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A model suitable to describe the propagation of stress corrosion cracks in
Inconel-600 made steam generator tubes is proposed in the paper. It
concentrates on axial cracks located in the tube expansion transition zones
which are assumed to be through-wall. The residual stress field is therefore
considered as the major contributing factor driving short cracks while
operational stresses dominate the growth of longer cracks. An estimate of
residual hoop stresses is obtained using a non-linear finite element simulation
of the tube to tube-sheet rolling process. Scatter of the residual stresses due to
the stochastic variations of the dominant influencing parameters was studied.
The crack propagation model utilizes linear-elastic fracture mechanics theory.
In particular, both crack tips are modelled to propagate with different
velocities due to the highly asymmetric stress field. Provisions are also made to
account for the reactor coolant temperature and chemical composition effects.
The model performance is demonstrated by a numerical example considering
the crack propagation data from D4 steam generators during a 15 months

operational cycle as recorded by

examinations.

1 INTRODUCTION

Aging of steam generator tubes made of Inconel
600 has received broad attention amongst the
scientific and engineering community during
recent years. In particular, stress corrosion
cracking in the residual stress-dominated, tube-
expansion transition zone has been extensively
studied.!? Following the knowledge gained by
research, a plugging strategy based on a crack
length criterion has been proposed and is being
implemented.? As a consequence, steam genera-
tors affected by stress corrosion cracking have
been allowed to operate with through-wall axial
cracks up to a certain predefined allowable crack
length.

* A short version of this paper has been presented at the
12th SMIRT Conference in Stuttgart, Germany, 15-20

- August 1993. It is printed in Proceedings, Vol. C/D, pp.
435-40.

subsequent non-destructive tube

In order to assess the safety implications of the
crack length based plugging strategy, a prob-
abilistic fracture mechanics model has been
proposed* to estimate the tube failure (rupture)
probabilities.  Research already performed
proved the applicability of probabilistic fracture
mechanics and first- and second-order reliability
methods (FORM and SORM).® Crack propaga-
tion was described in terms of a random variable
whose properties were derived from the analysis
of non-destructive examination records. The
sensitivity studies performed showed that the
uncertainty in the crack propagation predictions
had the most pronounced influence on the tube
failure probability.’

Crack propagation models already
developed—a brief review is given in Section
3.1—are based either on statistical analysis of
non-destructive examination results or on em-
pirical descriptions of crack tip loading, such as
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strain rate or stress intensity factors. Further-
more, virtually no effort has been devoted to the
investigation of the scatter intrinsic to the
residual and operational stress fields, which
strongly affects the crack tip loading.

In this paper an extended crack propagation
model is proposed. Residual stresses due to tube
manufacturing are considered as a major crack
driving force, combined with operational stresses
where appropriate.

A non-linear finite element analysis of the
residual stress field was performed as the basis
for crack propagation modelling and is presented
in Section 2. The description of stresses also
includes operational stresses and the variations of
residual stresses due to the scatter of some
influential parameters. The variation of residual
stresses is modelled utilizing the response surface
approach which is suggested also for subsequent
reliability analysis.®

In Section 3 the crack propagation mode]
based on linear-elastic fracture mechanics is
proposed. It takes into account independent
crack tip propagation in an asymmetrical stress
field, influenced by the reactor coolant tempera-
ture and its chemical composition within the
range of normal operation.

A numerical example considering specific data
relating to Slovenian Kr¥ko nuclear power plant
is analyzed in Section 4. The results obtained
show variations of stress intensity factors caused
by the residual stress field. The crack growth
through 15 months long operational cycle is
studied for different initial crack lengths.
Reasonable agreement with data collected during
in-service inspections was obtained.

2 STRESSES IN STEAM GENERATOR
TUBES

The study addresses residual and operational
stresses perpendicular to the axial cracks.
Regarding residual stresses, only those intro-
duced by the mechanical expansion of tubes are
considered.

2.1 Residual stresses

A pon-linear finite element analysis was per-
formed to evaluate the residual stresses in a
one-step rolled tube to tube-sheet joint. An
axisymmetrical mode! was developed. Large

deformations, strain-hardening effects and fric-
tion in surfaces coming into contact were taken
into account according to possibilities of the
ABAQUS’ code (see|Fig. 1}and [Table I). Two
meshes of different refinements were analyzed in
order to contro] discretization errors. The fine
mesh is shown in Fig. 1.

The calculated distribution of the residual
stresses against tube length at both tube surfaces
is shown in‘Fig. 2,)together with a profile of the
inside tube surface after the expansion. The area
with the tensile residual hoop stress is confined at
the inside surface in the tube expansion transition
zone between 0 and 6 mm of tube length. The
through-the-thickness residual stress distributions
in axial and hoop directions are shown in |
In Fig. 3 the tube length origin coincides with the
last contact point between the tube and the
expansion tool (Fig. 1).

The results obtained are qualitatively in good
agreement with similar published cases.® Based
on comparison of finite element simulation
results with experimentally obtained values,’
residual hoop stresses are considered adequate
while the axial residual stresses are considered
overestimated. This is acceptable for analysis
which is restricted to axial cracks.

2.2 Operational stresses

Operational stresses in steam generator tubes are
induced by the pressure difference between the
primary and secondary loop and the thermal
loading. In the vicinity of the tube sheet, the heat

0 Tube expansion

-

Distance along tube

Fig. 1. Finite element model of tube to tube-sheet joint.
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Table 1. Material properties used in the analysis

Property

Youngs modulus {GPa]
Poisson ratio [ ~ ]

g Yield strength [MPa]
Strain hardening coefficient ,l[GPa]T

Tube Tube-sheet
(Material—Inconel 600) (Material—Steel SA504)
200 192
03 0-3
see Table 2 345
3-0 2-88

+ Bi-linear material; von Mises yield function; associated flow rule; isotropic strain

hardening.

transfer through the tubes may be disturbed by
the presence of sludge. Poor heat transfer
through the tubes means vanishing temperature
gradients and negligible thermal stresses.®

The operational stresses were determined by
loading the tube with known residual stresses by
an adequate pressure difference and thermal
loading to obtain total (residual and operational)
stresses. The_distribution of the total stresses is
shown in together with a crack found
during destructive inspection of a tube.'® The
stress contours agree very well with the crack
shape. This observation is considered to support
the results of stress analysis.

No additional plastic deformation was ob-
served in the analysis of total stresses, which
allows for the superposition of residual and
operational stresses. Also, the operational str-
esses obtained as the difference between total
and residual stresses agreed very well with closed
form solutions for the long tube, which are well
known in the theory of elasticity.

Fully developed thermal stresses tend to
reduce the tensile stress at the tube inner surface
and are beneficial with respect to the crack
propagation. Therefore, in crack propagation
calculations the operational hoop stress o, is
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Fig. 2. Residual hoop stress distribution.

assumed to be induced only by the pressure
difference Ap:

w0

where R is the mean radius of the tube and r the
tube wall thickness.

2.3 Parameters influencing the residual stress
field

To characterize the residual stresses one has to:

* Identify parameters influencing the residual
stress field, and

¢ Predict a stress field which can be used for
calculation of stress intensity factors.

The stress on the inside surface of the tube is
assumed to be representative for modelling the
propagation of through-wall cracks. The follow-
ing discussion therefore applies to the scatter of
the residual hoop stresses at the inside surface of
the tube.

Magnitudes and distributions of residual
stresses in the expanded tube depend mostly on
the tube yield stress, the initial tube to tube-sheet

0 1 2 3 a 5 6 7 8 [
T T T Ly <~
N— pas -
L Axial stresses _|

et (} e, e

Dlsxance along tube[mum]

Fig. 3. Comparison of axial and hoop residual stresses
across the tube wall thickness.
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Fig. 4. Real crack in the total (residual and operational)
stress field for the case with sludge.

clearance and the tube wall thickness. This has
been shown for a hydraulically expanded tube by
Middlebrooks er al.'' It is assumed that this also
applies to the mechanical tube expansion
comsidered in this study. Ranges af selected
influencing parameters are shown in

The finite element method employed in the
analysis of residual stresses can only provide a
finite number of solutions at selected discrete
values of influencing parameters. The number of
selected points analyzed depends strongly on
computational costs, which very often restrict the
number of calculations to about 10. To obtain a
reasonably accurate solution for.any possible
combination of the continuous influencing para-
meters, an interpolation technique has to be
introduced. The response surface method is used
for this purpose.

The response surface technique is designed to
obtain a second-order approximation from a
limited number of experiments. It requires a two
step analysis.’* First, a plan of numerical
experiments called experimental design has to be
defined. A variety of different experimental
designs is available to fit the particular
requirements. An orthogonal central composite
experimental design was used in this analysis.

Results of numerical experiments performed in
each point specified by the experimental design
are fitted using a multidimensional regression
analysis in the second step. In our case 15
analyses were required to fit a second-order
hyper-surface to a response to three independent
influencing parameters. Of course the validity of

Table 2. Parameters influencing residual stresses

Parameter Minimum Nominal Maximum
Tube yield strength (MPa) 257 362 457
Tube wail thickness (mm) 0-986 1-092 1-216
Tube to tube-sheet clearance (mm) 0-080 0-197 0-313
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the response surface is restricted to the range of
influencing variables analyzed (Table 2).

A cubical spline interpolation has been
implemented to smooth the stress osciallations
along the tube length (ABAQUS results, {Fig. 57
The approximate splined curves are shown in Fig.
5 together with scatter of the residual stresses as
calculated by ABAQUS’ due to the variations in
the tube yield strength. This simplification has
been necessary to obtain smooth second-order
derivatives of the stress intensity factors which
are required by the reliability analysis.® The error
introduced by this simplification at the crack
propagation level was comparable to the errors in
numerical integration of eqn (5) caused by the
oscillations in the stress results (Fig. 5).

Variations in the tube yield strength mostly
cause changes in the mangitude of residual stress,
while variations of the initial tube to tube-sheet
clearance and tube wall thickness change the
position of the peak residual stress. This
observation has been used to split the residual
stress response in two independent variables:
stress peak magnitude and its position. Both of
them retained the dependency on all three
influencing parameters. However, the peak stress
magnitude was used to define crack tip loadings.
The peak position was employed to define the
crack initiation location.

3 THE CRACK PROPAGATION MODEL
3.1 Review of crack propagation models

Stress corrosion cracking of the Inconel 600
steam generator tubing has been addressed

extensively in the literature.>'*'® Three kinds of
concepts have been adopted, described below.

300 -

Stress {MPa]

L 4

8 10 12 14 16
Distance along tube[mm]

Fig. 5. Cubical spline interpolation of the residual stresses
along the tube length.
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3.1.1 Film-rupture model

This kind of modelling assumes that the local
strain rate at the crack tip determines the
frequency of oxide film form and rupture, thus
determining the crack tip velocity. It was initially
developed for sensitized stainless steels and
applied also to Inconel-600.*""* This very general
approach makes use of mechanical and electro-
chemical parameters governing the crack propa-
gation. However, it has the major drawback that
it is difficult to estimate the local strain rate; this
was solved by introducing an empirical relation
between the local strain rate and the stress
intensity factor.”?

3.1.2 Statistical analysis of non-destructive
examination data

The majority of the work in this area has been
done by Hernalsteen,? who studied behaviour of
Belgian steam generators. Also, some specific
studies have been made to characterize the
degradation rate of Krskof steam generators.'” At
the moment statistical analysis gives the most
accurate crack propagation predictions, provided
that the loading conditions are unchanged and
the time interval between consecutive inspections
is fixed during the periods analyzed. In other
words, such models are not able to describe
different crack growth times and plant loading
histories.

3.1.3 Linear elastic fracture mechanics
Applicable linear elastic fracture mechanics
models have been published by Scott'® and, to
some extent, by Pitner er al.'® Scott assumed that
the cracks propagate only in the direction out of
the tube sheet. Furthermore, residual stresses
were assumed to follow an analytical curve.
Minimal and maximal residual stress values were
assumed leading to two different crack growth
responses. The calculation procedure of the stress
intensity factor was not explained in this paper.
Pitner et al.'® simply fitted the function describing
the dependence of stress intensity factor on the
crack length. Again, only out-of-tube-sheet crack
propagation was assumed. As can be deduced
from the rather general paper,'® this was done
without taking into account the scatter of the
residual stress field.

3.1.4 Availability of crack velocity data

The available crack tip velocity data was
reviewed by Rebak er al.’® and Cassagne er al.
The reported range (water temperature 330°C) is

shown inncluding the correlations used by
Scott.' The large scatter in reported crack tip
velocities is attributed to difficulties in controlling
experimental parameters such as crack initiation
time and crack tip loading.”

As a rough guide the stress intensity threshold
value has been estimated'® at 5-10 MPa m'?, the
plateau crack tip velocity at 3% 107®ms™!
(9-5mmyear™!) in cold-worked tubes and 35X
107" ms™' (1-57 mm year™!) in annealed tubes.”
The influence of the reactor coolant chemical
composition is considered negligible within the
range expected during normal operation.'

3.1.5 Closure

Based on. above considerations, linear elastic
fracture mechanics was chosen to model the
crack propagation in this study.

3.2 Crack propagation model

Cracks are assumed to initiate at the point on the
internal tube surface with the maximum residual
hoop stress which is located slightly above the
tube sheet (Fig. 5; Tube length = 4-5 mm). From
this point on each crack tip propagates in the
axial direction under different loading and in
material with different degree of cold-working.
This results in different crack tip iti

modified Paris law was utilized to
asymmetric crack propagation:
i da
AQeg~=—"7
dii.,
where C,, and m are material dependent
constants. K scc represents the threshold of stress
intensity factor K (see eqn (6)). A simple

= Co (Koo~ Kisce)™ (2)
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Fig. 6. Range of reported crack velocities (Rebak et al.,*”
Cassagne™ and Scott'®)
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Fig. 7. The position of the crack in the residual stress field.

relationship has been established to account for
different crack tip velocities in cold-worked (C_,)
and virgin (C,,) material:

1
C+a == C—a (3)
p

The best results were obtained by setting p =2,
which is consistent with experimental data
suggesting p =6.° An Arrhenius type relation
may be used to account for different tempera-
tures T

The reported apparent activation energies Q.
are considered to be in order of 110kJ kmol.*! R
is the gas constant (8:31 Jmol™).

a 0<exp<

3.2.1 Stress intensity factor

In this study, a through-wall crack is assumed in
the tube expansion transition zone above the
tube sheet, loaded by an equivalent stress
constant through the wall thickness. This is
consistent with available non-destructive ex-
amination data.? Furthermore, assuming the total
(residual and operational) stresses to be distrib-
uted along the tube length as o(x), the stress
intensity factor becomes a function of crack
half-length 2 and the crack center position L
(Fig.7). Using the Greens functions and an
appropriate bulging factor:*

m(a) = 0-614 + 0-386 exp<_\2/%fa>
+ o-sss(v%) )

the K values at both crack tips are obtained as:*

’a _m(a) e a_:t_§
I\xa_\/;r—a . U(§+L)\’a:r_.§d§ (6)
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3.2.2 Motion of the crack in the stress field

Stress intensities and hence the crack propaga-
tion may be different for the left and night crack
tip (see eqn (6)). This causes a continuous change
in the location of the crack center L and
therefore influences the value of K,,. To account
for this, the propagation law (eqn (2)) was
extended to a system of differential equations of
the form (see also Fig. 7):

d = %(d+a + d—n)
1
= %C-n[; (K+a - szcc)m + (K—a - szcc)m] (7)
L = %(d-m - d—a)

= %C_a[% (Ko Kisee)™ = (R_a— szcc)m] (8)

4 NUMERICAL EXAMPLE

The relevant geometry and material properties
used in the analysis represent steam generators
installed in Slovenian Kr¥ko Nuclear Power
Plant.* The plant is assumed to operate at full
power (Ap = 63-4bar) for 13 months in a 15
month inspection cycle.

4.1 Stress intensity factors

Stress intensity factors were evaluated numeri-
cally at nominal values of parameters according
to eqn (6) for various values of crack lengths 2a
and crack center positions L. The results are
given in Fig. 8 and 9 for K_, and X,,
respectively. Figure 8 therefore contains the
stress intensity values at the crack tip moving
towards the inner side of the tube-sheet and Fig.
9 at the crack tip moving towards the free span
tube. The crack is described by its center position
and length. Also, the approximate position of the
top of the tube-sheet is shown on both figures.

The region dominated by the residual stress is
clearly seen for both K values (Fig. 8 and 9). It is
actually confined between the shadowed ‘no
propagation’ region at low L values and the free
span tube at higher L values. The stress intensity
field on Fig. 8 suggests that no crack tips will
propagate below the L =0 line.

The bold line denoted ‘Expected crack center
path’ (Fig. 8 and 9) is in fact a plot of the
function L(a) for the cracks initiated at the point
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Fig. 8. Values of K_, as a function of crack center position
and length.

with the highest residual hoop stress. For
example, following curve L(a) in Fig. 8, the
values of K_, may be obtained given the crack
length 2a (e.g. 2a=1mm, K_,=10MPam'?
2a =4 and 7mm, K_,=20MPam'? 2a > 8 mm,
K_,=Kiscc=9MPam'). Thus, curves L(a)
may be used to explain the behaviour of the
crack in the K field. For the lower (—a) crack tip,
the K value falls below the Kscc values at the
crack length of approximately 8 mm, where the
lower crack tip arrests. This also means that
under assumed conditions, no lower crack tip will

25F z T = '
3 i : ! !
o H H H i
E K-10MPa/m 20 0 40 S0
20% i |
£ i i i !
E E i { }
E E !
- E ! i i !
g2 15% : | :
= E ! i H /
2 £ Y \ ! /
‘D o \ i H H QS j
2 10% kY / ; ! e
5 E / /
< F i ; &
S r i Bﬁ?ee& \
n . A,
- st Y e
E e ) s
& F .. Top of tube sheet~__
: 0. S—
R S N G
3 . 10
o . N, <
SE e ST, SRR T
0

20 25

Crack length [2a, mm]

Fig. 9. Values of k., as a function of crack center position
and length.

experience the very large K values shown in Fig.
8 (K > 40 MPa m'?).

Similar reasoning for the upper crack tip shows
that after the lower crack tip has been arrested
the upper crack tip starts to move into the region
of highest K values possible at a given crack
length. This indicates that the residual stress
influence may be significantly reduced by crack
growth, but also never completely lost.

4.2 Motion of the crack in the stress field

compares the calculated and observed

crack center path. The calculated crack center
path is sensitive to the difference between the
crack tip velocities in the cold-worked (C_,) and
virgin (C.,) tube. Observed crack center
positions were obtained from the non-destructive
examination results in the following way: records
were grouped to classes according to measured
crack lengths (e.g. 4-0mm <22 =5-0mm). The
average and standard deviations of the crack
centre positions were then calculated for each
class and plotted at the mean value of the class
(e.g. 4-5mm). The agreement of model predic-
tions with the observed data is considered good
taking into account possible errors in measured
crack lengths (up to +2 mm).

4.3 Crack propagation

Crack growth has been studied as a function of
the initial crack length.? Also, the upper and
lower bounds of the influence parameters derived
from the specification limits have been accounted
for in addition to the nominal values. This also
includes the uncertainty margins for the crack

growth law parameters (eqn (2);{Table 3).
Predictions of the proposed model are

3
-
g
2
a
) i 3
H R
H i
-;: 2k : _i_ + © only one
2 —C =C, +
¢} b .= 12C, O average
—C, = 1/6C 4 standard deviation
0 . L . . . L
0 2 4 6 8 10 12 14

Crack length Za-[mm]

Fig. 10. Predicted and observed crack center path.
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Table 3. Crack growth parameters

Parameter (at 330°C) Minimum Nominal Maximum
C_.(x107) 25 28 31
Kisce (MPam'?) 8 9 10
m 1-07 1-16 1-25

compared with maximal valu,eg,_gpvferved by
non-destructive examination ‘( Fig. 11).}Consider-
ing the limited non-destructive examination
accuracy which affects both observed crack
lengths and propagation, the agreement obtained
is quite good.

Following Fig. 11, the residual stresses
dominate the crack propagation up to the crack
length of 8 mm. For longer cracks, the opera-
tional stresses dominate the propagation. The
growth rate for cracks exceeding an initial length
of 12mm increases rather fast. This has been
expected because following the modified Paris
Jaw (eqn (2)), the crack tip velocity monotoni-
cally increases with increasing stress intensity
factor and, in an approximately uniform opera-
tional stress field, with increasing initial crack
length.

Based on the comparison of model results with
non-destructive examination crack propagation
observations, the model is considered adequate.
However, new experimental data on the crack
velocity may significantly improve its accuracy
and studies of through-the-thickness propagation.

5 CONCLUSIONS

A linear elastic fracture mechanics based model
describing the propagation of axial stress-
corrosion cracks in Inconel 600 steam generator
tubes has been proposed. All cracks are assumed

E
E
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S
g
2 H
a }
™ H
3 v T T T T T i BVg
& X c.-1/2C, + + 2

[ Krsko NPP, |5 months cycle +

- - . . 4 observed minima
4 . L . .
0 2 4 6 8 10 12

Initial crack length 2a [mm}

Fig. 11. Predicted and observed crack growth (c.,=
1/2C_,).

to be through-wall. The major crack driving
forces considered are residual and operational
stresses. Residual stresses are obtained by a
non-linear-finite element simulation of the tube
to tube-sheet rolling process. Asymmetric crack
propagation is taken into consideration which is
caused by large residual stress gradients and
different amounts of cold-work along the crack
path which strongly influence the crack tip
velocity.

A numerical example was chosen to represent
the operational conditions of a real steam
generators as closely as possible. The fields of
stress intensity factors are given separately for
both crack tips. Also, the crack motion in the
stress field 1s studied in some detail. The crack
propagation predictions obtained showed good

agreement with pon-destructive examination
results of cracks.
The model presented in this paper was

developed to be used in reliability analysis of the
cracked steam generator tubes. This required two
additional features: (1) analysis of the changes in
the residual stress field caused by the uncertainty
in influence parameters and (2) smooth second-
order derivatives of the stress intensity factors
with respect to the influence parameters of the
residual stress field. A second-order response
surface was developed for this purpose.

Improving the accuracy of the proposed model
and introducing through-the thickness crack
propagation are considered the main future
topics. However, they depend heavily on the
availability and accuracy of experimental crack
tip velocity data.
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