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ABSTRACT

Knowing the crack resistance properties of a structure is essential
for fracture mechanics safety analyses. Considerable attention has
to be given in many cases to the through-wall case, since this is
generally believed to be the controlling casewith regard to complete
pipe failure. Within a co-operative fracture mechanics programme of
Electricité de France (EdF), Novatome and Siemens/KWU, bending
tests with monotonously increasing load on circumferentially
cracked straight pipes of typical "Liquid Metal Fast Breeder
Reactor" (LMFBR) main piping dimensions were performed. In this
report crack resistance curves based on the crack tip parameters$§, J
and Jy are presented and compared with those of C(T)-specimens. The
experiments have demonstrated the enormous extents of stable crack
extension under global bending which is a typical loading for LMFBR
piping structures. The results of checking the transferability
of laboratory specimen crack growth characteristics to the cracked
pPipes on the austenitic stainless steel 316 L demonstrate that this
fracture mechanics concept for a reliable transfer of crack
resistance data from small specimen geometries to large structures
needs further qualification for high toughness materials.

1 INTRODUCTION

Safety demands recommend the use of leak before break (LBB) argu-
ments, especially applicable to large thin-walled pipes which are
characteristicforLMFBR's.Knowingthecrackresistanceproperties
of a structure could be important for evaluating the critical crack
length necessary for the demonstration of LBB behaviour. The re-
quirement of the crack resistance curves, measured on circum-
ferentially through-wall cracked straight pipes from the austenitic
stainless steel 316 L under bending, is further strengthened by the
considerable scatter of comparable data and limited stable crack
growth from small specimen testing. In this context data of the
austenitic stainless steel 304 serve as a good example. The essential
information has been given by Cotter and co~authors [1] who collected
a number of Jp—-curve data showing that the lowest Jr-curve results
frompipe testing. To answer open questions as mentioned above and
to improve calculational methods in this respect a joint fracture
mechanics programme on circumferentially through-cracked straight
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pipes under global bending has been performed by EAdF, Novatome
and Siemens/KWU. The working programme contains experimental and
theoretical investigations being concerned with the transferabi-
lity of small specimen data toreal structures. To improve evaluation
methods for structural integrity and to support licensing proce-
dures the following programme topics were chosen:

- Derivation of the crack resistance curves (R-curves) for ori-
ginal LMFBR geometries, based on the J-Integral and the Crack Tip
Opening Displacement &, measured on cracks located in Weld
Material (WM), Heat Affected Zone (HAZ) and Base Material (BM).
This objective involves the determination of the structural and
material effects on the R-curve.

- Check of transferability of laboratory specimen crack growth
characteristics to circumferentially cracked pipes. Beside the
general influence of geometry, this situation is given if the
small specimen fracture resistance properties which represent
only a few mm crack growth have to be extrapolated to real
structures where the crack growth can be two orders of magnitude
higher.

- Check of the applicability of theoretical methods for the pre-
dictionof the crack-initiationandcrack-instability.

The analytical investigations are presentedin [2] and the stress
intensity factor solution is presented in [3]. The application of
other analytical methods (flow stress concept and plastic limit
load concept) to these test results shows the conservatism of
these approaches [4]. This report presents the experimental results
of seven tests (test 1 to 6 at RT (20 °C), test 7 at 550 °C)
conducted on full scale LMFBR typical pipes of 316 L austenitic
stainless steel under monotonic loading condition with different
crack angles and crack locations.

2 TEST CONDITIONS

The pipes have been connected with the loading structure as shown
inFig. 1l. For loading characteristics, geometries of the tested
straight pipes and material data see ref. [3]. Table 1 gives the
geometries and Tablel of [3] gives the geometries andmaterial data.

3 RESULTS

3.1 Crack tip opening displacement
Amicroscope was used tomeasure the crack tip openingdisplacement §
at theoriginal crack tipon the photos taken during the pipe tests.
8 isnot imposedbystrong limitations for the ligament and the allow-
able crack extension [5]. The crack tipopening displacement has been
measured on a gauge length of 5 mm and is designated as the §s5-
value. Fig. 2.1 shows a linear correlation between 65 and the crack
extensionAcwhichbegins after ashort initial non-linear part.
85,r-curves have been measured also on C(T)-50 (width W = 50 mm,
thickness B = 12.5 mm) specimens using the 8s-gauges of GKSS.
For C(T)-specimens 85 isvaliduptoAc=25% of (W-cg) [6] which is
equal to 5 mm for the used specimens (cg = initial crack 1length).
Within that limit the 8s5,g—curve may betransferredto the pipe. The
small specimendata are available for crack extensions upto 5.5 mm.
In this range the 8sg-curves of the pipe experiments tend to change
over toa linear correlation. An extrapolation of this linear part to
larger crack extension isdifficult. On the other hand the scatter of
the measured data of C(T)-specimens is verysmall. Therefore, in
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Fig. 2.2 only asingle (mean) curve is drawn for comparison with the
dataof pipetests5and 6. As shown in [2] the8gr-curve measured at
the pipes can be used to predict the maximum applied force and the
crack growth at that point. But nevertheless it seems to be question-
able to describe instability behaviour by using a parameter at the
original and not theactual cracktip.

3.2 J-Integral

The Jg~curves (Fig. 3.1) of the pipes were obtained from the mea-
sured data of load, displacement and crack length were used. The
theoretical work of Ernst [7] was used as a basis. As can be seen
for 316 L SPH pipes with the initial cracks of 120° the Jg~curve of
the WM (test 3) is well below the curve of the BM (test 5). This
toughness-effect can be seenalso on small specimen tests. The Jg-
curve of the HAZ (test 2) is positioned between those of the WM
and the BM but near those of the BM (test 5). Note: After an
extension of 10 mm on one side and 60 mmon the other the crack of
the 4th test deviates to the HAZ and BM respectively. Therefore
the R-curve of test four is near those of the HAZ-test (test 2). The
Jr-curves rise monotonically up to a Ac of 300 mm. The shapes of the
curves are non-linear. J is calculated according to the basic

formula:
J= 1 F‘(aF')d
‘_—2t o Y dc v

(F = load, ¢ = semi crack length, y = load point displacement)
In [8] RT-J-integral measurements using C(T)-specimens (W =
25.4 mm) of the tested pipematerial (316 L SPH) are described. These
tests were performed onBMandonWM. The values of Jp (mean values
of about 6 tests for the points where the first deviation from the
straight initial line in the potential record occurs) of these
tests are: 1050 Nmm-1 for BMand 400 Nmm-1 for WM. The HAZ-value
720 Nmm-1 has been calculated as the mean values of BMand WM.
The initiation value Ji.9 (value of J at Ac = 1 mm) for the
tested pipes are listed in table 1.

Normally small specimendataare used for analysis of component
behaviour. The essential question is whether the procedure using
small specimen data of the Jr-curve for analysis of component
behaviour is reliable. To qualify analytical methods developed
for integrity investigations it has to be demonstrated that the
crack tipfield in small specimens under large scale yielding corres-
ponds directly tothecrack tipfieldin full-size structures under
small scale yielding, i. e. that the geometry and constraint con-
ditions of standard small specimens cover the component situation.

For C(T)-specimens an agreed criterion has been developed for
J, specifyingthatJ isvalid up toAc= 6% of ( W-cg) [6] which is
equal to 1.2 mm for the tested C(T)-50 specimens. Within that
limit it may be allowed to transfer the R-curves of the tested
C(T)-specimens to those of the pipes. The Jr-curves of the C(T)-
specimens were determined by using standard test procedures after
DVM (2 Jy), EGF and ASTM. Results of J-calculations depend on the
chosen procedure (see Fig. 3.2). Therefore additionally the same
equation as used for the pipes has been used for the tested
C(T)-specimens. This equation leads to the R-curve called "J-
Pipe",.
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As shownin Fig. 3.1 the Jg-curves of the pipes are non-linear in
alarge range after crack-initiation. Concerning extrapolation of
crack growthdata fromsmall specimens geometry effects as described
e.g. in{9] have to be taken into account. A significant step in
developing a geometry independent R-curve came from the work of
Ernst [7] where he suggested amodifiedJ "Jy". InFig. 3.3 the Ju,r-
curves obtained in the pipe tests are plotted. These R-curves are
initially identical and for larger crack extension above the
Jr—curves. The Jy-values calculated for C(T)-specimens show nearly
the same values as J-pipe up to about 2000 Nmm-1 (see Fig. 3.2) which
leads to the same difficulties in the determination of the small
range of crack extension it cannot be concluded whether a constant
slope dJdy/dc is achieved.

4 CONCLUSIONS FROM THE EXPERIMENTAL INVESTIGATIONS

The experiments have demonstrated the enormous extent of stable

crack growth under global bending. The failure could be finally a

plastic instability or buckling of the remaining ligament, rather

than sudden fast fracture. The crack resistance properties for crack
initiation and stable crack growth resulting from the 550 °C-test
are lower than from the RT-tests.

Crack initiation: The crack resistance property Jj.g is lowest in
the weldment. The differences between the HAZ and BM are small.
The pipe-data seem to be invariant with respect to initial crack
length. The small specimen-data, especially those of the BM, are
higher than the pipe-data.

Stable crack growth: The crack resistance properties are lowest
in the weldment. The Jg—-curves of the 550 °C-test are lower than
those of the RT-tests. The crack tip parameters for the tested pipes
maybeapplledw1ththe following limitations:

The dgr~curves are linear after an initial non-linear range. The °

behaviour of these R-curves does not depend on a calculation-

procedure. For extrapolation to the pipe-R-curves larger speci-
mens have to be used.

- The Jg—curves are non-linear and the validity is limited. There-
fore the Jr-curves of the pipes are not covered by C(T)-50 spe-
cimens. For the RT-tests the results of C(T)-50 specimens cannot
be extrapolated to the R-curve behaviour of large structures;
therefore larger specimens should be used. Additionally R-curves
depend on the chosen calculation-procedure.
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Fig. 1 Schematic Drawing of Fig. 2.18g-curves for the pipes

the experimental (legend in Table 1)
set-up



446

% | RT

| Pipe~data ‘

C(T)-specimens
316 L SPH

BM

W = 50 mm

10
Ac[mm]

20

Fig. 2.2 dg-curves of two pipes Fig. 3.1Jg-curves for the
with those of C(T)-
specimens, same material (legend in Table 1)
(legend in Table 1)
6000 30000
L |
J RT JM <+
N EGF, N ]
(e 1 ASTM E813-87 (e ] - *
' I [ *
a
-
40004 20000 A .
! J-Pipe
] *zx
2000+
Pipe-data
:
%% ‘ 10 ' 20 i 300
Ac[mm] Ac[mm]

Fig. 3.2 Jr-curves of three pipes Fig.

30000

(=1

20000+

Ac[mm]

3.3Jup—-curves for the

with those of one C(T)-
specimen, same material
(legend in Table 1)

pipes
(legend in Table 1)



