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In order to exclude the possibility of low-ductility fractures
{brittle fractures) in components with safety relevance (e.g. pressurized
containments) the materials used have to have an adequate toughness. The
toughness requirements for materials are laid down in sets of regulations
or in specification. If the guidelines are compared, however it becomes
clear that opinions vary considerably concerning minimum toughness to be
guaranted and procedure to be evaluated. In this paper the regulations are

discussed.
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1. Introduction

The structural design of components which are important from a safety
point of view is largely laid down in sets ¢f regulations, e.g. for.
pressure vessels subject to German regulations in the AD-Merkblaetter,
compiled by the Arbeitsgemeinschaft Druckbehdlter (Pressure Vessel Working
Group) (1) For the stress analysis the starting point is a defect-free
material structure, Load stress concentration spots resulting from
manufacturing~ and fabrication-related deficiencies and influences are not
taken into account even though the theoretical stress at such locations may
exceed the tensile strength during operation. Stress concentrations of this
kind may result in fracture if they are not reduced by plastic deformation
of the material. There is a danger that the component will fail if the
materials used behave in a brittle way instead of a tough fashion.

By toughness is meant accordingly the ability of the material to
absorb, by plastic deformation, any energy applied. This property of the
material depends on the kind of load which, for its part, includes the
multiaxiality of the stress state, the intensity of the stress component
and the loading rate,

With ferritic material it is known that the toughness depends to a
considerable degree on the temperature. The reduction in toughness from a
transition temperature specific to material defect geometry and type of
load must be considered when materials are being selected for use in
components subject to low temperatures and of importance with regard to
safety, e.g. vessels for liquified, low-temperature gases.

The most suitable way of assessing component toughness is to conduct
tests on component-like specimens under lcocad conditions specific to the
component, but this is only justifiable in exceptional cases because of the
effort and expense involved., For the most part toughness is determined in
practice using the ISO-V specimen in a notched bar impact test, which is
easy to perform. When requirement figures are being fixed there is exten-
sive reliance on experience gained and in some regulations also on the
results of wide-plate tensile tests or fracture mechanics analyses.

The concepts of toughness applied in Eurcope are described below and
discussed.

2. Concepts of toughness
Assessment of component toughness

2.1 Values obtained in notched bar impact tests

The toughness requirements for materials for use at low temperatures
are laid down in the German pressure vessel regulations, the so-called
AD-Merkblitter, in Merkblatt No W 10, issued Nov.'76. In table 1 the most
important information from this 'Merkblatt' is given for three grades of
different types of steel. The Merkblatt indicates the lowest application
temperature to which the materials mentioned may be used for pressure

vessels, The lowest application temperature here is related to the load
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case. Three cases are distinguished: in lcad cases 2 and 3 there are lower

loads or higher safety coefficients as compared to case 1. Toughness should
be demonstrated using notched bar impact tests and the type of specimen and
its position are laid down according to type and grade of steel. Both DVM
and ISQO-V specimens, longitudinal and transverse, are used. The minimum
notch impact energy for the materials mentioned in Merkblatt AD-W 10 was
laid down on the basis of practical experience and by considering cases of
damage. Results from wide-plate tests or fracture mechanics analyses to
characterize component toughness were not included. Adequate toughness
should be demonstrated for the base metal according to AD-W 10 at the test
temperature given there, and for the weld metal and heat-affected zone (HAZ)
according to AD HP 2/1 and AD-HP 5/2 at the lowest application temperature.

2.2 Results from wide- plate tests and values cbtained in notched bar
impact tests
In most European regulations on the use of materials at low tempera-
tures, such as the British Standard BS 5500 (2), the standard of the Swiss

"Verein Schweizer Maschinenindustrieller™ VSM 53165 (3), the French regu-

lation for the manufacture of pressure vessels CODAP 80 (4) and the Dutch
pressure vessel regulation M0110 (5) material requirements have been fixed,
as in the draft of the corresponding IS0 standard, using values obtained in
notched bar impact tests and results from wide-plate tests (6). On the basis
of welded, as well as welded and stress-relieved wide-plates with arti-
ficially induced defects the lowest permissible component temperature could
be determined according to grade of steel and wall thickness. The steels
investigated were primarely C and C-Mn steels (7). As lowest service tem-
perature one fixed the test temperature in wide-plate tests at which an
overall extension of 0,5 % at fracture was achieved.

It was assumed here that components with areas of local stress concen-
trations up to a stress concentration factor of about 2.5 could not then
fail in a brittle way with pressure test load (1.3 times service load)}, but
that the stress concentration are reduced by plastic deformation of the
material. Nomograms were drawn up from evaluation of the wide-plate tests
and from these it is possible to take the minimum permissible componente
temperatures according to material and wall thickness. Figure 1 shows such
a nonogram from the ISO draft. It applies to steels of various grades with
tensile strength < 450 N/mm? in welded condition. In this standard there
are also corresponding graphs for the welded and stres-relieved condition
of steel grads with tensile strength > 450 N/mm2.If the nomogram includes
the material-related test temperature which is also prescribed for demon-
stration of toughness in the notched bar impact test then the nomogram
obtained is that shown in fig., 2. It indicates the connection between the
structural design data {lowest service temperature, component wall thick-

ness) and the required transition temperature for a given notch impact
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energy. Comparison with the other European regualtions and standards
mentioned above shows that the greatest range of materials and strength is
given in the draft ISC standard and the Dutch standard, which is closely
related to it., The Swiss standard limits the C-Mn steels at R = 373

p 0,2
N/mm?, the British standard includes no Ni steels or austenites.

2.3 Fracture mechanics and values\obtained from notched bar impact tests
In the French standard AFNOR & 36-011 (8) the lowest permissible

service temperature for material used at low temperatures is determined

with the following relation
T_2=1.4 TK
s

28+25+ B +ATe+ ATV‘
where:
TK28 = temperature at which 28 J is reached in the notched bar impact
test
B = temperature difference, according to yield point or fracture
toughness
ATe = temperature difference, according to wall thickness
ATv = temperature difference, according to lecading rate.

When the lowest component temperatur was fixed it was assumed, in line
with the accepted facts of fracture mechanics, that components with through
wall and surface defects of a conservatively assumed size cannot fail with
a load at the level of the yield point if the material used has an
adequately fracture toughness. This crack toughness was compared with a
notch impact energy of 28 J. For the purposes of the comparison performed
at the French Institute for Welding Reasearch {IRSID) (2) tests on C-Mn,
Mo, Mn-Mo, Cr-Mo and Ni alloy steels in a yield point range of 235 to 740
N/mm2? were analyzed. From the tests it follows for the temperature

difference with a deviation of 25°® C that:

B = 70 1n /(Re-100) : 380/
where:
Re = yield point.

The temperature difference AT, to take account of component
thickness was determined from a number of tests {Pellini, Robertson,
Battelle} ‘

According to this, for wall thicknesses 2 110 mm it is assumed that
the plain strain is already present for which aT, = . For wall
thicknesses = 110 mm the figure for ste is taken from the standard and
inserted into the above relation as a negative value. The temperature
difference ATV to take account of the load rate was deduced on the basis of
results from corresponding notched tests {10) as aTv = (83 - 0.08 RE)EO‘17.
In the standard nomograms were produced according to the above relation for
materials with different yield points and these nomograms show the

connection between the lowest service temperature, component wall
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thickness and test temperature for dynamic, medium and quasi-static load.
figure 3 shows nomograms for the three load rates for materials with yield
points between 690 and 740 N/mm?. With a reduction in the level of load the
test temperature can be raised according to the figures given in figure 3,
In the standard the materials are distinguished according to their yield
points, without taking into account welds and heat treatment.

2.4 Porse diagram

The safety requirements for nuclear facilities are higher than those
for conventional facilities. The demonstration that primary circuit
components are sufficiently tough even at low service and emergency
temperatures is to be performed according to the KTA regulation 3201.2 (11}
with reference to the ASME Code (12}. According to this toughness are
required which are so high that even running cracks cannot propagate. For
this purpose component analyses are required on the basis fo fracture
mechanics or using the so-called Porse diagram (fig. 4). The Porse diagram
was developed from the fracture analysis diagram (FAD) (13). It is differnt
from the FAD in that the course of the crack arrest line is shown in
simplified form and linearized twice and this line indicates the conditions
for crack arrest in relation to defect size, stress, wall thickness and

temperature. The design transition temperature (DT-temperature) is obtained

from RTNDT + 33K with RTNDT as the greatest of three temperatures T1 to T3.
Tl = HNDT

T, = TCV(GBJ) - 33K

T, = T, (0,9 mm lateral extension} =-33K

Within the framework of the brittle fracture analysis all service
conditions (stress and temperatures) are plotted in the modified
Porse—-diagram {as in fig. 4} by way of example as a service curve. The
brittle fracture safety is characterized in the Porse diagram by the
temperature difference between the service curve and the crack arrest line.
A compecnent is considered to be brittle fracture-proof if the service curve

is located to the right of the crack arrest line without intersecting it.

3. Discussion of the toughness requirements

The Porse diagram is used to demonstrate adequate toughness in nuclear
facilities. It assumes the precondition that fast running cracks must not
spread in a brittle fashion., For pressure-bearing components in
conventional facilities this requirement is not applied; instead of this
the toughness of the component must only be so great that brittle fracture
do not start. The difference with regard to requirements for noth impact
energy for IS0~V specimens is accordingly high {Av = 68J according to Porse
and A, = 20 J to 27 3 for conventional components}.

The French standard (8) is based on fracture mechanics analyses which
are intended to help prevent unstable crack growth. In the analyses the

basic factors favouring brittle fracture, such as stress intensity,
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component wall thickness, temperature and loading rate, are taken into
account. What is a disadvantage is that the nomograms included in the
standard have only been produced for plates with defects which do not
properly characterize real components, e.g. vessel nozzles. Other weak
spots in the standard are the evaluations of the influence of rate and wall
thickness, To date the influence of the rate has only been quantified using
notched bar impact tests (10).

There is as yet no check using fracture mechanics test. The influence
of the wall thickness is, according to the French standard, related to the
material. This contradicts greneral experience and is presumably based on
results obtained for only one grade of steel.

In most European standards (2 to 5) and in the draft ISO standard (6)
the toughness reqguirements have been fixed in the form of nomograms with
the aid of results from wide-plate tests and notched bar impact tests. From
the nomograms given in the regulations it is possible to determine the
lowest component temperature according to the wall thickness. The influence
of the load rate is not taken into account in the nomograms, since they are
only applied with results from wide-plate tests under quasi statiec load. A
further disadvantage of these standards is that a lowering of the maximum
permissible load level is either not considered at all or only
insufficiently in the assessment of toughness. In fig. 5 there is a
comparison of the standards quoted and drawn up on the basis of wide-plate
tests for two wall thickness (strength = 450 N/mm?2, welded condition).
Considerable differences result and these are caused partly by deviations
in the grades of steel and strength classes, and partly by different
toughness reguirements and safety coefficients. In addition some standards
start from yield points and some from tensile strength. Comparison of the
individual curves shows that the wall thicknesses are weighted differently
in the different standards. The same is true for the stress-relieved
condition,

Where the above mentioned standards agree is that for small wall
thickness (e.g. 10 mm}) use is possible at temperatures below the test
temperatures for the IS0~V specimens.

This can only apply if no drop in toughness occurs between the test
temperature and application temperature or if the influence of any drop in
toughness in the notcled bar impact test between the test temperature and
service is no greater than the effect arising due to the different lcad
rates (dyhamically loaded ISO-V specimen at static service). From this it
follows that the diagrams can strictly speaking only apply for the groups
of steels indicated and for guasi-statically loaded components.

Oneé basic disadvantage in all the above mentioned standards which
should be emphasized is that, regardless of the direction of load, in
relation to the main direction of deformation of the plates, ISO-V

specimens are generally tested as longitudinal specimens. This does not take
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into account that transverse values are basically worse than longitudinal
values and that in addition their level depends on the conditions of
deformation,

The AD-Merkblatt W 10, issued in November 1976 differs in a number of
important ways from the above mentioned standards. Thus, according to the
steel, both DVM and ISO-V specimens, taken as longitudinal or transverse
specimens, are tested, Furthermore neither the influence of wall thickness,
nor stress relief, nor loading rate is given weight. Nevertheless an

increase in the safety coefficient is taken into account in the design.
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Table 1: Extract from table 1, AD-W 10, German rule for pressure vessels
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