W. Bohme* and W. Schmitt*

On the Ductile Crack Initiation and
Propagation Behaviour of a Pressure
Vessel Steel under Impact Loading

REFERENCE BoOhme, W. and Schmitt, W., On the ductile crack initiation and propagation
behaviour of a pressure vessel steel under impact loading, Defect Assessment in Components —
Fundamentals and Applications, ESIS/EGF9 (Edited by J. G. Blauel and X.-H. Schwalbe) 1991,
Mechanical Engineering Publications, London, pp. 681-692,

ABSTRACT For the determination of dynamic J resistance curves, drop weight experiments
were performed with large three-point bend specimens made from a ferritic pressure vessel steel.
The specimens were side-grooved and fatigue-pre-cracked. Different amounts of ductile crack
extension up to 25 mm were achieved by varying the available impact energy. The experiments
were analysed with different experimental techniques including optical methods with high-speed
photography. Mainly the measured hammer load signals were used to calculate J integral
values. Together with the measured crack exteasions dynamic J resistance curves were deter-
mined. The results are significantly above respective static or published dynamic data. At a
crack extension of about 3 mm there is a significant change in the slope. Examinations of the
fracture surface and metallographic sectioning perpendicular to the crack front showed that
behind the stretched zone the ductile main crack is accompanied by a side crack up to 3 mm
long. Tts size correlates approximately with that crack length where the slope of the J resistance
curve is changing. The additional energy needed for the formation of side cracks might explain
the high J integral values at a given size of the main crack. For comparison, further experiments
were examined in a similar manner, The results indicate that with increasing loading rate and
specimen size the tendency to develop side cracks increases in correlation with higher resistasnce
curves. Finally, an attempt is made to discuss the relevance of this effect for the behaviour of
components.

Introduction

Dynamic fracture resistance curves were determined by impact tests in order
to quantify the rate dependence of the toughness properties at initiation and
fast crack propagation for a ductile material. With impact velocities of several
metres per second the achieved loading rates were five to six orders of magni-
tude above usual static rates, and can be considered as an upper limit for
loading rates expected during postulated emergency and faulted conditions in
a pressurised water reactor.

The investigations were performed with the ferritic pressure vessel steel 22
NiMoCr 3 7 (= ASTM A 508 Cl 2) at temperatures in the upper shelf regime
of the Charpy energy of about 200 Joule. The evaluations are focused on the
processes during ductile crack initiation and extension. The results are sum-
marised here, whereas more details are given in (1).
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Experiments

From a heat of the steel 22 NiMoCr 3 7 ( = ASTM A 508 Cl 2) relatively
large bend specimens (SENB 90) with dimensions 495 mm x 90 mm x 45 mm
were machined in I-S orientation. The in-plane dimensions are 9 times, the
thickness is 4.5 times larger than for ISO V or Charpy specimens. The speci-
mens were fatigued and side-grooved (20 percent). The initial crack lengths a,
were 45.6 + 14 mm. The SENB 90 specimens were loaded in three-point
bending with a support distance § = 4W = 360 mm in a drop-weight tower
{see Fig. 1). The impact velocity was 6.77 m/s. The impact energy was varied
by using different masses of the hammer in the range of 111-282 kg; thus,
different amounts of ductile crack extension could be achieved in different
fests.

From parts of a broken specimen without plastic deformations Charpy
specimens (SENB 10) were machined and provided with fatigue cracks and
side-grooves like the SENB 90 specimens. The initial crack lengths were a5 =
55 £ 0.3 mm. The Charpy specimens were loaded in a pendulum with a mass
of the hammer of 20 kg. Different amounts of ductile crack extension were
achieved by a variation of the impact velocities between .55 m/s and 1.73 m/s.

In all experiments the load P was measured at the top of the impacting
hammer by means of statically calibrated strain gauges and recorded as a
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Fig 1 Experimental set-up (schematic)
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function of the time t. The load signal was integrated twice according to refer-
ences (2)(3) yielding the time-dependent displacement of the hammer, s(¢), and
thus load—displacement records P(s) were constructed. Characteristic examples
are given in Fig. 2 for the SENB 90 specimens and in Fig. 3 for the Charpy
specimens.

Large oscillations occur at the very beginning of the load signal with the
first peak being the so-called inertia peak. These oscillations are caused by
elastic wave propagation and vibration effects and are discussed elsewhere
(4)-(8) in more detail. Because of the damping effect of plastic deformation
especially near the impact position these oscillations level out early. Therefore,
the quasi-static evaluation performed here leads to reasonable accuracy after
about three oscillations.

In the experiments with SENB 90 specimens further measurements were
performed simultaneously. Almost all specimens werc instrumented by strain
gauges in order to get some information about the actual loading in the speci-
men in addition to the external load record. Despite of the oscillating external
load in the very beginning of the impact event the strain gauge signals show
an almost lincar increase of the crack tip loading in agreement with predic-
tions for this type of specimen (5){8). From the slope of the elastic strain
gauge response the initial crack tip loading rates dK/ds are determined to be
about 7 - 10° MPa,/m/s for the SENB 90 tests (fixed impact velocity) and
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between 1.4 x 10° MPa,/m/s and 3.2 x 10° MPa,/m/s for the SENB 10 tests
depending on the impact velocity. These loading rates differ only by a factor of
two to five and, therefore, can be considered as of the same order of magni-
tude, whereas usual static loading rates are about five decades lower.

For a direct determination of the crack tip loading the shadow-optical
method of caustics was applied in reflection; to this end the surfaces of some
of the specimens had to be lapped and polished. The caustics were recorded
with a 24-spark high speed camera during the tests. As an example, Fig. 4
shows a series of such caustics. Caused by the very high J integral values
obtained here the caustic pattern in front of the crack is interfering with a
shadow pattern formed at the point of impact. A guantitative evaluation of J
values based on the diameter of the caustics is in progress.

Additionally in some cases the deformation pattern of the specimen surface
was determined directly by high speed photography of the specimen surface
where a grid was applied by scratching. From these pictures the global
bending displacement of the specimen and the opening of the crack flanks may
be determined.

The experiments were carried out at temperatures in the upper shelf of the
Charpy energy (200 J) mainly at 60°C. A few SENB 90 specimens were also
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Fig 4 Series of caustics obtained during impact of 2 bend specimen at very high J-integral values

tested at room temperature and at 90°C. In some experiments at 60°C a
sudden change of the fracture mode into cleavage could be observed even after
several millimetres of ductile crack extension (1). In the following, only the
phase of ductile crack extension will be explored and evaluated. The results do
not show a significant influence of the test temperature on the amount of
ductile tearing so that the J integral values and resistance curves will be dis-
cussed independent of the temperature.

Results

It was the first goal of the investigations to determine a J resistance curve for
dynamic loading. Since for impact loading no standard evaluation scheme is
available a procedure in accordance with ASTM E 813 (9) and ASTM E [152
(10) (multi-specimen technique) was chosen. Here, the J integral values are
determined from the load displacement record P{s) and correlated with the
respective amounts of ductile crack propagation Aa determined after the test
by optical inspection of the fracture surfaces.

Figute 5 shows dynamic J values versus the respective amounts of ductile
crack extension for the SENB 90 and Charpy specimens. The linear shape of
the J-R curve for the SENB 90 specimens above Aa = 3 mm is confirmed
through further data points up to Ae =~ 16 mm (see (1)). The J-R curve for the
Charpy specimens results from 10 data points with only little scatter (see (1)).
In addition the calculated blunting line J =20, Aa is given. Since the
dynamic stress strain curve of the material was not available 2 dynamic yield
stress of 637" = 700 MPa was chosen which is 25 percent above the statically
determined yield stress ¢3* = 560 MPa.

The Charpy data yield J values up to about { MN/m, while the results from
the SENB 90 specimens are significantly higher, The J values exceed the
maximum J capacity J_,, of the specimens as proposed in the standard after
only very small amounts of crack extension {Charpy specimen: J,_ . = 0.35
MN/m, SENB 90 specimen: J_,, = 1.58 MN/m). Since better evaluation
methods are not yet available the further discussion of the results will also be
done on the basis of the J integral concept.
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Fig 5 Static ané dynamic J-R curves for specimens of different type and size (22 NiMoCr37 2 A
508 Cl2)

The Charpy data are well in agreement with comparable results for A 533 B
and A 508 steels reported by Curr et al. (11) or Kobayashi et af. (12). At first
glance the SENB 90 data seem to follow the blunting line up to about Ag & 3
mm, although the so-called stretched zone ends as early as Ag & 0.1 mm, indi-
cating a significant amount of ductile crack propagation for all data points
reported. Only at very high J values of about 3.3 MN/m the slope of the curve
changes remarkably leading to a less steep increase of the resistance curve,
however at very high J values.

For comparison, Fig. 5 shows further results of the same heat from static
tests with SENB 90 specimens (13) and with CT-25 specimens {14). Two
results from static SENB 90 tests define a slope which nicely matches the slope
of the dynamic curve for the SENB 90 specimens for large crack extensions.
This points to the fact that the tearing modulus or the crack propagation
energy will not be significantly different between static and dynamic loading.

The absolute values of the static curve lie significantly below those from the
dynamic curve, however. This is apparently caused by the fact that for static
loading the transition from the stgeper to the flatter part of the curve occurs at
smaller amounts of crack extension than for dynamic loading. The static curve
intersects with the blunting line at a crack extension of about 1 mm as
opposed to about 3 mm for the impact tests (see also next section). The static
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Fig 6 Static and dynamic J-R curves in comparison to data from literature

J—R curve from the CT-25 compact specimens forms the lower bound to all
other curves.

For a further comparison, Fig. 6 compiles static and dynamic resistance
curves for similar pressure vessel materials (15)(16). These are also signifi-
cantly below the SENB 90 results reported here. The differences are explained
in (1) based on analyses of the fracture surfaces described below. Numerical
simulations (17) conducted in partailel {o the experiments also yiclded resist-
ance curves only sliphtly below those determined directly from the experiments
and therefore confirm the results and conclusions reported here.

Fractare analysis

Examination of the fracture surfaces by scanning electron microscopy revealed
no indications for a change of the ductile fracture mode after a crack extension
of about 3 mm which could explain the sudden drop in the slope of the resist-
ance curve. Only at Ag & 0.3 mm a crevice was found running parallel to the
crack front which is partly interrupted or displaced. This crevice indicates side
cracks going into the depth of the material. Therefore, additional metalio-
graphic sectionings were performed perpendicular to the crack front at those
positions where the crevice was most remarkable. In Fig. 7 one sees for a
dynamically loaded SENB 90 specimen that behind the crevice there is a side
crack of about 3 mm hiding below the ductile main crack.
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Fig 7 Polished section of a dynamically loaded SENE 90 specimen

This feads to the conclusion that in the beginning of the fracture process
after crack tip blunting at least two cracks were formed and extended. It might
be expected that these two cracks consume more energy for propagation than
a single crack, since, e.g.. for a given displacement the crack tip opening for
either of two (or more) nearby cracks will be lower than for a single one, This
would qualitatively explain the initially steeper J-R curve if multiple cracks
are present, and the subsequent smaller slope of the curve if only a single main
crack is propagating. In addition, the lengths of the obtained side cracks agree
well with the amount of crack extension where the change of slope occurs in
the resistance curve.

It is worth noting, that this side crack formation and the corresponding
steep J—R curve occurs within the ASTM limits, where the data are close to
the calculated blunting line. The propagation of a single crack, however could
only be obtained beyond the ASTM validity range.

It is furthermore remarkable that the main crack has a ductile fracture
surface with dimples while the side crack appears smooth (see Fig. 7), which
might be an indication for shear failure along slip lines. Thus, ductile crack
initiation is accompanied here by macroscopic side cracks which can obvi-
ously be formed at slip lines +45 degrees off the main crack, Therefore, two-
or even three-crack systems are conceivable about initiation. Although a com-
plete explanation of this mechanism is not yet possible the principal influence
of loading rate and specimen size on this effect may be deduced at least quali-
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Fig 8 Polished sections of the crack initiation region for different specimen and loading rates

tatively in Fig. 8, and, in addition, the consequences with respect to the crack
resistance behaviour can be discussed (see (1)).

With increasing loading rate, and in particular with increasing specimen size
the tendency to form side cracks increases. At the same time higher resistance
curves with a significant change in slope are observed. This change occurs at
amounts of crack extension which are in agreement with the size of the side
cracks.

Discussion

Following the current understanding of ductile crack initiation and propaga-
tion the first phase is characterised by crack tip blunting and the formation of
a stretched zone. In the following second phase a single ductile crack extends,
Transition from phase 1 to phase 2 should be accompanied by a significant
change in slope of the J-R curve defining a critical initation value J;.

This simple model has to be extended now in the light of the previously
discussed results as sketched schematically in Fig. 9. Phase I corresponds to
the former phase 1 and is related to the process of crack tip blunting. It is,
however, now followed by a new phase I, where one propagating main crack
is accompanied by additional side cracks., Only in phase III (corresponding to
the former phase 2) the crack propagation of a single ductile main crack takes
place. )

The three phases, I-I1I, correspond to three different slopes of the resistance
curve defining two kinks with two different critical J values. J; corresponds to
the well known initiation value. The new value J** is a critical value for the
start of the ductile extension of a single crack.

This fracture resistance value J&* could be a material parameter which,
however, depends strongly on the loading conditions. The results presented
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here indicate that J}" is lowest at low loading rates and for small specimens.
Therefore, it seems to be reasonable to use statically loaded small specimens,
e.g., compact specimens if lower bound ductile fracture resistance curves are to
be determined. The value of JI'" then obviously will be so close to J, that both
kinks may no longer be distinguished resulting in lower bound J-R curves
with a continuously changing slope.,

On the other hand JY* obviously increases with loading rate and especially
with specimen size. Presumably the kink in the resistance curve could be
resolved for the first time so clearly in this investigation because two effects
each of which promoting phase II and high values of J* were combined:
First, relatively large specimens were utilised and, secondly, the tests were per-
formed at high loading rates. It might be possible that the high toughness level
of this material, as indicated by the CT 25 data, contributes to this cffect as
well.

Of particular interest for the evaluation of components is the fact that J**
increases with increasing specimen size. Therefore, phase II with the corre-
sponding steeper resistance curve could be important for larger components, If
the trends reported here could be confirmed, additional safety margins may be
expected for components.

Conclusions

The investigations aimed at the characterisation of the ductile fracture of a
pressure vessel steel at elevated loading rates are based on the J integral
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concept. To this end, impact experiments were performed with SENB 90 speci-
mens in a drop weight tower and with Charpy specimens in a pendulum. All
specimens were fatigued and sidegrooved.

From the measured hammer load signals J integral values were determined.
By a multi-specimen technique the available impact energy was varied to
achieve different amounts of crack extension and thus dynamic J-R curves
were determined, the J-R curve of the SENB 90 specimens lies significantly
above related static and dynamic results. Also, a significant change in slope
was found at Aa =~ 3 mm.

Investigations of the fracture surfaces and sectionings perpendicular to the
fracture surface revealed that the stretched zone is followed by a region where
the ductile main crack may be accompanied by side cracks up to about 3 mm
length. This length corresponds approximately to the crack length at which
the J-R curve exhibits a change in slope. A peer investigation of other experi-
ments gives indications that the tendency to develop side cracks and therefore
to increase the fracture resistance curve increases with the loading rate and in
particular with the specimen size.
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