plasticity.

(3)

in which R, = 263 MPa and b= 1 mm

Finally, K, was determined by the virtual extension method
commonly known as the Hellen-Parks method [4] [5] (the only one
available at the time calculations were initiated). These are
programmed in the BILBO code of the CASTEM 2000 finite element
program. This method makes it possible to determine the energy
restitution rate G (4), as the variation of potential energy P for a
virtual advance of Sa, itself related to K, under Irwin's formula (5):

G = -
SP
Sa

• 2 _— EG in plane stress

(4)

(5)

Preliminary Calculations
The first calculations were made using a simplified mesh of the

specimen, so as to finalise the limit conditions of the model. In
particular, it is necessary to find an alternative to the modelling of
semi-cylindrical shells under applied load and the contact conditions
between the specimen and the semi-cylindrical shells. The simulation
of these factors takes the form of the stiffening of that part of the
specimen which is in contact. The Young's modulus of the material in
this zone is adjusted by means of a comparison to a compliance test
under a given load. A multiplying factor of SO on the remainder of the
specimen is enough to ensure a return to values consistent with the
experimentally-derived tube opening measurements.

Furthermore, preliminary calculations also made it possible to
adjust the load on the specimen. The load is applied only to a curve at
the point of intersection of the intemal surface of the specimen, and of
a plane in which the load stress is contained (Fig. 2).

Calculation Using a Crack-tip Perpendicular
to Tube Axis
By using limit conditions, 3D elastic calculations [6] were then

carried out with a refined mesh of the specimen (around
11,000 nodes). In this mesh, the crack-tip moved perpendicular to the
axis of the specimen. Due to the geometrical symmetry of the
specimen and its load, modelling can be limited to a quarter of the
structure only. Figure 2 (with a = 0) shows the finite element model
of the specimen. Limit conditions take into account the symmetries.
The finite elements used are isoparametrical, quadratic, in 20 node
brick form, or IS nodes prisms. For each advance of the crack, K, was
calculated at S equidistant points located on the middle nodes of the
finite elements in the crack-tip.

Results show first, the low level of force required to place load on
the specimen in this geometrical configuration. Second, there was a
substantial K, gradient (factor of S approximately as between inside
and outside K, values). This gradient is produced by the bending
stresses. He is amplified by the internal machined grooves guiding test
cracking in a plane along the axis of the tube. Finally, the propagation
calculations showed that this gradient is amplified when the length of
crack a increases (Fig. 3). These results are consistent with the
inclined aspect of the fracture surface aspect observed on the
specimens subject to fatigue cracking. In effect, the initiation and
propagation of the crack tend to occur on the inside, where values K,
of the equivalent Von Mises stresses are the highest. However, these
results cannot be used to interpret corrosion tests, insofar as the value
of length of crack a corresponds to several values of Kt.

This last formula is valid only in the case of a single break mode,
according to mode I. This is in practice the case when the specimen is
under load. Furthermore, its application requires singular stress fields
of the same type as for a single crack in an semi-infinite solid, and
subject to a uniform stress field. On initiation, and for small crack
extensions at the bottom of the notch, the stress field is locally
disturbed by the shape of the electro-eroded notch. Expression (5)
cannot therefore apply to it. On the other hand, for more extensive
propagation, such as when the crack extends well beyond the
disturbed zone, this expression may apply. After calculation, the
validity range of the various expressions of K; is determined.

Calculations on the Basis of Variable Parameters
for the Inclined Crack-tip
To represent the crack-tip closest to the experimental observations

under fatigue testing, the assumption was made that inclined crack-
tips corresponded to iso-Ki profiles. In fact, we were found, the value
of inclination angle a, for a number of values of crack advance, to
give a minimum of gradient for K, s along the crack-tip (Fig. 2). Many
calculations on the basis of set parameters (a and a) were carried out
for crack advance ranging from 2 to 40 mm and for inclination angle
a ranging from 10 to 70°. As in the previous calculations, Kt values



were determined at S equidistant points located on nodes in the middle
of finite elements of the crack-tip. Furthermore, values of angle a
corresponding to the iso-Ki inclination were assessed.

Results show that the iso-Ki angle a hovered around an average
value of 65° approximately (table 1). The expression of AT/ as a
function of the internal length of crack a ,̂ for constant load and
opening (figure 4) is as follows:

413
(0.1527 aint + 9.9364) constant load F (6)

K, = (21.3023 - 4.9127 Ln(aira)) constant opening S (7)

where the load F is in Newtons, the semi-opening S is in mm and the
Kj is in MPa -fin . Furthermore, a comparison of values for K,
calculated using Hellen-Parks and G (G) virtual extension methods [7]
[8] (which is a Lagrangian derivation method of assessment of the
contained potential energy in the Aster Code) was carried out for one
case of calculation. Consistency of results was good, and this provided
an initial check on all of our calculations in terms of K;. Finally, for
small crack advances of a < 3 mm beyond the starter notch, K, values
are no longer reliable. This is certainly due to the disturbance from the
machined notch in the singular stress fields at the crack-tip (cf. §
Calculation assumptions). We have therefore not taken account of
these in the proposed interpolations (6) and (7).

EXPERIMENTAL VAUDATION
To confirm the validity of the propagation criteria Kj on the TEL

specimen, a comparison was made between the results of
measurements of fatigue crack growth rates using the new TEL
specimen geometry and the results from the same type of
measurements under the conventional CT specimen, where K,
characteristics are well established. If the calculations are correct, the
experimental determination of the fatigue crack growth rate curve in
given material should lead to consistent results, for both types of
specimens.

Geometry and Material of Specimens
To use CT specimens, a high-density material of the greatest

possible homogeneity was required. We therefore chose a plate in
Inconel 600 (reference T183), thickness 25 mm, manufactur by
THYSSEN. Micrographie examination in a longitudinally section
perpendicular to the skin showed that the carbides were essentially
intra-granular, and distributed in bands. However, there were some
inter-granular carbons. Layers with very dense precipitation and
small-sized grains, alternated with layers of larger-sized grains.
Characteristics comply with the specifications of the chemical
composition (table 2) and conventional section 4103 of RCC-M code.

Specimens of types TEL and CT were machined directly from the
same sheet metal. However, to check the effect of orientation in
specimen samples, samples were taken from the sheet in both
longitudinal and transverse directions.

Experimental Riq
Fatigue cracking tests were carried out on an analogue hydraulic

servo controlled machine providing maximum load of ± 5,000 daN.

For tests on the TEL specimen, the machine was fitted with a load cell
with maximum capacity of 250 daN, so as to be able to measure the
low loads applied to this type of sample with sufficient accuracy. Load
on samples was adjusted so as to provide for A Kj of:

10 é AK, < 30 MPa-Jm (8)

Cyclic stress was imposed at a frequency of 20 Hz according to the
following ratio:

R = Fmini/Fmaxi = 0.1 (9)

The advance of the crack a was measured by optical system along
the external surface of specimen.

Results
Figure 5 shows photos of the typical fatigue crack propagation

phases for each sample. Figure 6 presents the fatigue crack growth
rate curve da/dN = flAKt). Propagation takes place as shown in figure
5 perpendicular to the crack-tip. The true propagation (daamattj) can
be obtained by multiplying the measure of da^, by the cosine of angle
a of measured inclination (10).

damTTeatd= daa, . cos(a) (10)

The results show that:
- the orientation of specimen samples taken from the Inconel 600

sheet had no notice effect on the rate of cracking,
- the inclination of crack propagation in the TEL specimen was at

an angle a of around 65°,
- the curves of fatigue crack growth rates are virtually identical

between the two samples, after allowance for experimental
scatter.

DISCUSSION
There is a good agreement between angles of inclination or

calculated according to the hypothesis of iso-Kj propagation, and
those measured on the fracture surface aspect of TEL samples, thus
validating this hypothesis. The inclination obtained is roughly 65°,
and this angle appears not to vary with crack length. The calculated
result was about 64°, with a very small variation as the crack
advanced.

The comparison of the fatigue crack growth rates measured on the
two types of specimen as a function of the test stress intensity factor
showed good consistency of results, at least for values AK, greater
than 11 MPa-Jm ; there are no results on the CT sample below this
value. This supports the K/ calibration of the TEL specimen.

In as regard to the confined plasticity criterion for specimen TEL,
loads need to be restricted to below 5.3 MPa Jin , whereas
calculations go well beyond, up to 25 MPa -Jm . The criterion
nevertheless includes some safety margins. Furthermore, at times of
fatigue cracking, there was no special pinching on the sides of TEL
specimens upstream of the crack, which at first sight indicated an
absence of widespread plasticity. To eliminate any remaining doubt, it
is proposed after this study to carry out an elasto-plastic calculation
for a sufficiently high load.



The results of the calculation suggest a number of
recommendations for the use of the TEL specimen in stress corrosion
testing. We note that on figure 4 the K, stress intensity factor
decreases rapidly for cracking advances ranging between 0 and 10 mm
approximately for constant crack opening. Beyond, the rate of change
of K, is flatter. Consequently the use of a TEL specimen subjected to
insufficient pre-cracking for stress corrosion testing on constant loads
could lead to a stoppage of the cracking, due to a rapid decrease in K,
at the outset of the test. To prevent this, it is possible to begin the
corrosion test in the area of less rapid variation of Kh by making an
appropriate pre-crack at constant load, of around 10 mm. The pre-
cracking load should then be fixed as a function of the Ks value
targeted for the 10 mm distance at the outset of corrosion testing. It
should be noted that in the light of the relatively flat slope of curve
Kj = fia) at constant load, it is perfectly reasonable in this type of
specimen to set a distance of 10 mm of pre-cracking, for example,
without thereby reaching excessive K, values at the end of the pre-
cracking (i.e. at the beginning of the corrosion test).

CONCLUSION
K, stress intensity factor calculations have been performed to

characterise a new geometry of specimen, directly machined from
industrially manufactured steam generator tubes. These calculations,
now being validated for experimental stress corrosion test will allow
the interpretation of mechanical and corrosion tests.

It also shows the advantages of close collaboration between
engineers and metallurgists.
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Inside length of crack (mm)

Inclination angle a in iso-Kj (°)

3

62

5

62,5

6

63

10

65

25

67

40

67

Table 1: Change in iso-Ki angle a

Elements

Weight ratio (%)

C

0,067

Si

0,33

Mn

0,28

S

0,003

P

0,006

Cr

16,2

Ni

74,32

Co

0,02

Ti

0,23

Cu

0,03

AI

0,19

Fe

8,2

Table 2: Chemical composition of material used
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Figure 1: Longitudinal notched specimen (TEL)

Detail of crack-tip

Figure 2:3D mesh of specimen
Inside length of crack ajnt = 3 mm - crack inclination a = 60"

K (MPa-Vm)
40 T

i
30-

20-;

1 0 1
0.0

Internal
surface

0.2 0.4 0.6
Position along crack-tip (mm)

0.8 1.0
External
surface

Figure 3: The gradient of Ki along the perpendicular crack-tip
for différentes values of crack length a
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Figure 4: Change in Kj as a function of asm under constant load or opening
for the inclined crack-tip
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Figure 5: Photos of fatigue fracture surface aspect
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Figure 6: Comparison of fatigue crack growth rate curves
obtained from specimens TEL and CT


