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Abstract

An assessment of creep-fatigue crack behavior is required to ensure the structural integrity for high
temperature components such as fast breeder reactor structures or thermal power plant components operating
at an elevated temperature. In this study, an evaluation of creep-fatigue crack growth has been carried out
according to the French assessment guide of the RCC-MR A16 for austenitic stainless steel structures. The
assessment procedures for creep-fatigue crack growth in the recent version of the A16 (2007 edition) have
been changed considerably from the previous version (2002 edition) and the material properties (RCC-MR
Appendix A3) have been changed as well. The impacts of those changes on creep-fatigue crack growth
behavior are quantified from the assessments with a structural model. Finally the assessment results were

compared with the observed images obtained from the structural tests of the same structural specimen.

1. Introduction

As the technologies on the design and assessment of a
high temperature component are being improved, the
operating temperatures of reactor structures tend to be
increased for a higher efficiency. An assessment of a
creep-fatigue crack initiation and growth is one of the
key factors in the design and evaluation of a high
temperature structure such as a Liquid Metal Reactor
(LMR), KALIMER(Korea Advanced Llquid MEtal

Reactor)[1] subjected to thermal cycles at a creep regime.

The French RCC-MR A16 guide provides assessment
procedures for a creep-fatigue crack initiation and
growth for an austenitic stainless steel. The recent
version of the A16 guide [2] has been considerably
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modified for the assessment of creep-fatigue crack
growth from the previous version [3]. It should also be
noted that the material data of A3 [4] (French RCC-MR
code Appendix 3) has been changed as well.

In this study, an assessment of a creep-fatigue crack
initiation and growth for an austenitic stainless steel
structure has been carried out with the current (2007
edition) and previous (2002 edition) version of the A16
procedure and a comparison of the results according to
the two versions is highlighted in this paper. The impact
of the changes on creep-fatigue crack behavior (initiation
and growth) and the material properties were quantified.
The assessment results have been compared with those
of the observed images from a structural test.

2. Assessment of a Creep-Fatigue Crack
Initiation

2.1 Creep-fatigue crack initiation

In the RCC-MR code [2,3], the assessment procedure
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for creep-fatigue crack initiation is based on the sigma-
d(og) method. The principal of this procedure is to
determine a stress and a strain at a characteristic distance
‘d” from a crack tip and to compare them with the
material fatigue curve and the creep strength data [5].
The distance ‘d’ is specified as ‘0.05mm’ for austenitic
stainless steels [2-5]. This method is based on a stress
value at a distance (d=50um for austenitic stainless steel)
ahead of notch or crack-like defects.
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Fig. 1 Sodium-cooled Fast Reactor KALIMER-600

In order to evaluate a creep-fatigue crack initiation, the

total strain range according to the A16 guide, (A_g)
should be determined in advance. The strain range is
obtained by adding the strain ranges due to an elasto-
plasticity and creep as shown in eq.(1) [2,3].

Ag = Agelipl + Ao (1)

Here the elastic-plastic strain range( Agep ) i
determined by adding the four strain terms and the creep
strain range (Aeq ) is determined for a given hold time
during one creep-fatigue load cycle. The creep strain
formula for a 316 stainless steel in RCC-MR A3 [4]
employs the Bailey-Norton form of eq. (2).

&, =t (2

whereC, =4.114x10™"°, C, =0.4116,n, =3.361.

The fatigue crack incubation factor (A) is obtained by
a ratio of the specified number of cycles to the number of
cycles prior to a fatigue initiation. The creep crack
incubation factor (W) is obtained by a ratio of the
specified duration of a hold time “At’ to the time prior to
a creep initiation ‘T” determined from the resultant creep
rupture property. If the point for a coordinate for the
fatigue damage and creep damage lies within the creep-
fatigue interaction diagram, it means that a crack has not
been initiated over the creep-fatigue loads under
investigation.
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Fig. 2 Representation model of an IHX support structure
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Fig. 3 Thermal and mechanical loads
2.2 Finite Element Modeling

The structural specimen in Fig. 2 representing an
IHX(Intermediate Heat eXchanger) support structure of a
liquid metal reactor [1] has a 500mm diameter, a 440mm
height and a 6.3mm thickness. A three dimensional half
symmetric model was used for the ABAQUS [6] finite
element analysis as shown in Fig. 2. The artificial defect
was modeled and the bottom surface was fixed rigidly as
a boundary condition as shown in Fig. 2..

The model was subject to the creep-fatigue load cycles
of Fig. 3. The austenitic stainless steel part of the
specimen was heated up to 550°C, held at 550°C for two
hours and cooled down to 90°C, and one creep-fatigue
load cycle took about 150 minutes as shown in Fig. 3. A
total of 300 creep-fatigue load cycles were applied and
the mechanical loads were applied in three steps;
applying 30 tons inducing a nominal stress of 29.9MPa
at the outer shell for the first 200 load cycles, 40 tons
(inducing 39.8MPa) for the next 50 cycles, and finally 50
tons (inducing 49.8MPa) for the next 50 load cycles as
shown in Fig. 3.

2.3 Assessment of creep-fatigue crack initiation

The evaluation results of the creep-fatigue crack
initiation according to the A16 guide of 2007 edition and
2002 edition are given by eqg. (3) and eq. (4), respectively.
n At
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Fig. 4 Comparison of the creep rupture stress for 316L
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Fig. 5 Observed image of a defect tip (after 50 cycles)

The creep rupture strength (CRS) of 316L in RCC-MR
A3 has been modified in the 2007 edition as shown in
Fig. 4. It is interesting to note that the CRS has been
modified to reduce the conservatism for long-term creep.

The assessment results of eqs (3) and (4) show that the
creep rupture time (CRT) has been calculated in a more
reasonable way in the 2007 edition while the CRT is
overly conservative in the 2002 edition when the results
are compared with the observed image of Fig. 5.

3. Assessment of Creep-Fatigue Crack
Growth

3.1 Assessment procedure of the A16 guide

The amount of creep-fatigue crack growth in the A16
guide is determined by linearly adding the fatigue crack
growth and the creep crack growth. The creep crack
growth rate is derived from a C* evaluation based on the
reference stress concept and the da/dt- C* material curve.
The assessment procedures of a creep crack growth and
fatigue crack growth in the 2007 edition of A16 [2] is
considerably modified from those of the 2002 edition in
terms of the J-integral and C* integral formula.

3.2 Evaluation of fatigue crack growth (FCG)

The assessment of an FCG requires a calculation of
the maximum effective stress intensity factor (SIF) range
for an updated size of a defect under a fatigue load as
shown in eq. (5).

AKgy =q-\JE"-AJ, (5)
where g is the closure (R <0) and mean stress (R>0)
coefficient, E* is E for the plane stress, E/(1-v*) is

for the plane strain, and R is the minimum to maximum
load ratio.

In the A16 guide, the SIF K, for a circumferential
defect is given by eq. (6)

K, =(0F, +0,F, + 0 Fy )VC (6)

where o, 0, and o, are the membrane, bending and
global bending stresses, respectively, and F,, F, and
F,, are the influence coefficients and c is a half length of

a defect.

The J-integrals in the 2007 edition and the 2002
edition under a combined mechanical loading and a
thermal gradient are given in eq. (7) and eq. (8),
respectively.

3= (Vo +k. ?) U

ome+th gme+th
[ me ref (8)
Jel me+th V me+th
Oref

where JJ° and JY are an elastically calculated J-

integral due to the mechanical and thermal loads,
respectively and k; is a coefficient providing two
options (k,, for optionaand k;, for option b) in the J

me-+th

calculations. The reference stress oyf  and reference

me-t+th

strain gf  are determined by taking predetermined

reference stresses (oygf and aref) into account using

average tensile curve.
Then the amount of an FCG is determined from eq. (9).

58 =C[AK, | 9)

where C(=5x107%) and n(=3.3) are material constants.

3.3 Evaluation of creep crack growth (CCG)

For the calculation of a CCG, the fracture parameter of
C” is determined during the hold time. The amount of a
CCG during the given hold time t; is calculated from eq.
(10) in the 2007 edition and eg. (11) in the 2002 edition.

2
:(«/cg“e K -./Jg';) (10)
S me+h me+th
[ me | [ Eref
Cs _[ el me+th :| me+th (11)

Orref
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Fig. 6 Assessment results for different options
where C™ is the C” integral for the mechanical loads,

JI is the J-integral under the thermal loads and C; (t)
is the C” integral at time t.
G+t

q
(da,), = j ALCI ()] dt (12)
The amount of creep crack growth is calculated from

eq. (12) where A (= 8.05x1072) and q(=0.81) are
material constants.

As shown in Fig. 6, the assessment results by the 2007
edition show that the combination of a ‘primary creep
plus option b’ (for the calculation of fatigue crack
growth) gives the highest level of crack growth (upper
bound) and the combination of a ‘secondary creep plus
option a’ gives the lowest level (lower bound). The
combination of a ‘Primary creep plus option a’ and the
combination of a ‘secondary creep plus option b’ are
located in between the two bounding levels.
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Fig. 7 Comparison of results from assessments and test

The bounding values in the 2007 edition (in pink
color) and those of the 2002 edition (in black color) are
shown in Fig. 7. It is shown that the creep-fatigue crack
growth in the 2007 edition covers wider ranges than the
2002 edition as shown in Fig. 7.

-4 -

3.4 Comparison of the assessments and tests

A portable optical microscope was used to observe the
creep-fatigue crack behavior of the test specimen with an
interval of 50 cycles (hold time=100 hours),
intermittently up to 300 cycles.

Fig. 8 Observed image of crack growth (after 300 cycles)

Three hundred creep-fatigue load cycles were applied
to the present specimen and the images of the specimen
surfaces were obtained.

The image in Fig. 5 at the defect shows that no distinct
initiation at the D point has occurred. Here an initiation
means a cracking up to the location of D from the tip of a
defect.

The results from the assessment and test for the creep-
fatigue crack initiation show that the assessment for the
crack initiation was reasonably conservative when eq.(3)
and Fig. 5 are compared, while overly conservative when
eq.(4) and Fig. 5 are compared. The actual observation
image shows that no initiation has occurred as shown in
Fig. 5.

The results from the assessment and test for the
creep-fatigue crack growth for the defect were also
compared. The observed images in Fig. 8 show that
crack growth has mainly occurred as a surface crack type.
When comparing these images with the assessment
results of Fig. 8, the evaluation results were shown to be
conservative for the present specimen. Similar results
were obtained for previous creep-fatigue structural test
problems [7-8].

4. Conclusions

An assessment of creep-fatigue crack initiation and
growth has been carried out based on the RCC-MR A16
procedure for a structural specimen representing an IHX
support structure.

An assessment for a creep-fatigue crack initiation was
carried out according to the A16 procedure of the current
(2007) edition and the previous (2002) edition of the A16
guide. The impact of the changes in the material
properties in RCC-MR A3 was shown to be large,
especially for the creep rupture time in 316L stainless
steel and the assessment result according to the 2007
edition has shown to give reasonable creep-fatigue crack
initiation lifetime while the 2002 edition with a lower
creep rupture strength at a short-term hold time and a
higher creep rupture strength at a long-term hold time
was overly conservative.
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An assessment for a creep-fatigue crack growth was
carried out with the 2007 and 2002 editions of the A16
guide as well. The assessment results revealed that the
creep-fatigue crack growth with the combination of a
primary creep law (in creep crack growth) plus option (b)
(in fatigue crack growth) gave upper bound of creep-
fatigue crack growth while the combination of a
secondary creep law plus option (a) gave lower bound in
creep-fatigue crack growth. It was shown that the range
between the upper and lower bounds in the assessment of
creep-fatigue crack growth was wider in 2007 edition
than that in the 2002 edition.

When compared with the structural test results, the
assessment results for creep-fatigue crack growth were
shown to be reasonably conservative.
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