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Abstract

The innocuity of small flaws under the cladding of PWR steam generator tube plates has
been demonstrated. Fatigue crack growth and crack instability testing was performed on large
mock-ups with more than one hundred holes each., The fatigue crack growth rate decreases with
the depth of the crack, there is no fatigue crack initiation in the adjacent ligaments, and
crack instability is limited and does not affect the uncracked ligaments.

Numerical analyses of the mock-ups were performed with a 3-D energetic formulation of
Paris law for fatigue crack growth, and new elastic moduli for the equivalent perforated
solid. The ASKA finite element program was used. The numerical methods are validated by the

experimental results on the mock-ups.
1. Introduction

The risk analysis of fatigue crack growth of small flaws under the cladding of PWR steam
generator tube plates is required to demonstrate the innocuity of these flaws. In previous
Framatome work, it was shown that a small defect could not propagate through the cladding
during the forty years of plant operation. As the feasibility of non-destructive examination
of the steam generator tube plates has not yet been established, an experimental assessment
has been found necessary.

It is felt that the growth of a crack in ligaments between a few holes of a steam
generator tube plate is not a catastrophic event : the crack should remain between the holes
and its growth in depth should be limited by the adjacent uncracked ligaments. In order to
support this proposition, an experimental program on large mock-ups was undertaken and is now
half completed. In addition, the experimental program validates numerical methods for the
analysis of tube plates, including 3-D formulation of Paris law for fatigue crack growth and

new elastic moduli for the anisotropic equivalent solid modelling the perforated plate.

2. Experimental procedure

2.1. Mock-ups

In order to demonstrate the innocuity of underclad cracks in steam generators tube plates,
the mock-ups have to be large enough for their global rigidity not being modified by the
growth of a crack in one or two ligaments between holes, as in real tube plates. Eight mock-

ups of dimensions 1600 mm (length) x 325 mm (width) x 150 mm (thickness) were machined with
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more than one hundred holes in their central part (Fig. 1). The square pattern (d = 32.54 mm)
and the size of the holes (@ 22.6 mm) are those of the steam generator tube plates.

The mock-ups have flaws of initial depth 15 mm either in a small ligament (Fig. 2a), in a
large ligament (Fig. 2b), in two small ligaments (Fig. 2d) or in two large ligaments (Fig.
2e). A mock-up with a flaw that is not intersecting the holes (Fig. 2c) will be tested too, in
order to check that the flaw is "caught" by the neighbouring holes before its length grows too
much ; the flaw geometry will then be similar to those of Figs. 2d or 2e. The flaws of Figs.
2a to 2d are perpendicular to the applied stress, the flaw of Fig. 2e makes a 45° angle with
the applied stress.

The flaws were obtained before hole drilling from an electron beam melted line ; the
melted line is then hydrogen embrittled with an electrochemical device, and it cracks as a
result of residual stresses.

In addition to the five flaw locations of Fig. 2, in mock-ups without cladding nor tubes,
two mock-ups have expanded tubes in the holes (flaw locations of Figs. 2a and 2b), and one
mock-up 1s cladded and stress relieved before hole drilling and tubing (flaw location of Fig.
2a).

2.2. Material

The mock-ups are taken from a 670 mm thick steam generator tube plate forging, so that the
initial flaws are located at the quarter thickness and perpendicular to the tangential direc-
tion. The chemical composition of the heat and at the quarter thickness of the forging are
given in table I. The Charpy V energy at 20°C is very sensitive to the location : at the upper
quarter thickness of the tube plate the mean energy is 40 J with a minimum value of 20 J
only ; at the lower quarter thickness the measured energies are above 100 J. So the mock-ups
taken at the upper quarter thickness were expected to be brittle at room temperature.

The fatigue crack growth rate of the material was measured with 1T-CT specimens and 1is
reported in § 4.3. The cleavage fracture toughness of the material at the upper quarter
thickness was measured with 1T-CT specimens. Ho valid KIC could be obtained j; the toughness
Kjo was calculated from the J-integral (J = (1-v®)K2/E) and is in the range 110-280 MN.m—3/2
(8 tests).

2.3. Testing conditions

The demonstration that a crack in a tube plate should remain between the holes and that
its growth in depth is limited does not depend on the environment and temperature. That is why
fatigue crack growth testing of the mock-ups was performed in air at room temperature, with a
1000 kN electro-hydraulic closed loop testing machine.

Crack instability testing temperature was in the range -60°C to 20°C , depending on the
mock-up location (see § 2.2). The amount of unstable crack growth can only be increased by
testing at low temperature.

The mock-ups are loaded in four-point bending (Fig. 1). Bending is representative of the
stresses experienced by a real tube plate. The most significant difference between the mock-
ups and real tube plates is the thickness j nevertheless the innocuity of small flaws
demonstrated with the mock-ups can be extended to real tube plates. If necessary, the numeri-
cal methods validated by the experimental results on the mock-ups could be used to confirm

this point.
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3. Experimental results

The first four experiments were completed at the beginning of 1985. They were performed on
mock-ups with flaws located in a small ligament (Fig. 2a), in a large ligament (Fig. 2b, with

and without expanded tubes in the holes) and in two small ligaments (Fig. 2d).

3.1. Fatigue crack growth testing

For flaws deeper than about 20 mm, the stress intensity factor K decreases with crack
depth (BILLON and FLESCH [1]). Therefore the fatigue crack growth rate is expected to decrease
under constant loading range, especially in bending. That is what is observed on the four
mock-ups, under a constant loading range of about 200 kN, corresponding to a mean stress range
in the ligaments of about 130 MPa. The fatigue crack growth rate factor of reduction from the
beginning (flaw depth 15 mm) till the end of the test (flaw depth in the range 39-54 mm) is
between 1.5 and 2.5, depending on the mock-up. The lower factor is obtained on the mock-up
with expanded tubes, but in that case the fatigue crack growth rate is low from the beginning
of the test j the expanded tubes have a beneficial effect on the growth rate.

No fatigue crack initiation is observed in the holes adjacent to the cracked ligaments for

number of cycles up to 1.5 x 106.

3.2. Crack instability testing

No crack instability at 20°C could be obtained in the first mock-up (flaw in a small
ligament) with a load up to 1250 kN. The flaw depth is 46 mm, the stress intensity factor
given by 3-D numerical analysis is 95 MN.m'3/2.

Two crack instabilities were obtained at 20°C during fatigue testing of the mock-up with a
flaw in a large ligament. The fracture surface is shown in Fig. 3. The critical stress inten-
sity factor corresponding to the first instability, given by analytical approximate relations,
is 45 MN.n~3/2 only (flaw depth 15 mm, maximum load 300 kN) ; but an embrittling effect of
hydrogen introduced to create the initial flaw (§ 2.1) is not excluded. At the end of fatigue
testing, a third instability was obtained at -20°C (flaw depth 42 mm, critical load 806 kN).
The loading curve is given in Fig. 4 ; an overall plastic deformation of the mock-up is
observed. The crack arrested at depth 64 mm, and was not reinitiated by increasing the load at
806 kN again.

The two last mock-ups were tested at -20°C and -50°C and the same conclusions were deri-
ved : even in a low toughness material, unstable crack growth is limited to the flawed liga-
ments and its amount does not exceed a few centimeters ; it does not at all affect the

behaviour of the whole structure.

4. Numerical analyses and comparison with experimental results

4.1. Formulation of Paris law for 3-D problems

A precise analysis of fatigue crack propagation in tube plates generally requires a three-
dimensional formulation of Paris law. Effectively, except the flaw location of Fig. 2a, the
crack fronts are curved (see Fig. 3 for instance).

The proposed formulation is described in details by WADIER [2]. Only the main features are
recalled in the present paper. The basic assumptions are :

- the crack front propagation obeys the Paris law, in its energetic form, at each point in

the normal plane
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- the crack front is defined by a small number of parameters 9y i =1, «w, n3; normally,
n=2or 3is sufficient.

The growth rates dqi/dN of these parameters are then given by a non-linear system of n
equations.

The method requires the computation of the energy release rates G; for the crack propaga-
tions corresponding to the parameters qj. They are obtained from the potential energy of the
structure, which is computed for a lot of different crack fronts corresponding to various
combinations of the parameters q. The finite element computation is not too long thanks to
appropriate substructure calculation techniques : if there are N different crack fronts, only

a very short computation phase must be repeated N times.

4.2. Elastic moduli for the anisotropic equivalent solid

A fine mesh 1s necessary for the crack plane and the neighbouring holes. But it is impos-
sible, and needless, to mesh the remaining holes, about one hundred in the mock-ups. At one or
two holes distance from the crack, an equivalent homogeneous solid can be used.

In the tube plates stress analyses, isotropic elastic moduli, given in table II, were used
by the steam generator manufacturer. But a perforated plate with a square pattern cannot be
considered as an isotroplc solid ¢t the stiffness of the plate is obviously different in the
direction of the square pattern, and in the direction making a 45° angle with it ; with
approximate semi-analytical methods, SLOT [3] obtained relative Young moduli E¥/E = 0,425 and
0.246 respectively (E is the modulus of the base material, E¥ the modulus of the equivalent
solid).

The new methods of "homogeneisation" (DUVAUT [u]> make it possible to obtain precise
values for the elastic moduli. A unique elementary cell (a square with a circular hole, in
plane elasticity) is consldered, with periodicity conditions on its boundaries ; on imposing
different macroscopic strains, finite element computations of the cell give the elastic
moduli. The results are given in table II and are in good agreement with those of SLOT and

with the modulus calculated from the bending stiffness of the mock-ups.

4.3. Analyses of the mock-ups

The complete results of the analysis of the first mock-up only (flaw location of Fig. 2a)
were available at the beginning of 1985. A partial view of the finite element mesh is given in
Fig. 5. The computation time is largely reduced by using the vectorized ASKA program on a
CRAY-1 computer.

The strains in a ligament between two holes, measured with strain gages, are compared with
the computed strains in Fig. 6. The good agreement demonstrates that the finite element
meshing of 12 holes (Fig. 5) is sufficient j with 6 holes the agreement is not so good.

The front of a crack in a small ligament is almost straight. It is in agreement with the
3-D analysis, considering two parameters for the crack front : one for the depth, one for the
shape. The computed growth rate of the shape parameter is very low, and the crack grows with a
constant, almost straight, shape. The fatigue crack growth rate of a straight crack is charac-
terized by AK., In Fig. 7, the measured growth rate is compared with the growth rate deduced
from the computed AK and the Paris law da/dN = C(AK)™ of the material determined with CT

specimens. The agreement is good.
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5.

Conclusions

In order to demonstrate the innocuity of small flaws under the cladding of steam generator

tube plates, fatigue crack growth and crack instability testing was performed on large mock-

ups. The good behaviour of perforated plates is established. Numerical methods, ineluding new

theoretical developments, are validated by the experimental results on the mock-ups.
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TABLE | — CHEMICAL COMPOSITION OF THE TUBE PLATE MATERIAL (weight %)

Cc S P Si Mn Ni Cr Mo \ Cu
Heat 0.17 0.010 | 0.009 | 0.23 134 | 072 024 | 0.52 0.006 | 0.07
1/4 thickness 0.1556 | 0.009 | 0.007 0.21 1.36 | 0.69 0.25 0,52 | <0.01 | 0.057
x 11
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Figure 1 — Perforated mock-up in four point bending
{without cladding).
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Figure 3 — Fatigue and unstable crack growth in a mock-
up with a crack in a large ligament.
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Figure 2 — Locations of the flaws in the
center of the perforated
mock-ups.
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Figure 4 — Loading curve at —20°C, up to unstable crack

growth, of a mock-up with a crack in a large
ligament {fig. 2b).
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TABLE Il — ELASTIC MODULI FOR THE EQUIVALENT SOLID MODELLING THE PERFORATED PLATE.

Eq E3 12 V13 G2 Gi3 Ey

1(2 moduli) 0.224 0.224 0.369 0.369 0.082 0.082 0.224
SLOT (4 moduli) 0.425 - 0.175 — 0.075 0.246
Present work (6 modutli) 0.425 0.620 0.175 0.196 0.080 0.216 0.244
Mock-up experiments 0.43 - — - = - 0.29
E=1,v=03,G=E/2(1+v) = 0.385 for the base material
E : Young modulus, » :Poisson coefficient, G : shearing modulus
1,2 : directions of the square pattern
3 : direction perpendicular to the plate
| : direction making a 45° angle with the square pattern.
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Figure 5 — Partial view of the finite element mesh of

the first mock-up (crack in a small ligament),
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Figure 6 — Comparison of measured and computed
— strains in the mock-ups {unit : 10" per N
of applied load).
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Figure 7 — The points representing the fatigue crack

growth rates measured on the first mock-up
versus AK given by 3-D numerical analysis
are in good agreement with the Paris law of
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