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1 Introduction

The pressure retaining boundary of the primary circuit is
subjected to complex loadings resulting from normal operation
and exceptionally, from emergency conditions. To assure
sufficient safety margins assuming that the structure contains
flaws reliable material properties must be available. The
safety margin can then be determined quantitatively when these -
parameters are considered in _conjunction with the calculated
stresses, strains and stress intensity values.

For the assessment of the safety margin, the ASME boiler and
pressure vessel Code in the US and the XTA rules in Germany
present normalized lower bound fracture toughness values for
brittle crack initiation (static and dynamic) and grack arrest
of commonly used reactor pressure vessel materials. In
addition, methods are given which show how component specific
" lower bound fracture toughness curves can be derived from the
normalized curves. These are based on material acceptance test.
data and surveillance results with respect to the design life
time (DLT). The fracture mechanics requirements of these
Codes, however, are limited to the linear elastic fracture
mechanics regime and do not cover the elastic-plastic fracture
mechanics regime. For all considerations the Charpy impact
test and the date derived therefrom play a central role
although this data do not directly allow the quantification of
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the safety margin. Therefore, experiments with a variety of
reactor pressure vessel steels of different quality, including
irradiated materials, have been performed to prove the
reliability of the implementation of the Charpy impact test
into a quantitative fracture mechanics concept.

Additional consideration has been giveh in applying those
results with particular regard to the size and geometry of the
specimens and their transferability to complex structures.
This considerations required a detailed understanding of the
parameters affecting material failure as well as the
development of experimental and analytical methods to describe
the loading situation resulting from transients.

Much experimential effort has been undertaken to demonstrate
the transferability of those results to the component in

service by investigations on large scale specimens and model
vessels. '

White the changes in material as a Function of time is
deséribed in other chapters, . the following part deals only
with the applicability and transferability of results of given
materials. It focuses on research work and on the validation
of the underlying principles of the Code with regard to lower
bound fracture toughness properties and analytical methods.

F
2 Evaluation of Fracture Mechanics Properties
. Fracture mechanics data are needed for the whole temperature
range of the operational loading regime. Because of the
transition in fracture behaviour from brittle to ductile
fracture, different theories in the linear elastic (LEFM) -and
the elasticéplastic (EPFM) regime have been developed and
reiiable fracture mechanics parameters must therefore be

determined ia both regimes. The lower bound fracture toughness
curves of the Code are -only valid for the LEFM regime.
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2.1 Assessment of Reliable Fracture Mechanics Properties
(LEFM) .
The linear elastic fracture mechanics parameter is the
fracture toughness (K;.). It characterizes the onset of
brittle fracture and can therefore be régarded as a crack
initiation value. The experimental determination of klc vaiues
is described e.g. in the American Test Standard ASTM E 399
[1], and the British Standard BS 5447 (2]. Both standards are
similar. The results are only valid in the range that
satisfies the requirements of linear elastic (plain strain)
conditions. In principle, those data should be size
independent and their transferability to the real component
should be expected. Tests were performed with either compact
tension (CT) specimens or three point bend (TPB) specimens.
For both types of specimens all other dimensions are related
to the specimen thickness which is the most important
parameter with respect to the constraints necessary to provide
plain strain conditions. From experience a validity criterion
has been defined with regard to the thickness requirement of
the-specimens

‘e

Bzo ‘KIc/oy)z

B specimen thickness

K;. fracture toughness wvalue

Gy yield strength

® the validity criterion (material dependent)

_According to the standards, o is required to be z 2.5,
however, this value is still being considered because only
limited information from large specimen testing is available.
Data from testing large specimens indicated that even in the
:range where the validity criterion was fulfilled a further
decrease in X;. values occurs with increasing specimen
thickness as shown in Fig. 1. According to these test results
lower bound values for K;. are yet reached at relatively high
values of ©. This general problem is under international
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discussion and is being reflected in the work of the
appropriate ASTM Committee which has suggested using a value
of w =2 4 [3].

The fracture toughness of a material depends strongly on the -
temperature. A lower bound fracture toughness curve K;. as a
function of temperature relative to the Reference Nil
Ductility Transition Temperature RType is given in Fig. 2 for
a high strength fine grained reactor pressure vessel (RPV)
steel [4, 5, 6]. As a consequence of this behavior tests can
be performed with small specimens at low temperature whereas
large specimens are needed at elevated temperature.

2.2 Assessment of Fracture Mechanics Characteristics Based
on Charpy-V Notch Impact and Drop Weight Tests

The reference fracture toughness curves as discussed in
section 2.1 above and used in the fracture mechanics approach
is adjusted onto an absolute temperature scale by using the
Reﬁérence Nil Ductility Transition Temperature RType. This
Reference Temperature is obtained from the Charpy-V notch
impact test and the drop weight test [7], as discussed in
Chapter 2. The determination of RType and thus the adjustment
of the lower bound fracture toughness curve K;p includes data

scatter deriving from both the Charpy and the drop wéight
test. ?

Because of the significance of those data in the safety

. analysis, results obtained with two different reactor pressure
vessel steels (22 NiMoCr 37 with 90 J upper shelf energy énd

- 20 MnMoNi 55 with 200 J upper shelf energj), tested in 10
different laboratories in Germany were compared [8]. Eighteen
‘specimens were machined and tested in a temperature range of
-100°C to 350°C kv each participant. The mean values of the
energy for the high upper shelf energy material (KS 13) are
plotted against the temperature in Fig. 3. The upper part of
the figure shows the standard deviation assuming a Gaussian
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normal distribution. The corresponding data for the lateral
expansion also necessary to determine the RTypr is presented
in Fig. 4. The test results include scatter deriving form the
. test machine and from the material. Similar behaviour was
observed in the material with a low uppef shelf valve of 90 J.

Since the data for the determination of the Reference Nil
Ductility Transition Temperature RTypr are taken as the lower
bound of three specimens tested at each temperature or from
the lowest envelope.of the energy-temperature curve, this
procedure covers part of the scatter in a conservative way.

Ten laboratories participated in the drop-weight round robin
test also each participant prepared its own specimens. The
test results are shown in Fig. 5. The overall span of wvalues
was 30 K with a mean value at -25°C assuming a normal
distribution. One of the main sources for the scatter was the
individual evaluation of the sensitive criterion *break® or
*no break®" of the specimens. Discrepancies were observed
betWeen the evaluations of the fracture surface of the
spééimens and from the appearence of completely fractured
specimens after heat tinting, especially in cases when the
crack ran very closely to the edges. A more precise
definition of the evaluation technique in Standards is
desirable.

2.3 Elastic Plastic Fracture Mechanics Properties

Apart from the crack tip opening displacement (CTOD), the
J-integral can be used to determine fracture mechanics
parameters in the range of elastic-plastic material behaviour.
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From the crack resistance curve (JR-cufve)
Jd = £ (aAa)

J J-integral
Aa stable crack growth

characteristic values can be determined from individual points
on the Jg curve. In the past, different procedures were
developed to assess fracture toughness data.

Jic according to ASTM E 813-88 (9]
Ji, JO.Z' JO.Z/bl EGF P 1-90 [10]
J; JSME S 001-1981 ([11]

The various criteria are defined in the corresponding
standards. They make use of different algorithms to evaluate
the J-integral from the load-line elongation results measured
on the specimen and for the approximation of the Jg curve from
J/Aa data pairs describing the crack resistance curve from
which reliable crack initiation data are derived. An
additional method has been introduced as a supplement to the
existing standards to determine crack initiation values which
are considered to be intrinsic material properties (physical

initiation values) and thus can be transferred to complex
components.

The characteristic data evaluated according to different
methods are compared in Fig. 6. It is obvious that the data
which are used to describe crack initiation differ quite

markedly. In the example given the values vary from 85 N/mm to
167 N/mm. '

With respect to transferability, it can be demonstrated that
the physical crack initiation value J; [12] is a reliable
property to use. The evaluation is based on a special fit of
the J/Aa data pairs and the intersection with an
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experimentally determined blunting line derived from the
“stretched zone* Aa;. This is the region of extensive plastic
deformation (crack tip blunting) developed before the onset of
stable crack growth. The basic principle of this evaluation
method is as follows: the stretched zone is completely formed
during the blunting process and represents a *"steady state
volume* of highly deformed material which is maintained during
the process of stable crack extension. Tests with different
amounts of stable crack growth confirm the assumption of a
constancy in the size of the stretched zone. After completion
of the test, the stretched zone aa; can be measured on the
fracture surface e.g. by means of the scanning electron
microscope (SEM) and can be separated from stable crack growth
Aa according to its different appearance. J; is derived from
the Jg curve as the intersection of the vertical line at Aa;
with the Jz curve, resulting in |

Jd (Aai) = Ji

The J value obtained from this equation is called crack
ini&iation parameter J;, Fig. 7. For a reliable determination
of the J; value it is important that the difference between
the approximation function and the J/Aa points is minimized
especially in the region of small crack growth. These
features are neglected in the standards.

Nevertheless this procedure is comparable with the Japanese
standard (11] and also with EGF P 1-90 [10]. The major
difference can on the one hand be referred to the selection of
the J/Aa data points used to determine the crack resistance
curve and on the other hand to the kind of polynomial
approximation of the Ji curve. |

For a comparison with K;. data obtained in the linear elastic
regime, J values can be converted into K; values according to
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. E'Ji
Kig =
1-v?2
. E Young’s modulus ‘
v Transverse contraction coefficient
Ki g indicates that data was derived from J-integral test

procedure

The J; evaluation method is not only applicable in the
plastic regime as, it is the Charpy upper shelf region, but
also in the transition temperature regime. Scatter of data
has, however to be taken into account.

When applying the different evaluation methods as seen in
Fig. 6, sufficient safety margin against fracture is observed
regardless of the evaluation method used - because of the
large amount of crack growth before the occurrence of the
fracture. The quantification of this margin in a real
component is the aim of such a fracture mechanics analysis,
addgtionally focusing on those parameters which give the best -
agreement with the failure behaviour of large and complex
loaded structures.

The first step in investigating the transferability of
fracture mechanics properties is a detailed analysis of the
deformation behaviour of the individual 1aborator§“specimen.
To visualize the equivalence of the different crack initiation
values, the data points are marked in different diagrams,

Fig. 8, which are

a) load / crack opening displacement (COD)
b) load / stable crack extension (Aa)

c) J-Integral / COD, and

d) J-Integral / Aa

as obtained on a typical RPV steel 20 MnMoNi 55 with a 20%
side groovedé CT specimen (CT-25 mm) tested in the upper shelf

-
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Charpy regime at 80°C. The position in the load / COD diagram
indicates the margin from first crack initiation to maximum
load carrying capability. This comparison shows clearly that

. the J; value lies on the curve before maximum load while the
*pseudo* properties (Jg 5, Jp.2/p1+ Jic). related to crack
initiation, fall together with maximum load or even in the
dropping branch of the load curve after maximum load has been
reached in the case of the J,;. value being determined
according to ASTM E 813-88.

With respect to the necessary safety margin in the design of a
component, material characteristics which are strongly
influenced by the testing and evaluation procedure cannot be
accepted. Therefore of all J values, only the J; value, which
can be considered to be an intrinsic material property
describing the physical crack initiation should be applied.
Similarly, &§;, the CTOD at initiation, yields a critical

material property under given conditions, like temperature and
loading rate.

2.4 Determination of Dynamic Fracture Mechanics Parameters

The lower limit fracture toughness curve (K;, or Kiy)
specified in the Codes (4, 5, 6, 13] is based on crack arrest
toughness (K;,) and on dynamic fracture toughness values -
(K;4) . However the loading rate at which the dynamic fracture
toughness data should be determined has not been defined.

~ Tests can either be performed with CT-specimens in
servo-hydraulic machines and rotary disc impact machines or
with 3 point-bend specimens in pendulum and drop weight impact
machines. Typical load rates are applied up to K =

106 MPavm/s. Only few test standards exist for the
determination of dynamic fracture mechanics parameters. As a
first step towards the standardization, ASTM have specified
loading rates of K > 2.75 MPavm/s (1] in the linear elastic
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regime. Similar loading rates, ranging from 2.5 <

K < 3200 MPaV@/s, are required in the British Standard [14].
According to those Standards tests can also be performed at

. higher loading rates if reliable techniques are available to
measure load and load-line displacement during the dynamic
test. This derives from tests on CT-specimens (15]. In the
elastic plastic regime the requirements are similar to those
specified in ASTM E 813 [9], but extended to a higher loading
rate. Inertial forces are not considered in this evaluation of

the J-integral which is equivalent to quasi-static-loading
conditions.

In recent studies, dynamic tests were performed at impact
velocities from 0.04 to 20 m/s corresponding to loading rates
in terms of K; of 1 to 1.5 - 106 MPavm/s [16] with
CT-specimens of 15 mm thickness containing 20% side grooves.
The validity of the test results was evaluated on the basis of
the existing standards [1, 9, 14] using the dynamic yield
strength of the material determined with smooth round tensile
bars under equivalent strain rate as calculated for the edge. . .
of 'the plastic zone in the CT specimens.

In Fig. 9 dynamic fracture toughness data of a RPV material
20 MnMoNi S5 (KS 17) with high upper shelf toughness (USE =
200 J) are compared with data obtained from quasi static
testing. All tests were performed using CT speciméns. The
dynamic fracture toughness data are at the lower end of the
quasi-static values or even lower. The fracture toughness

~ decreases further with increasing load rate yhich has the
global effect of a shift in fracture toughness to higher
temperature. In the linear elastic regime, the dynamic testing
vields higher fracture toughness data compared with the
K;a-curve. This provides validation of the K;,. curve as a
lower bound in this regime.
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2.5 Evaluation of Crack Arrest Parameters

The crack arrest toughness is the plain strain elastic stress
. intensity at the arrest point. It can be determined by means
of modified compact specimens, wide plates and rotating discs.
The use of transversely wedge loaded compact specimens has
proven to be the simpliest and most favoured method, Fig. 10.
The crack in the specimen is usually initiated in a brittle
weld introduced at the location of the notch. In high strength
material the notch can be produced directly by means of '
electric discharge machining (EDM) of the specimens, which
simplifies considerably the specimen preparation. The test
requirement and the evaluation the K;, value is decribed in
ASTM E 1221-88 [17]. The crack arrest toughness is calculated
on the basis of the crack tip opening displacement and the
crack length at arrest for the given specimen dimensions.
However, the K;, values are only valid if plain strain
conditions and linear elastic material behaviour during the
phase of crack extension is assured.

In Pig. 11, results of static (K;.) and dynamic (K;4) fracture
toughness values are compared with crack arrest toughness
(Kya) and Charpy-V-notch energy as a function of temperature
for the high toughness material 20 MnMoNi 55. According to the
validity criteria the fracture toughness values do not
encompass the -temperature range of the entire Charpy curve but
only that up to the transition temperature regime. In the
lower shelf regime of Charpy energy the K;4 values lie
invariably below the K;. and K;; values, respectively. The K;,
‘values are in the main below the scatter band of each Kic, Kig
and K;4. Due to the wide scatter of the results, a definite
correlation has not be established between the different
toughness values.
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A summary of the results discussed above is shown in Fig. 12.
Where the lower limit curves of the K;. or Kj; scatter bands.
taken from figure 11 and additionally tested materials,
together with the K;p reference curve, the lower limit for K;4
and K;, values and the K;. curve as the lower limit for
initiation values are related to the Nil Ductility Transition
Temperature Typr. This representation clearly demonstrates
that within the validity range of linear-elastic fracture
mechanics the lower limit curves of all materials fall above
the K;. curve. Thus the K;. curve can be used as a-
conservative approximation. In the upper transition range and
on the upper shelf, only the K;; values of 15 MnNi 6 3 exceed
the limit of 220 MPa vm specified in the Codes {5, 6, 13].

For the “"other materials* it can, therefore, be concluded that
for the upper shelf the K;. curve provides a non-conservative

estimation of the actual fracture toughness derived from the
initiation value.

A comparison of K;4 and K;, values with the K;y reference
curve is shown in Fig. 13. All values, except those of the low
upper shelf energy of 40 J material 22 NiMoCr 3 7 (modified),
manufactured for research purpose only, exceed the K;z curve.
This confirms the description of the K;y curve as the lower
envelope of the fracture toughness values (static and dynamic)
- at least on the lower shelf and in the transition regime of
the C,-T curve.

Contrarily the lower limit curve of the K;, band of the low
shelf material 22 NiMoCr 3 7 (modified) increases slightly
with rising temperature and intersects the K;p curve at
approx. 40 K above Type (= 70°C). This makes the conservative
nature of the reference curve doubtful. Similar results are
available for a s=cond high-strength, low-toughness model
material [18]. Ths results do not allow conclusion to be drawn
about crack arres: behaviour on the upper shelf.
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3 <Transferability of Fracture Mechanics Properties from Small
Scale Specimens to Components

The standard test conditions and evaluation procedures
(compare with section 2 above) provide fracture toughness data
which is transferable to any structure - regardless of size
and dimensions - as long as the validity criteria are
fulfilled. This has been proven in the linear elastic fracture
mechanics regime for K;. [16], with the exception of the
validity limitation depending on the size criteria for plain
strain conditions (compare 2.1 and 3.2 above).

For the elastic-plastic fracture mechanics regime it has to be
demonstrated that the physical initiation process does indeed
begin at the level of J; which was found to be size
independent in case of CT specimens. Also a correlation has to
be established between crack resistance, as given by the Jg
curve, and the specimen geometry and size.

3.1 Evaluation of Fracture Mechanlcs Characteristics on Large
Scale Specimens

A large worldwide effort has been undertaken in order to
develop transferabilty criteria in the elastic-plastic
fracture mechanics regime. One of those projects was the
research pfogram *Integrity of Components® in Germany [19].
Tests were carried out with large scale specimens made of fine
grained structural steel of different quality covering high
and extremely low Charpy upper shelf toughness. The crack

" initiation values and the crack resistance curves were
compared with those from small scale specimens. The variety of.
specimens tested is shown in Fig. 14, it comprises

CT specimens with a thickness up to 200 mm, single edge
cracked tensile (SECT) specimens, double edge,éracked tensile
(DECT) specimens, centre cracked tensile (CCT) and three point
bend (TPB) specimens with a width (B) ranging from 100 to
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600 mm and a thickness (W) of up to 200 mm. The Jg curves
experimentally determined with different large scale
specimens are shown in Fig. 15a and b in comparison with the
. Jgr curves evaluated from CT-specimens. The specimens in Fig.
15a were made of a fine grained structural steel 22 NiMoCr 3 7
(KS 01l) with an upper shelf energy of about 90 J, the
specimens in Fig. 15b were made of the modified low toughness
material 22 NiMoCr 3 7 (KS 07) with a Charpy upper shelf
energy of 40 J. The same crack initiation wvalue J; could be
evaluated on all specimens as defined in section 2.3 above
(converted to K;;) within a reasonable scatter band as usual
for this type of test. Moreover the data corresponded with
that derived from small scale specimens (CT-25 mm, 20% side
grooved) . This clearly demonstrates J; to be a material
property, not depending on size and geometry and thus a basis
for application to large and complex structures and
components. A biaxial stress state exists on traction free
surfaces as it is at the crack tip. In case of compressive
stresses resulting e.g. from internal pressure, yielding at
the crack tip is promoted by the triaxial stress state - with. .
one compressive principal stress component.

With regard to crack resistance (process of stable crack
growth), however, there is a strong size and geometry effect
[(20] which, additionally, seems to depend on the material
toughness. Tests performed at the onset of upper shelf show
consistence in crack initiation J; but not in the course of
the crack resistance curve. This is due to the distinct

. differences in the degree of multiaxiality of the stress state
as they are associated with the selected specimen geometries
and sizes. The degree of multiaxialty can be quantified by the:
equation ‘

Ce
[e]

a -

m



- 205 -

q degree of multiaxiality [21)
Oe equivalent stress according to von Mieses
on mean stress 1/3 (o;+03+0;3)

The lower the value of q, the higher the'degree of
multiaxiality. For the hydrostatic stress state (where g = O)
no plastic deformation (except void formation) can occur even
in high toughness material.

The degree of multiaxiality is not constant across the
specimen ligament and depends on the relative crack length
(a/W) as shown for a DENT specimen in Fig. 16. In case of a
modest crack length (a/W = 0.5), g is a minimum in front of
the crack tip and increases across the ligament. For deeply
cracked structures (a/W = 0.8) q remains nearly constant
across the ligament at a relatively low level - which
indicates a high degree of multiaxiality.

The strong influence of geometric parameters on crack.

resistance can also be evaluated from tests performed on pipes-

in Japan [22] and on CCT specimens in the USA [23]). The pipe
tests (circumferential slit, a/W = 1) were carried out under
additional bending loads with systems of different stiffness.
Although detailed fracture mechanics analyses are not yet
available, the test results demonstrate the general influence
of the geometry on the crack resistance curve Ji, Fig. 17.
Under extreme conditions spontaneous fracture can occur in the
component without any detectable stable crack growth as in the
. case of double edge notched tensile specimens with a crack
length ratio of a/Ww = 0.8, Fig. 18.

The influence of material toughness on both the absolute value
and the variation of g across the ligament can-be demonstrated
on materials with different Charpy upper shelf energy. After a
certain amount of plastic deformation material separation
occurs initially in the area where q reaches the critical
value. In structures with q values close to critical value q.

£
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in a large part of the ligament, stable crack growth cannot be
expected. This was the case for the DENT specimen (compare
Fig. 18) where unstable crack growth (spontaneous fracture)
occurred at the crack initiation value J; . Structures of high
toughness material in terms of Charpy upﬁer shelf energy can
mitigate the multiaxiality of the stress field by a greater
amount of plastic deformation or void formation. This results
in higher q values and thus reduces the risk of unstable crack
extension causing brittle failure.

The g-value indicates wether or not stable crack extension is
possible at given temperature. However, it provides, at
present, no basis to transform J; curves of a CT specimen to
other specimen geometries or structures.

3.2 BApplication of Fracture Mechanics Concepts for Thermal
Shock Experiments
In case of loss of cooling accidents (LOCA) water is injected
inte the RPV at low temperature to cool the nuclear core. This
leads to transient conditions causing high thermal stresses in
addition to the stresses resulting from internal pressure
(pressurized thermal shock, PTS). In order to describe the
behaviour of the RPV under those conditions much experimental
and theoretical research work has been carried out to validate
the fracture mechanics concepts. The investigations not -only
focused on crack initiation and crack extension but also on
crack arrest. They included wide plates with thermal gradients
and superimposed axial load, nozzles in large vessels and

hollow cylinders under internal pressure and thermal
gradients.

Wide plate tests were performed with materials having a
toughness gradient across the plate thickness to simulate the
effect of neutron irradiation [24]}. The wide plates contained
surface fatigue cracks in the less tough material and were
subjected to asymmetric thermal shock loading. The external
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load was applied as axial tension or 3 point bending. The aim
of the tests was to demonstrate that even in materials, the
toughness of which corresponds to the state at the end of

- design life time (DLT), brittle crack extension did not occur
under PTS loading conditions. The test conditions were typical
of the cylindrical wall and the nozzle corner region in the
upper shelf toughness and the ductile/brittle transition
regime.

Investigations on different sized hollow cylinders were
carried out Fig. 19. Within the Heavy Section Steel Technology
Program (HSST) tests with regard to thermal shock loading were
performed at the Oak Ridge National Laboratory (USA) already
in 1973 [25]. |

The first series of tests were loaded by thermal stresses only
without internal pressure (Thermal Shock Experiments, TSE
1-6). These conditions were achieved by submerging an open
hollow cylinder into liquid nitrogen after it had been heated
homdgeneously up to 100°C. To build up sufficient thermal
stresses the cylinders contained long axial ‘flaws with one
exception (TSE-2) which was prepared with a semi-elliptical
flaw. All failures occured in the linear elastic fracture
mechanics regime. Crack initiation and crack arrest was in
accordance with the predictions derived from lower bound
fracture toughness values of small scale specimens. The tests
gave no indication that dynamic fracture processes played any
role. On the basis of the lower bound fracture toughness

. curves, presentec in the ASME Code, all test results could be
describee in a conservative way, Fig. 20.

In the Federal Republic of Germany, thermal shock experiments
‘were carried out with thick walled hollow cylinders (emergency
cdoling simulation programme NKS) at MPA Stuttgart and on a
full size vessel at the HDR plant (decommissioned superheated
steam reactor). The hollow cylinders were fabricated from
different steel cualities with Charpy upper shelf energy
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ranging from 200 J to 40 J. The low shelf material had a nil
ductility transition temperature - evaluated from Charpy
energy/temperature curve - of about 250°C. Internal pressure
and external axial load was applied on the hollow cylinder
(0.D. = 800 mm I.D. = 400 mm) while the inner surface was
cooled down rapidly from 300°C to room temperature. The
loading conditions during the transient for the test specimen
which contained an inner surface circumferential crack could
be described by means of the J-Integral - as shown in the left
part of Fig. 21. After a cooling time of about 7 min, the
maximum J-value of about 430 N/mm was reached in this
experiment (NKS-3). The stress and deformation analysis was
carried out axial-symmetrically taking non-linear material
behaviour into account. Calculations have shown that the
degree of multiaxiality in the test specimen was of the same
order as the one in the CT specimen. Therefore the Jy curve of
a corresponding temperature which is plotted in the right part
of Fig. 21 can be used for stable crack growth assessment. On
the fracture surface a stable crack extension of 3.6 mm could
be measured, Fig. 22, which is in good agreement with the
calculated value of 3.5 mm as shown in Fig. 20 and thus
validates the fracture mechanics concept and the applied

FE analysis {26].

In reality, the cooling of the vessel during LOCA is not
symmetrical for the vessel but occurs locally being
concentrated at the nozzle corner and the cylindrical wall in
the form of strip-cooling. The phenomena associated with this
loading condition was investigated at the HDR pressure vessel
by introducing *guided* cooling. FE analyses have indicated a
more severe situation for a circumferential crack than for an -
axial one. Therefore circumferential cracks were produced in
.the RPV wall by milling, with subsequent fatiguing by cyclic
thermal shock loading. In addition, cracks were produced in
the nozzle corner region by cyclic thermal shock and then
subjected to rapid cooling under internal pressure (PTS). The
maximum crack derth for both locations, cylindrical wall and

Fy
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nozzle corner, was approximately 15 mm. Within the .
time range investigated the J-integral increased steadily with
time for the cracks in the cylindrical wall, but dropped after
. having reached the maximum in a short t;me for the nozzle
corner crack, Fig. 23. The principal differences in loading
condition result from axi-symmetric cooling in the nozzle area
and non-symmetric cooling in the cylindrical wall [27].

According to the J; values represented by the scatter bands
for different circumferential specimen orientations
corresponding to the crack growth directions (T-S nozzle
crack, L-S crack in cylinder) plotted in Fig. 23, crack
initiation and a certain amount of stable crack growth should
have occurred for the crack in the cylindrical wall.
Fractographic investigations, however, have not given any
indication of stable crack growth. Only in a few areas could
signs of incipient stretched zones at the fatigue crack tip be
identified. The discrepancy between prediction of stable crack
growth by the calculation and the absence of crack extension
in the test must be referred to the extensive crack branching .~
and thus to a relief in stress intensity, Fig. 24 [27].

Comparable thermal shock experiments have been conducted at
the European Joint Research Center (JRC) in Ispra, Italy on
nozzle corner cracks [28]. In the United Kingdom thermal shock
experiments were performed on thick walled holloW‘cylinders
spinning at a hich revolution rate with a longitudinal crack
along the whole length of the inner surface [29].

From the results of the wide-plate experiments it can be
concluded that the transferability of data is valid even for
complex structures and loading conditions. The application of
the crack resistance curve to other specimens and structures,
is, however, only possible when the stress states are
comparable. |



- 210 -

3.3 Crack Arrest Behaviour

The main feature of crack arrest studies with CT-specimens, as
described in section 2.5 above, is that the crack grows into a
decreasing K-field. Arrest in an increasing K-field is only
possible when the crack initiates in a low toughness material
and extends towards a region of higher toughness. This
situation corresponds to a neutron irradiated vessel, assuming
a crack is initiated at the inner surface and penetrates
towards the outside. The necessary toughness gradients can be
obtained in the test specimen either through a temperature
gradient across a specimen section or by the use of a
composite specimen [24, 30]. Most commonly used are tests
where the toughness gradient is generated by a stationary
thermal gradient in a single edge cracked wide plate specimen
and the loading is applied by axial tension. Crack arrest
toughness values of different materials determined under
different test conditons, e.g. thermal shock (TSE) and
pressurized thermal shock experiments (PTSE) on vessels in USA
[251 and in France (FTSE) [31], wide plate tests in Japan
(ESSO) [24], in UsA (WP-1l, WP-2) and Germany (GP-1) were found

to be all enveloped by the crack arrest curve from the Codes,
Fig. 25.

High crack arrest toughness values of up to 400 MPavm result
from the American wide plate tests (WP) and the Japanese ESSO
tests. The crack arrest values derived from the thermal shock
vessel experiments are generally lower than those from wide
plates but they are still higher than the upper limit
according to the Codes. The lowest crack arrest toughness
values were obtained in the French thermal shock experiments
(FTSE) which were carried out at a temperature of 20 K above
RTypr - The results of the German wide plate experiments and
the rotating disc experiment fall within the scatter band of
all the other results [30]. Contrary to the other results, a
kind of upper bound toughness tending towards 200 MPavm can be
observed from the wide‘plate test GP 1 (see Fig. 25). The test
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material KS 22 is a low toughness material (USE = 40 J) with
high transition temperature (~250°C) which was produced for
research purposes. Similar results on the same materials were
. also obtained from CT specimens, Fig. 26 [18].

At present, there is no ready explanation for the extremely
high arrest values determined for some of the wide plate
tests which are higher than the crack initiation values of
materials with high upper shelf Charpy energy. Conclusions on
the transferability of crack arrest results in the
elastic-plastic regime cannot yet be drawn.

3.4 Summary of Transferability 3

To summarize the present state on fracture mechanics
characteristics. Lower limit curves for K;. and K;; derived
from J; have been compared with the Code K;.. K;, and K;g
curves. Within the linear-elastic regime, the Code curves
cover the experimental results for all the investigated
materials in a conservative way. However, in the Charpy upper
transition range and the upper shelf regime the experimentally
determined data intersect the K;.., K;, and K;g curves
depending on the toughness of the material. It therefore has
to be concluded, that the K;. curve is not conservative for
all materials with respect to crack initiation on the upper
shelf.

4 Correlation of Fracture Mechanics Properties with Charpy
V-Notch Energy

In general fracture toughness data are not available for
actual material of a reactor pressure vessel. From
surveillance procrammes, however, Charpy-V notch energy data
are determined with the aim of using that data for a
quantitative safety analysis based on fracture mechanics
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considerations. To evaluate the effects of size and '
multiaxiality a correlation between Charpy transition regime
and Nil Ductility Transition Temperature can be derived on an
empirical basis. In the upper shelf regime to obtain a
correlation between the dynamically absorbed energy to
fracture and the quasi-statically evaluated J initiation value
(J;) is much more difficult.

Regardless of any physical solution, a correlation between
Charpy energy and initiation fracture toughness has been
established on an empirical basis. From statistical evaluation
of 200 different melts of 22 different ferritic materials a
tangent hyperbolic (tanh) fit was used to convert Charpy data
into fracture toughness data covering the complete temperature
range [32]. The evaluation of a A 508 Cl 2 steel shows good
agreement with measured fracture toughness values up to the
transition regime within a confidence limit of 95%, Fig. 27.
Major differences occur in the upper shelf regime. More
correlations between static and d&namic fracture toughness
values and Charpy test results are summarized in Ref. [33].

From experimentally determined J; values and the corresponding
upper shelf Charpy energy (USE), a statistical correlation
between J; and USE has been established, Fig. 28 [34].

All experimental J; data falls beyond the curve J;y - 20 with a
probability of 97.73%. In addition another correlation is
shown in this figure, which takes besides the Charpy energy
the mean flow stress o;; and stable crack extension into
account ([35])]. This curve is similar to the one mentioned above
and falls between the two curves J;-c and J;-2¢. On the basis
of this correlation a complete J; curve can be derived in the
elastic-plastic fracture mechanics regime from Charpy upper
shelf energy. In the correlation the two discrete data for Aa
= 0.1 and 0.2 mm were selected (see Fig. 25) because Aa =

0.1 mm matches quite well with the stretched zone of a highly
tough material wheras Aa = 0.2 mm represents the region of the
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technical material characteristics on the J; curve according .
to ASTM E 813-88 and EGF P 1-90. '

S Summary

Since the transferability of the Jy curves is not. allowed in
general as described a comparison of calculated Jg curves with
experimental data is not considered here.

The fracture mechanics limit curves given in the main Codes
for initiation K;., crack arrest K;, and the reference curve
Kir. covering crack arrest as well as dynamic fracture
mechanics data, are conservative when compared with all test
results, if linear elastic (plain strain) conditions can be
assumed. In the transition regime, and on the upper shelf -
depending on the material involved - these curves exceed the
actual fracture toughness. Thus, predictions based on these
curves can be non-conservative in these toughness regimes.

The effective crack initiation values J; are independent of
the size and geometry of the specimen or component at given
temperatures and loading rates and, therefore, are material
properties transferable to components. However, this does not
apply to the crack resistance curves which strongly depend on
the degree of mulitaxiality of the stress state. With
increasing material toughness not only the effective crack
initiation value J; but also the tearing resistance against
stable crack growth will increase as well. This holds also for
complex loading conditions (pressurized thermal shock) and
complex component shape (e.g. nozzle corner crack).
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Fig. 1: Experimentally determined K;. values evaluated
according to ASTM 399 in comparison with different
validity criteria for thickness

Fig. 2: Lower bound fracture toughness. curves as a function of
temperature relative to the *Nil Ductility Reference
Temperature* RTypq

Fig. 3: Mean curve, standard deviation and mean deviation of
Charpy-V notch test results performed in different
laboratories

Fig. 4: Mean curve, standard deviation and mean deviation of
lateral expansion from tests shown in Fig. 3

Fig. 5: Nil Ductility Transition Temperature (NDT) determined
from drop-weight tests in different laboratories

Fig. 6: Evaluation of stable crack initiation values according
to different standards and methods; material
20 MnMoNi 5 5, USE = 200 g

Fig. 7: Method to determine crack initiation parameter J;

Fig. 8: Comparsion of different crack initiation values on the
load traces

a) load / COD, b) load / Aa,
c) J / COD, d) J / Aa

Fig. 9: Comparison of fracture toughness data obtained from
quasi-static and dynamic tests

Fig. 10: Schematic view of a wedge loaded CT specimen to
determine crack arrest toughness data

-

Fig. 11: Static and dynamic fracture toughness (Ky.., Kij. Kig).
‘ crack arrest toughness (K;,) and Charpy-V notch energy
(C,) as & function of temperature for RPV Steel

20 MnMONi S S (KS 17)
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Fig. 12: Lower bound fracture toughess curves of different
materials relative to NDT-temperature in comparison
with the corresponding reference curves (K;. and K;g)

‘Fig. 13: Dynamic fracture toughness (K;4q) crack arrest
toughness (K;,) relative to NDT-temperature for
different materials

Fig. 14: Fracture mechanics specimens tested for ihvestigation
of transferability criteria

Fig. 15a: Jz curves of large scale specimens of different size
and geometry; material 22 NiMoCr 3 7 (USE 90 J),.
specimen dimensions

100

DECT B = 300, W
= 200

SECT B 300, W

nu

Fig. 15b: Jz curves of large scale specimens of different size
and geometry; material 22 NiMoCrxr 3 7 (modified,

USE 40 J).,
CCT B = 200, W = 300
TPB R = 500, W = 200
- SECT B = 300, W = 200
- DECT B = 250, W= 70

Fig. 16: Change of multiaxiality q across the ligament of double
edge notched tensile (DENT) specimens with different
crack length a/wW

Fig. 17: Jg curves determined in pipe tests with different crack
geometries and stiffness of the test set up

Fig. 18: Jg curves of low upper shelf double edge notched tension
(DENT) specimens with different crack length

.

Fig. 19: Test specimen, model vessel and full size vessel used

for pressurized thermal shock (PTS) experiments

Fig. 20: Fracture toughness values derived from thermal shock
experiments in comparison with the ASME K;. and
K;, curve



Fig. 21:

Fig. 22:

Fig. 23:

Fig. 24:

Fig. 25:

Fig. 26:

Fig. 27:

Fig. 28:
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Calculated J values (left hand side) during pressurized
thermal shock (NKS-3) experiment in comparison with a
Jr curve determined with a CT 10 specimen (right hand
side) to derive amount of stable crack growth during
experiment :

Crack depth in PTS specimen NKS-3 before and after test
and average stable crack extension derived

Calculated J-values as a function of time during the HDR
thermal shock experiment

Crack configuration in the cylindrical wall of the HDR
vessel

Crack arrest toughness data determined with large scale
specimens in comparison with the ASME K;j, curve

Crack arrest toughness data as a function of temperature
for materials with different upper shelf energy in
comparison with the ASME Reference Curve (Kig)

(20 MnMoNi 5 5 USE = 200 J; 22 NiMoCr 3 7 modified

USE = 40 J; 17 MoV 8 4, USE = 40 J)

Fracture toughness data converted from Charpy-V notch
energy in comparison with experimental K;. data of a
A 508 Cl 2 steel

Correlation of crack initiation values (J;) with Charpy
upper shelf energy



limits of validity for CT-specimen

200
! w - values

|
20 MnMoNI 55 B 2 w (K,,/R,)?

£ Tnpr = -20 °C @ =
> o

m T = -100 c .-.c‘. 2.5
ﬂ. ‘.o"’

S 150 e

- ® experimental e

values

Q L SASTME 399: w 2 2,5

z o"” ‘.-.¢“." 5
7] ,"” ._n"".-..

@ 100 — —

()] o’ .,-"‘

E ".. ‘Q“' -

o o"' ,-,o"'.’. .,.--"..-a-"" 10
3 l" -"'- -ﬂ---“".-.

2 "” ‘.’ ."o-d”...

q) ‘ ,"’ - P las .'-..--...-.'.--'-- 20
| o 50 ? ‘,.‘ 3 et onmanse s’

8 -t ,O‘.-.’ anr® meeen” ..o'.-....-..."”" 30
O -** .-.--"’.-.’ .-.-F’un----..-

m »* Py .-..’o" ----- -

| . - - - an®

b o) :: Ll

0

0 > 60 100 150 200
specimen thickness B/ mm

FIGURE L

(A4



fracture toughness / MPaVm

250

200

150

FIGURE 2

Kic KTA 32012,ASME XI

, i|Kia KTA 32012.ASME XI
! /
) NKIR KTA 3201.2, ASME I

/

/ d

1 /
]
-206 ‘-100‘ o ¢ ‘100l - jZO;QI ) 300

T-RTNDT / K -'



- 60

] ’ s?andafrd deviat:ion mean d%aviation
20 i D =
0 i i B
250
200 ."__.F—‘F=’——_‘1L
———~—*““‘f-~‘_~\‘~‘\‘\\JP
150

round robin test KS13
notched bar impact energy

100

mean value curve (8 participants)
e ductile fracture |
o mixed fracture

50

o brittle fracture

0
-100

FIGURE 3

50D M 50 100 150 200 250 300 °C 350

temperature

- %t -



0,4 ~——t standard deviation '
mm ,M i /C\/\/ ). fq
0 , ———

- mean deviation

29 | D 1

20

15
round robin test KS13

lateral extension
1.0 / | mean value curve (8 participants)

lateral extension

- S%C -

eductile fracture
05 }- omixed fracture

?/OX( obrittle fracture
U . ]

1 | i :
-100 =50 " 0 RT 50 100 150 200 250 300 °C 350

temperature

FIGURE 4



NUMBER

S

0T  MATERIAL KS13

A - L = PARTICIPANT
6+
| K
| J
{ F H L
-45 -40 -35 -30 -25 -20 -1 -10

NDT - TEMPERATURE

- FIGURE 5

°C

- 9¢¢ -



J - Integral / N/mm

400

300

100

CT-specimen KS01 BM62
J - Aa

blqnt. + offset Ilrlle 2]

\H | ASTM - blunt.
offset lines
0.2 mm []

s

| 1]
Jo.2rmi 2]
Jg 5 |[2]
J, 8] - '
] Al ASTM E813-88
2] EGF-P1-90
3] EGF-P1-90, JSME S001-81
i ] L g .
4 0 1 2 3

stable crack extension Aa / mm

FIGURE 6

L7



L RNOLd

J—integral / N/mm

-0'00l

0'0GI

!uv

0y

1

LY

B
2




8 HIOI4

EE\Z \ P
0'00t

Lo

= 0'00¢ - —e

N .

/ .
- - 0007 —Af—d—-u2

95-c183 WiSY ' = 0] _— ey . y Hl . .
19-€183 WASY "r =0 e M- Sws peoy L i Fu.oh@
06-1d 203 "V % w11 1l x ¥ x . R ° 4 _
. 1

06-1d 463 *°r = ® _
vdW 't = ofF—1t

S~ il P
o.o ] m 1 4 = . EE
I 1Y 0) 00 S0 00 . |SO 0} Gl oz DOV

T y
i .- L&l

Olx N / 4

L A R




450
MPa ¥m 20 MnMoNi 55 (KS17) !
I.OOJ o K /Ky quasi-static
0 v=0,06 mm/s
350_ a v=4 mm/s
v v=40 mm/s
e v =400 mm/s
3001 m v=5000 mm/s FKSI
” A v =20000 mm/s a8 7
w .
v 2501 @ Kyyszw / %
£ ¢ Rintamaa
g /|
a 2001 &
[¢J]
E, 150 1
: -
- /¢ [ASME X1)
O L - Y T T
175 200 250 300 350 K 400
temperature

FIGURE 9

—%Z—



. FIGURE 10




- 232 -

Tempetatur T / °C

300.0

300.0

—

Vm

SN \
N
\\\‘

200.0

200.0

Bruchzéhigkeit / MPa
8
(=)

fracture toughness / MPa vm

> O=K,,. CT 50

) e\ V=K, CT 100
4547 \ _w._// _ X m Kjpy TPB B=20mm

B =K, CT 60

®=K,, CT 100

A=K, CT 200

T B= K, CT 16
-__3 omK, ,B= 50 mm

20 MnMoNI 5 5 (KS17)

- 100.0

0.0

0.0
-200.0

T
0.0 100.0 200.0 300.0

temperature T / °C

FIGURE 11

400.0

Charpy V-notch energy C,, / J
Kerbschlagarbeit A, / J



fracture toughness / MPa vm

300.0

250.0

200.0

150.0

100.0

-233 =

lower bound KS 07 A/B, WB 36, KS 17, 15 MnNi 6 3
compared to ASME reference curves

7/ / g — —
/
I ey
7f /.‘
a': ! AV /ch \NK
id f iR
.‘:/’ e 22 NiMoCr 37 mod. (KS 07}
Ly
_:_/’_//V .16 NiCuMoNb & (WB 36)
. 20 MnMoNi &5 6§ (KS 17)
1I5MnNi63 __
T T
-100.0 0.0 100.0 200.0 300.0 400.0
T- TNDT / K

FIGURE 12



Kla/Kld KS 07 A/B, WB 36, KS 17, 15 MnNi 6 3
compared to ASME reference curves

. |

200.0
Kyp: 22 NIMoGr 3 7 mod. (K8 07) .
Kyg» 22 NIMoCr 3 7 mod. (KS 07) -1
K,y 15 NICuMONb & (WB 36) /‘ /7/..-7
: M wB 38
g 150.0-] K14z 16 NICuMoNb & (WB 36) ':"/
© K,q. 20 MnMONI 5 5 (KS 17) P //
02' Kig» 20 MAMONI S 5 (K 17) ad
= : y
o ol
o
c 1000
L
o
o=
o
o
Q
T
-
9
@ 500
&
0.0
-100.0 -50.0 0.0 50.0

FIGURE 13

100.0

-%Z.-



FIGIRS 14

cci

- GEZ ~



J — integral / N/mm

$

800.0

700.0

600.0

500.0

400.0

300.0

100.0

0.0

l l
exp.blunting lines _ /

DECT o/W=0,5 /
N e

CT 25

20\%59. A /

y wd ™~ CT 150

2V/ SECT o/W=0.5 |
PaY

/\4
/< ™~cT 100
200.0

0.0 20 4.0

6.0 8.0 10.0 12.0

crack extension A a / mm

FIGURE. 15 a

4.0



J—integra / N/mm

300.0

- 237 —

KS 07 A/B
C,=40J
a/W=0,5
l / L(CCT—spec:imen
}0.2 mm offset—/ |
200.0 1 IN€ //
, TPB |~ SECT—specimen
/ CT100—?pecimen, 0% sidegrooved
!
100.0 = CT25—specimen, 20% sidegrooved |
o /Z PP ? |
D

ECT—specimen

J0.2/514)
27
Y~ 777
0.0
00 20 4.0 6.0 80 100 120 w40

Aa / mm

FIGURE 15 b

16.0



91 AMOI4

uaL / &) 00 1wy axojsN usu / 4] 0O UN1Y 3AD)SH

0o [ 154 [+ ] R od~ oo~ 00 o~ ooz~ 00(~ oo 005~
—=}00 b ——| 00
MAYN OIS o'n
B
e
. to 10
e bl 1
*. b3 Ya ML
0 q avA e — —1*° 1
.v_ S REard :
-90 mh T
a 0
/ Y
[} '
90 °0
ol ot
vaons ) 16y A K D00V 200 wons agd o md KL LD

uau / ) 0D U0l o....b_m_.:
om- o0~ 00~ 0Oy~ 005

mongts oy} G- A IN L GAORL (e

T ao
MM N9 00
ki 0s S0
o
/nrrv‘u..l'll' 20
29,
~q_Mn,
‘LV. A.IA R 1]
N ..w..../
: . ’ te /l
.. ..... -
~|-on
- ot

- / 2 Augoanu D nsased



J - integral / MN/mm

~h
o

N WO A OO0 ON ©® O

~ 239 -

-]
..... BCL-results 8, = 74.8

--
-
-
-
-

7

O=38 -30' §=2000zm ) low system
o= e =60°, S 2000“%3'““"“
A-=e,-so' §=2000am

B=0 =4s 55200088 Y pior gvat
V=0l=15' S=1200n ( elostioity
A= e,-w' $=1000na

=8 =!0 .5=1850 om

2 =" Battolle-values (8CL}

SUS 304, CCT-gpecimen 10 x 300 mm 4 in., Sch. 80, amer. austenit.

8/W=0,3 C 0.7; | ma{erial typ 304)

10 20 30 40 50
crack growth Aa_, / mm

FIGURE 17



J—integrdl / N/mm

150.0

200.0

CT25, 20%sg

N

]

—

yd

/

- 0% ~

100.0

DENT o/W = 0,8
unstable crack extension

]

- DENT O/W =

05

50.0
KSO7
0.0
o0 10 20 3.0 4.0
Aa /mm FIGRE 18

5.0



Wall thickness s

s=148mm

long. crack .

s=200mm
circ.f. crack

A

4m

FIGRE 19

M

110+145 [L,
mm,

a1

circ.f. |f
crack

BB

2 om b
5= |

- wWe -



- 242 —

MPa-vm | T e } ASME SEC. XI
O Ki.
200 o K‘a} TSE-5
V. K -
v KL} TSE-5A
150 — & Kge _
Z A K<) TSE-6 ; .
-—;’ : @) O / |
x 100 |- AV o \ 4
1% o ¢ 'Vv/.v e
- ‘A v ///
0 A 4,/
0 | l | | | |
-100 -75 -50 -25 ﬂ 75 50 °C 7

FIGURE 20




J[N/mm]
1000 '
exper. :
« ~{ [ASTM blunting and
?lunhng offset lings :
ine :
800 |-~/ I

- —— 600

30

]
min 20 10 1 ? ] » mm
Time stable crack growth 3,5 mm
Aa

FIGURE 21




crack depth, mm

80.0

75.0

70.0

65.0

60.0

'50.0

bo = -

NKS3

average measured
crack extension (3.6 mm)

o

1
circumferential position, h

average initial
crack depth 62.8mm

ultrasonic crack depth measurement

O = before test
A = after tesat

fractographic crock depth meassurement

® = before test
M = after test



crack in HDR-RPV

2000

crack in nozzle

1600

1000
timet / s

L-T, L-S 110°C \ Ji-values

crack in cylinder ‘
/\ \ N \
A T

120 5o

o O O
(o)) © (4p]

Ww/N / [esbaru-r

500

FIGURE 23




cladding

5,8

S

section A from B9 Si1

Typical Branching of the Cracks

base materlal

|

ol

i

St
cHgumierontist dusciion

1]
1]

\ / 8951

trepan B9

view

saction from HDR trepan B9

section A

radlal directlion

Sectlion of a Crack in the RPV-Cylinder

FIGURE 24

clrcumferential direction

e Rkl

nazz2le A2

trepan 09

STERH IR

pressure
vessel
wall




~ 247 ~

@ =GP 1(KS 22)
2G000+

T3=£SS0 (A233B CL.Y)
O=wP-1(AS33B CL1)
15000 4
$=PTSE (ASC8 C1.2)

B = TST (AS08 C1.2)

© = FTSE (A508 C1.3)
10000 —

5000 -

crack arrest toughness K,, / N/mma/ 2

O=WP-2 (2-25Cf“1MC) O R Oy

700

4660

Vm

O

a

500 =

~

o

4

-400 ",

wn

(<3}

C

L

L300 3

T8

P

1))

o

-200 &5

M

O

o

: o
+$100

0

tempercturs

150



— 248 -

9z TOLL

10 ..
4o/ ML -1 .
0'09¢ 0'0LZ o0'o8l 006 00 0'06— ooBl— 00—
00 1 1 1 1 | | 00

w 0€ e T - 0'GT

8 HENYARN _

a 7% ©) =) g7V poos
3 © B0y -7 a
Q oo -7V -068L @
— . ”~ - —
S oool e 8
O v e ~0°00! rm
o o v o
3

® - @
7] S~ Losa O
= 0.0m—. -1 I ©
& -

- 0°0G1 o)
W ~
3 Loca 0.
Q 000¢
YMNL=V| :
mﬁ 0ZZ4== == === = === === (‘Pow) £ £ OONIN 22 =0 |~0'00¢ 3
G G INOWUW 0Z =D
0°0se T T T T J ) -0’5
0'00C 0°0St 0’00} 0'0S 00 0'05— o00l—  00S—



Kie / MPaVm

150

100

50

v

TANH-CORRELATION

O = mean values

© + = 99 7 confidence Luimtt

--= ASME XI (K, curve)

}‘ TNDT = 120 OC

® measured values

) I
0 100 200
temperature / °C

-
300

—
400 FIGURE 27

-—

- 6%¢



Ji / N/mm

400 -

300

100

: H
. ] H
H H H
H H H
. I H
. H 1
B DR Rk L R TR Y P O P LI I LR L LT T LI TY ST TR LRI TTRTTITY 0 SUPPrr SPRevrery LITTTY) Caeas
3 . e s
. H .
: D
H k)
H

/3.4/==f.(C,,). o
/36/=t(C, .Aa,0 )

e

J' -0

]
................................

4a=0,20mm_

\_ A8=0,10mm

..............................

i i i
0 60 100 160 . 200

notched bar impact energy (uppet;shelf) / J

260

FIGURE 28



