
- 191 -
i IIIII IIIIII

X A 9 9 4 9 5 4 8

5 Determination of Reliable Material Properties

E. Roos
Energie-Versorgung Schwaben AG (EV$)
Stuttgart, Germany

J. F6hl
Staatliche Materialprufungsanstalt (MPA)
Universitat Stuttgart, Germany

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. con junction 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 KTA rules in Germany

present normalized lower bound fracture toughness values for

brittle crack initiation (static and dynamic) and crack 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 given 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 trans ferability 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

described in other chapters, • the following part deals only

with the applicability and trans ferability 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.

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 elastic-plastic (EPFM) regime have been developed and

reliable fracture mechanics parameters must therefore be

determined in 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 l c). It characterizes the onset of
brittle fracture and can therefore be regarded as a crack
initiation value. The experimental determination of Klc values
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

B * e> (KIC/oy)
2 ,,

B specimen thickness

Klc fracture toughness value
oy yield strength
<a the validity criterion (material dependent)

According to the standards, a is required to be £ 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 Klc values occurs with increasing specimen
thickness as shown in Fig. 1. According to these test results
lower bound values for Klc are yet reached at relatively high
values of <a. 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 o> «s 4 [3] .

The fracture toughness of a material depends strongly on the
temperature. A lower bound fracture toughness curve Klc as a
function of temperature relative to the Reference Nil
Ductility Transition Temperature RTNDT 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
Reference Nil Ductility Transition Temperature RTNDT. 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 RTNDT and thus the adjustment
of the lower bound fracture toughness curve KIR includes data
scatter deriving from both the Charpy and the drop weight
tes t . |

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 and

20 MhMoNi 55 with 200 J upper shelf energy), 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 by 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 RTNDT 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 upper shelf valve of 90 J.

Since the data for the determination of the Reference Nil

Ductility Transition Temperature RTHDT 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 values

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

specimens 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-curve)

J = f (Aa)

J J-integral

Aa stable crack growth

characteristic values can be determined from individual points

on the JR curve. In the past, different procedures were

developed to assess fracture toughness data. :

Jlc according to ASTM E 813-88 [9]

Ji< Jo.2/ Jo.2/bi EGF P 1-90 [10]
Ji 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 JR curve from

J/A'a 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 Ĵ  [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



- 197 -

experimentally determined blunting line derived from the

"stretched zone" AaL . 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. Jj is derived from

the JR curve as the intersection of the vertical line at

with the JR curve, resulting in

The~J value obtained from this equation is called crack

initiation parameter J4 , Fig; 7. For a reliable determination

of the JA 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 JR curve.

For a comparison with Klc data obtained in the linear elastic

regime, J values can be converted into Kz values according to
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KIJ = *
1-v2

E young's modulus

v Transverse contraction coefficient
Kia indicates that data was derived from J-integral test

procedure

The Ji 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,
additionally 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 laboratory 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 grooved CT specimen (CT-25 mm) tested in the upper shelf



- 199 -

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 Jj value lies on the curve before maximum load while the

"pseudo" properties (Jo.2* Jo.2/bi» 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 Jlc 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 JA value, which

can be considered to be an intrinsic material property

describing the physical crack initiation should be applied.

Similarly, 5i, 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 (KIa or KIR)

specified in the Codes [4, 5, 6, 13] is based on crack arrest

toughness (KIa) and on dynamic fracture toughness values

(K l d). 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 MPaVmVs. 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 MPaVm/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 Kx of 1 to 1.5 • 10
6 MPaVTa/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 55 (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 specimens. 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 which has the

global effect of a shift in fracture toughness to higher

temperature. In the linear elastic regime, the dynamic testing

yields higher fracture toughness data compared with the

KIa-curve. This provides validation of the KIa. 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 KIa 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 Kla 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 (Klc) and dynamic (KId) fracture

toughness values are compared with crack arrest toughness

(KIa) 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 KId values lie

invariably below the Klc and Kia values, respectively. The KIa

values are in the main below the scatter band of each Klc, Kia
and KId. 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 Klc or KJJ scatter bands

taken from figure 11 and additionally tested materials,

together with the KIR reference curve, the lower limit for KId

and KIa values and the Klc curve as the lower limit for

initiation values are related to the Nil Ductility Transition

Temperature TNDT. This representation clearly demonstrates

that within the validity range of linear-elastic fracture

mechanics the lower limit curves of all materials fall above

the Klc curve. Thus the KIc. curve can be used as a-

conservative approximation. In the upper transition range and

on the upper shelf, only the KJJ 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 Klc curve provides a non-conservative

estimation of the actual fracture toughness derived from the

initiation value.

A comparison of KId and KIa values with the KIR 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 KIR curve.

This confirms the description of the KIR 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 Cv-T curve.

Contrarily the lower limit curve of the KIa band of the low

shelf material 22 NiMoCr 3 7 (modified) increases slightly

with rising temperature and intersects the KIR curve at

approx. 40 K above TNDT (= 70°C) . This makes the conservative

nature of the reference curve doubtful. Similar results are

available for a second high-strength, low-toughness model

material [18] . The 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 Klc [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 Jj 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 JR
curve, and the specimen geometry and size.

3.1 Evaluation of Fracture Mechanics 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 program "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 cracked 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 JR curves

experimentally determined with different large scale

specimens are shown in Fig. 15a and b in comparison with the

JR curves evaluated from CT-specimens. The specimens in Fig.

15a were made of a fine grained structural steel 22 NiMoCr 3 7

(KS 01) 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 value Jj could be

evaluated on all specimens as defined in section 2.3 above

(converted to Kia) 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 Jj 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 Jj 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
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q degree of multiaxiality [21]

oe equivalent stress according to von Mieses

<sm mean stress 1/3 (e1+o2'
fo3)

The lower the value of q, the higher the degree of

multiaxiality. For the hydrostatic stress state (where q = 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), q 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 JR, Eig. 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/W = 0.8, Fig. 18.

The influence of material toughness on both the absolute value

and the variation of q 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 qc
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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 upper 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 q-value indicates wether or not stable crack extension is

possible at given temperature. However, it provides, at

present, no basis to transform JR curves of a CT specimen to

other specimen geometries or structures.

3.2 Application of Fracture Mechanics Concepts for Thermal
Shock Experiments

In case of loss of cooling accidents (LOCA) water is injected

into- 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 asynrnetric 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

homogeneously 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, presented 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

cooling 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 qualities 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

(O.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 JR 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 depth for both locations, cylindrical wall and
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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 time 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 Ji 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 Che 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 high 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.
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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

[25i and in France (FTSE) [31], wide plate tests in Japan

(ESSO) [24], in USA (WP-1, 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

•RTNDT . 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 frcoi 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 tenperature (-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 ;

To summarize the present state on fracture mechanics

characteristics. Lower limit curves for Klc and KX3 derived

from Ji have been compared with the Code Klc, KIa and KIR

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 Klc, KIa and KIR curves

depending on the toughness of the material. It therefore has

to be concluded, that the Klc 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 programmes, 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

) 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 dynamic fracture toughness

values and Charpy test results are summarized in Ref. [33].

From experimentally determined Jj 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-x data falls beyond the curve J( - 2a 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 afl and stable crack extension into

account [35] . This curve is similar to the one mentioned above

and falls between the two curves Ji~o and Jj-20. On the basis

of this correlation a complete JR 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 ram represents the region of the
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technical material characteristics on the JR curve according .

to ASTM E 813-88 and EGF P 1-90.

5 Summary

Since the trans ferability of the JR curves is not allowed in

general as described a comparison of calculated JR curves with

experimental data is not considered here.

The fracture mechanics limit curves given in the main Codes

for initiation Klc, crack arrest Kla 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 Ji 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 Klc 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" RTNDT

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 J

Fig. 7: Method to determine crack initiation parameter JA

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 (Klc, KXJ/ K I d ) ,
crack arrest toughness (KIa) and Charpy-V notch energy
(Cv) as a function of temperature for RPV Steel
20 bSnMoNi 5 5 (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 (Klc and KIR)

-Fig. 13; Dynamic fracture toughness (Kld) crack arrest
toughness (KIa) relative to NDT-temperature for
different materials

Fig. 14; Fracture mechanics specimens tested for investigation
of transferability criteria

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

DECT B = 300, W = 100
SECT B = 300, W = 200

Fig. 15b; JR curves of large scale specimens of different size
and geometry; material 22 NiMoCr 3 7 (modified,
USE 40 J),

CCT B = 200, W = 300
TPB P = 500, W = 200
SECT B = 30O, VJ = 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/W

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

Fig. 18: JR 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 Klc and
Kj a curve
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Fig. 21: 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

-Fig. 22: Crack depth in PTS specimen NKS-3 before and after test
and average stable crack extension derived

Fig. 23: Calculated J-values as a function of time during the HDR
thermal shock experiment

Fig. 24: Crack configuration in the cylindrical wall of the HDR
vessel

Fig. 25: Crack arrest toughness data determined with large scale
specimens in comparison with the ASME KIa curve

Fig. 26: Crack arrest toughness data as a function of temperature
for materials with different upper shelf energy in
comparison with the ASME Reference Curve (KIR)
(20 MnMoNi 5 5 USE = 200 J; 22 NiMoCr 3 7 modified
USE = 40 J; 17 MoV 8 4, USE = 40 J)

Fig. *27: Fracture toughness data converted from Charpy-V notch
energy in comparison with experimental Klc data of a
A 508 Cl 2 steel

Fig. 28: Correlation of crack initiation values (JL) with Charpy
upper shelf energy
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