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FOREWORD

By the end of 1990, there were 423 reactor units connected to the grid
supplying electricity in 25 countries with a total reactor experience of
about 5600 years. 83% of these were water cooled reactors (237 PWRs, 88
BWRs, and 28 PHWRs).
The experience accumulated in the design,
construction and operation of current nuclear power plants has demonstrated
that water cooled reactors have performed very well. However, there is
always potential for further improvements, as in safety features for
reducing remaining risk, and for improving operational reliability.

The current IAEA programme in advanced nuclear power technology
promotes technical information exchange between Member States with major
development programmes.
The International Working Group on Advanced
Technologies for Water Cooled Reactors recommended to organize a Technical
Committee Meeting for the purpose of providing an international forum for
technical specialists to review and discuss aspects regarding development
trends in material application for AWCRs. The experience gained from the
operation of current water cooled reactors, and results from related
research and development programmes, should be the basis for future
improvements of material properties and applications. As far as new
requirements are concerned, it may be necessary to modify proven materials,
or to find new alloys for special application. This meeting enabled
specialists to exchange knowledge about structural materials application in
the nuclear island for the next generation of nuclear power plants.
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SUMMARY OF THE TECHNICAL COMMITEE MEETING

The Technical Committee Meeting was opened by Mr. J. Kupitz, Head of
the IAEA Nuclear Power Technology Development Section and Mr. S. Kotrc,
Technical Director of Nuclear Machinery Plant, SKODA Concern, Plzen.
Mr. Kupitz presented an overview of the current and future situation
as follows:

This Technical Committee Meeting was devoted to the exchange of
information in the very important area of "Materials for Advanced Water
Cooled Reactors".
According to the IAEA Power Reactor Information System (PRIS), by the
end of 1990 there were 423 reactor units connected to the grid and
supplying the electricity in 25 countries with the total reactor experience
of about 5600 years. During 1990, ten nuclear power plants were connected
to electricity grids in Canada (1), France (3), India (1), Japan (2), USA
(2), USSR (1), whereas 12 reactors were shut down in France (2), Germany
(5), Italy (2), Spain (1) and United Kingdom (2). Worldwide in 1990, 28
countries were operating or building a total of 507 nuclear power plants
for electricity generation. Nuclear plants supplied about 17% of the
world's total electricity last year.
The development trends for all reactor concepts clearly reflect the
influence of past experience and the revised framework for the future. The
development of new reactor concepts is continuing in the areas of light
water reactors, heavy water reactors, gas cooled reactors and liquid metal
fast reactors.

The current light and heavy water reactor technology has proven to be
economical, safe and reliable. Eighty-three percent of the 424 reactors in
the world are water cooled reactors - 239 PWRs, 88 BWRs and 27 PHWRs. This
means that many countries are already heavily reliant on nuclear power and
in particular on water cooled reactors, which will continue to be the main
stream of nuclear energy among all lines of nuclear reactor types within
the foreseeable future. Technology development, however, in all areas is
never standing still but is always progressing and this is also valid for
nuclear power technology development.
A tremendous amount of experience has been accumulated during the
development, design, construction and operation of water cooled reactors,
offering a sound basis for further technology improvements and the
development of new design concepts.

Even though the present generation of water cooled reactors has a
satisfactory operating record, significant development programmes are being
conducted with the aim of further increasing safety, reliability and
economics.
Advanced designs that are being investigated include:

large sized water reactor designs as a result of continuous
upgrading and evolutionary technology improvements of current
models;
medium sized evolutionary designs which incorporate, to a large
extent, passive safety systems;

high converters for better fuel utilization;
innovative design concepts which are mostly based on the PIUS
concept.

Thus, advanced nuclear power plants may have new characteristics and
may incorporate more than three decades of successful operating experience
accumulated mainly through the operation of water-cooled reactors.
In conclusion Mr. Kupitz expressed great appreciation and thanks to
Czechoslovak Atomic Energy Commission and SKODA Concern, especially to
Nuclear Machinery Plant for their kind offer to convene these meeting in
the Czech and Slovak Federal Republic and for providing all participants
with very good working conditions in Plzen and for the possibility to visit
SKODA Concern, which is very well known as a designer, producer and
supplier of nuclear equipment.
In his speech, Mr. Kotrc introduced the SKODA Concern, in particular
its Nuclear Machinery Plant.

SKODA Concern, founded in 1859 with only 45 employees, has changed
radically over the past 130 years in structure and size. It now ranks
among the most important engineering companies in the Czech and Slovak
Federal Republic, thanks to the range of its production, and engineering,
technical and research capabilities. Its contribution to the Czech economy
lies particularly in the machinery products and equipment with which it
provides various enterprises. For example, it supplies nuclear, steam and
hydro-electric plants, rolling mills, foundries, forges, pressing shops,
and engineering concerns, as well as rubber, ceramics, glass, paper and
tobacco
industries.
Among
its list
of products
are
included
high-performance electric locomotives and modern trolley-buses. Of course,
its share in the exports to dozens of countries in all continents is not
any less important. Roughly one-third of its production is directed
towards export. In addition to intensive exploitation of its manufacturing
and technical capacities, it reckons with considerable application of the
abilities of its specialists in the field of engineering services and
technical assistance; for instance, in the creation of design projects,
solving scientific research problems, etc.
The size
time of its
manufacturing
is protected
reached about

of the concern has grown from the mere 45 employees of the
origin to the 37000 of the present.
It now has 20
plants, and the SKODA trademark (the well-known winged arrow)
in 115 states since 1923. Annual production volume has
9 billion Kcs.

One of the above-mentioned plants is the Nuclear Machinery Plant.
Founded in 1956, and originally intended for the production of parts of
reactor equipment, it has become the final supplier of primary circuits and
transport-technology equipment for nuclear power plants since 1982. Within
the framework of this responsibility, the Nuclear Machinery Plant performs:
-

the elaboration of design documentation and assembly technology,
the elaboration of tests and commissioning programmes,
the completion of primary circuits,
the assembly of equipment on the construction site, and
tests and starting-up of the equipment before the operators take
over.

Although based on a Soviet technical basic design, the equipment is
manufactured according to a design and technological documentation of our

own, and includes the reactor pressure vessel, the cover and superstructure
of the upper block, the inner reactor parts, and equipment for the
operation of the reactor.
The pressure vessels are made of Cr-Mo-Va and Cr-Mo-Ni steels,
produced in the SKODA Metallurgical Plant, and shaped and heat-treated in
the SKODA Forge Plant. Subsequent operations, i.e. machining, welding, and
the welding on of an inner protective layer and its surface grinding, are
done in the reactor hall. The inner reactor parts are welded from Cr-Ni
stainless steel rings and tubes, supplied by the Metallurgical Works in
Vitkovice and Chomutov. The control rod drive mechanisms are made of
special steels, and are provided with power and control electronics.

A rigid quality assurance programme, including in-operation and final
inspections, is matter of course. However, even after being put into
operation, our plant remains in close contact with the power station, and
provides :
-

the manufacture and supply of spare parts,
periodical inspections of selected parts using SKODA test equipment,
evaluation of the findings during periodical inspections and
decisions, concerning subsequent operation of the equipment, and
- authorized repairs of selected equipment.
The Nuclear Machinery Plant has manufactured, supplied and put into
operation 11 units of WERs (6 in Czech and Slovak Federal Republic, 1 in
Germany and 4 in Hungary). There are further 4 units of WER-400, and 2
units of WER-1000 under construction for Mochovce and Temelin
respectively. Project designs for these two units have to be reworked
according to the recommendations of the IAEA. Completion of the facilities
at Temelin offer an opportunity for SKODA and WEG to work together.

SESSION I

Historical Evolution of Structural Materials

Chairman: P.J. Meyer
Co-chairman: N.Y. Dennielou
Historical descriptions were given of the development, in both
Eastern and Western countries, of various materials that are used for the
construction of primary circuit components such as reactor, steam
generator, piping, valves and pressurizer. As the main components were
made in different factories, there exist some differences in the technology
of their manufacturing, starting from steel-making to the finishing of
pressure vessel. The results of analyses showed that technology has
reached a level which provides a reliable basis for safety and structural
integrity of components for advanced water cooled reactors. No improved
materials can be expected to be forthcoming as yet, since further
operational experience must first be gained before such changes can be put
into effect.
Both invited papers described the significant features and
characteristics of main components. Main data of components, operational
and material parameters, chemical composition, mechanical properties,
structural features and safety requirements were analyzed and described.
The current situation in reactor operation, and the most important research
and development programmes were presented. It was recommended that the
most important areas of activity should be the study of:

- irradiation embrittlement;
- conditions for brittle failure of pressure vessel materials;
- material degradation processes and operational conditions;
- fatigue damage and failure;
- corrosion resistance of materials;
- improvements in steel metallurgy and velding technology.
It was proposed that, in order to gain consensus between the
nuclear community members on the conclusions reached in the presentations,
a material concept for primary components, such as the RPV, should be
developed for the next reactor type. A detailed analysis and comparison of
codes, and of standard requirements for materials of primary components
should be made, for example for SG, RPV, and piping. This activity could
be coordinated with the decision on a benchmark by the working group of
ECC. The licensing requirements are necessary to be analyzed for the
introduction of new materials that are already accepted in other
countries. Lastly, a co-ordinated evaluation, perhaps between IAEA and
WANO, ought to be made of findings concerning material problems, and of
their application to the current generation of old plants.
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SESSION II

Environmental Effects
Chairman: R.D. Nicholson
Co-chairman: F. Gillemot

In general, modern materials used for the primary circuits in PWRs
will satisfy the requirements for advanced reactors. However, a better
understanding of long-term degradation mechanisms such as irradiation,
thermal ageing and environmental effects is needed. The presentations in
this session were all related to material degradation, such as the effects
of dynamic strain ageing (DSA) on the fracture toughness of vessel steels.
Quenched and tempered specimens of SA508-Class 3 steel were used in this
case, with varying values for temperature and tensile strain rate, and the
apparent activation energy was calculated. Fracture toughness measurements
were made, and the tearing modulus calculated as well.
Discussion took place on the analysis of the toughness data,
particularly on the determination of Jj, and on the relative merits of
the DC Potential Drop (DCPD) method of measuring crack growth, compared to
unloading compliance and multi-specimen tests. It was agreed that the work
on DSA needs to address specimen-size effects, as the level of triaxiality
and plasticity will influence the results.
The use of shape welding for ferritic components requires careful
composition control and procedure testing. An investigation of the
fracture toughness of a shape-welded cylindrical component material showed
it to be inadequate for sensitive applications on the basis of a low
tearing modulus. It was postulated, however, that the quantity of Ni, Mn
and oxygen, which was approximately twice greater as compared to the
specifications for such steel, might have influenced the fracture
properties of the material. An additional factor that may have contributed
to the toughness results was the low temperature that was used in the post
weld heat treatment. Although shape welding is a generally advantageous
process, such heat treatment and inspection requirements must be carefully
determined. Economic considerations suggest that shape welding will be
viable for very complex shapes, but the advantages for application to
austenitic steel are less clear.

Stress corrosion cracking in austenitic and martensitic steels used
in reactor cores was studied. Since failure of the pressure vessel
cladding could result in crack growth in the base metal, corrosion of the
base metal and the hydrogen absorption zone (HAZ) were also given
attention, in both dynamic and static water environments. A higher
hydrogen content was used in the test specimens than in actual reactor
operation. The measurement of the hydrogen content itself involved storing
the specimens in liquid hydrogen before testing, and then remeasuring it
after testing.
Various factors that cause irradiation embrittlement were
described, and information was presented on the effects of Cu and P in
CrMoV pressure vessels, and of Ni in CrNiMoV steel. The recovery of
properties by annealing, and the influence of P content and neutron fluence
on the recovery of the transition temperature shift were described. An
effect of neutron flux was indicated for tests on the former type of
steel. It was pointed out in discussion, however, that a different study
had produced different effects, and it was agreed that the embrittlement
mechanism must be better understood before the flux effect can be confirmed.
11

In conclusion of this session the participants of the TCM supported
the establishment and development of an international data bank. The use
of proven hard alloys to replace Co and similar elements, and of proven and
modern welding technology for the fabrication of advanced reactors was
recommended. Further recommendations included large-scale tests on safe
end welds and early publication of the ensuing results, and further
optimization in fuel cladding, if possible, since the improvements so far
have proved to be encouraging.
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SESSION III

Research, for Improving Material Properties and
Fabrication Methods

Chairman: N. 01
Co-chairman: L. Jurkech
On the whole, this session rather lacked any single focus, with
papers being presented on diverse subjects.

The extensive research being conducted for the purpose of improving
materials and fabrication methods has led to the suggestion of the use of
nickel-based weld metal for the dissimilar metal welds of the main primary
circuits of 1450 MWe PWR series. Also, recent in-service inspections have
revealed certain fabrication defects, and have led to the modification in
welding procedures and inspection techniques. There was some discussion
concerning hydrogen embrittlement at welds.
One of the serious limitations for the broader use of low carbon
martensitic-austenitic stainless steels, which are occasionally used in
nuclear power plants, is long-term stability in operating conditions. An
evaluation of process conditions for the production, and for physical
metallurgy characteristics of as-cast and forged conditions were reported.
Low carbon content (below 0.03%) for the steel used in the study resulted
in fairly good resistance to temper embrittlement after tempering at 500 to
550°C. It was noted in support of the report that if the material were
used at temperatures of less than 320°C, it could be used with high
reliability.
The results of an investigation on stainless steels with various
carbon contents after different kinds of heat treatments and cold plastic
deformation were reported.
Transition electron microscopy (TEM) and
metallurgical observation showed complex processes of precipitation of
interstitial and inter-metallic phases in the course of ageing. The
mechanical properties of the steels under study depended strongly on their
structure, with such factors as cold plastic deformation and precipitation
of inter-metallic phases causing a decrease in the plastic properties.
Extensive stress analyses under sets of seismic forces were
reported to have been carried out on various pipe components. Some results
of these are being compared with those of full scale seismic experiments.

Increased fuel burnup requires more corrosion resistant Zr-alloy
fuel cladding to maintain satisfactory corrosion and hydrogen pickup
behaviour. Results of in-pile and out-of-pile tests on new cladding
materials, which included ZIRLO <Zr-l%Nb-l%Sn-0.1%Fe), and several Zr-Nb
alloys containing up to 2.5%Nb, were reported for high duty plants. There
followed a discussion on the validity of autoclave tests compared with
in-pile data.

Various recommendations concerning the continuation of work on
specific subjects followed the presentation of papers. The subject of
steam generator materials, it was agreed, is one of utmost importance.
Fundamental research dealing with the mechanisms of corrosion, environment
assisted cracking, and mechanical failure should be continued.
The
detrimental role of impurity elements, and the importance of their further
reduction in concentration, especially with regard to weld points and weld
overlays, were stressed, and were supposed worthy subjects for the next
13

consideration at the IWGATWR as well. The apparent activation energy of
Cr-rich alpha-phase formation in duplex (martensitic- austenitic and/or
austenitic-ferritic) stainless steels should be determined. This value
should be used for the safe service time limitation calculations with
respect to specific steel grades. The review of results from research
programmes in the United Kingdom and USA can serve as a basis for
additional work.
The first of two further subjects for future
consideration concerned the effect of irradiation on stress corrosion
cracking susceptibility, and its impact on component performance. The
second was for the discussion of state-of-the-art "leak before break"
technology, using results from the large scale testing in the Czech and
Slovak Federal Republic.
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SESSION IV

Advanced Manufacturing Techniques
Chairman: I.E. Gibson
Co-chairman: J. Zdarek

Although modern manufacturing and processing methods for materials
and components can be shown to provide a solid basis for the development of
the next generation of LWRs, the use of advanced techniques can further
increase the margin for structural integrity of components and systems.
This, moreover, can be accomplished without any great increase in the costs
for safety-relevant systems. The application of newer techniques, such as
shape welding, depends on the situation of the market, and on their
potential for cost-effective innovations.

In order to improve materials' technology, it is important to
understand the major materials' degradation mechanisms. An overview was
given of various research activities on experimental and computational
fracture mechanics, material characterization, and material degradation.
Also presented was a report on results related to the development and
qualification of two different steels for use on the pressure boundary, and
to the development of a special bi-metallic joint which eliminates the need
for heat treatment after butt-welding. A review was given of major
criteria for reducing occupational doses and radioactive waste formation in
APWR primary circuit material, both during and after the operation period.
It was recommended that various meetings be considered by the
IWGATWR for further work on certain topics. One should be for the
collection of data on embrittlement mechanisms, especially on irradiation
embrittlement and annealing. This should be co-ordinated with meetings
planned by other organizations or IWGs, and be followed by an Expert Group
to analyze the data, and to draw conclusions. Another meeting should be
considered by IWGATWR for a discussion on the relationship between reactor
design, manufacture, and material requirements. The whole life of the
reactor, from construction to decommissioning, should be considered,
including such factors as the effects of flux, thermal stress, fatigue and
environment. There is also a need to develop a surveillance programme for
advanced reactors, which should be referred to the IAEA Surveillance
Programme.
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SESSION V
General Discussion and Conclusions

Chairman: H. Brumovsky
Scientific Secretary: V. Krett

Following are the results of the discussion of the Groups for the
future activities in the framework of IWGATWR.

1. The current status shows that development work for APWRs is
concentrated on fabrication techniques, material properties and
optimization of current materials which have been successfully
proved in operation, rather than on the development of new
ones.
The exception to this is in the development of
cobalt-free, hard facing alloys. Most probably, no new specific
requirements will be created for APWRs, but a better
understanding of long-term degradation mechanisms, such as
irradiation,
thermal
ageing
and
environmental
effects
(particularly in their interaction), is needed. There should be
a discussion and analysis of the relationship between reactor
design, manufacture, material requirements and operational
behaviour, and the whole life of the reactor, from construction
to decommissioning, ought to be considered.
2. The fabrication of advanced reactors should utilize proven,
modern welding technologies. Dissimilar weldments are still of
great importance and
interest, especially due to the
possibilities of the "leak-before-break" approach application.
The improvements to fuel cladding are encouraging, and further
optimization is recommended.

3. A comparison of Western and Eastern material codes, together
with material testing methods, is needed for key components of
the reactor primary circuit. The creation of an international
data bank of properties and degradation effects in materials for
reactor key components is strongly recommended, as is the
development of a standard IAEA Surveillance Programme of RPV
materials for APWRs.
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Chairmen
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Germany
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ADVANCED PROPERTIES OF STRUCTURAL
MATERIALS FOR NUCLEAR EQUIPMENT
IN EASTERN COUNTRIES

Tab.l. Main parameters of WER

M. BRUMOVSKf
Nuclear Machinary Plant,
Skoda Concern,
Plzen, Czechoslovakia

working pressure, MPa
reactor input water

Abstract

Paper gives a survey of material problems of key components
of primary circuit of WER (PWR) type of reactors as they
arose during their development and operation. Paper also
summarizes main parameters and material properties of these
components together with research and development programmes
that ar in progress in this field in countries operating
WEE type of reactors.

parameter

type of reactors

WER-210 WER-365 WER-440 WER-1000

electric output, MW

210
10. 0

365
10. 5

440
12.5

temperature, C

252

252

268

289

273

280

301

322

reactor output water
temperature, C

secondary circuit

1000
15. 7

pressure, MPa

number of loops

2. 9
6

2. 9
6

4.4
6

6. 0
4

maximum outer diameter
of reactor vessel, m

4. 4

4.4
11. 80

4.27
11.80

4. 535
10. 85

reactor vessel height, m 11. 34
steam production per
steam generator, t/h
236
inner diameter of steam
genera tor, m
3. 0
steam generator length, m 11.57
number of tubes in
steam generator
2074
diameter and thickness
of tubes, mm
21x1 .5

inner diameter of
primary piping,m

0.5

325

3. 0
11. 57
3664

452

1469

3.2
11.99
5146

16x1 .4

16x1.4

0.5

0.5

4. 0
14. 04
15648
12x1 .2

0.85

l. INTRODUCTION

Design of a powerful nuclear power plant with a light water
reactor ensuring its safe and reliable operation and planned
lifetime is determined to a great extent by properties of
structural materials and by manufacturing technology of all
structures. Choose and development of structural materials

for Eastern type reactors differ from other design concepts.

General designer of water cooled and moderated reactors in
USSR from the very beginning put his main concentration on
PWR type of reactors only, which was named as "WER" type
(vodo-vodianyi energeticheskiy reactor = water-water power
reactor). This type of reactors had four development steps,
main parameter of them are shown in Tab.l.
Primary circuit contains, in principle, reactor, steam
generator pipings, valves,and pressurizer. Secondary circuit
is usually composed from steam generator with steam
separator, turbine, system of heaters,deaerator and pipings.
Both circuit contain also systems of water cleaning.

2. CHARACTERISTICS OF MAIN COMPONENTS

2.1.

REACTOR PRESSURE VESSELS

Reactor pressure vessels are thick-walled cylindrical ones

with spherical domes, as it is shown in Fig.l and Fig.2.
Reactor pressure vessels of WER type of reactors have some
significant features that are different from Western design
as it is schematically shown in Fig.3 :
- reactor pressure vessel (as well as all other components)
must be transportable by land, i.e. by train and/or by
road. This requirement causes some very important
consequences on vessel design, mainly (see Tab.l and

In this paper main interest will be put on materials for

Tab.2) :

vessels as the most important components from safety point
of view. As all main components were produced in USSR and
also in CSFR, there exist some differences in technology of
their manufacturing, beginning from steel making up to
pressure vessel finishing. When possible, these différences
will be mentioned.

- smaller mass of vessel, that results in:

primary system components, and mainly to reactor pressure

- smaller vessel diameter, that results in :
- smaller water reflector thickness and thus higher
neutron fluxes on reactor vessel wall,
- high resistance against irradiation embrittlement,
- requirements for higher strength properties of
materials to decrease vessel wall thickness.

N)

O

Joo

FIG.2 - Comparison of Soviet Code and Reg.Guide 1.99,Rev.l
for 15Kh2MFA type of steel and its welding joint
(BM - base metal, WM - weld metal)

- two nozzle rings, upper one for outlet nozzles,lower one
for inlet nozzles, that result in :

- weldment between upper and lower nozzle rings also
divides temperature in the vessel,
- there is no temperature gradient in circumferential
direction in any nozzle ring,
- larger vessel length,
vessels are made only from forgings, i.e.from cylindrical
rings and from plates forged into domes,
spherical parts of vessels bottom and cover are stamped
from forged plates; in USSR from a plate, welded from two
smaller ones by electroslaa weldment, in CSFR from one
large plate prepared by a development of an ingot,

no axial weldment is allowed in vessels,

FIG.l - Scheme of WER-440 and WER-1000 reactor pressure
vessels

inlet and outlet nozzles are not welded to nozzle ring,but
they are :
- machined from a thicker forged ring for WER-440 vessels,
- forged in hot stage from a thick forged ring for WER-

1000

vessels,

rr« i

r
—i—i-

_____
T————l——i——I

Tab.2. Main parameters of reactor pressure vessels

parameter
reactor type:

too

WER-440
230
213

mass, t
length, m
outer diameter, m

t*<3

215
11.800

320
11.000

3.840
3.980

4.535
4.660

in cylindrical part

T
<5KKWKF<M\SN,-fmoC«

/(,» W+».XOCM

in nozzle region

wall thickness(without

cladding),m

in cylindrical part

in nozzle ring
working pressure, MPa
design pressure, MPa
hydrotest pressure, MPa
design wall temperature,
vessel lifetime, y
neutron fluence during
design
lifetime,
A
m -2 (E >0.5 MeV)

- base metal
- weld metal

0.140
0.190
12 26
13 7
17.1
19.
325
30
40

- free flange

- stud bolts and nuts
FIG.3 - Comparison of Soviet Code and Reg.Guide 1.99,Rev.2
for 15Kh2MFA type of steel

comparison with Western design - see Tab.3(data on steels
for Western type components will be also added),
- not all pressure vessels were covered by austenitic
stainless steel cladding in their whole inner surface,
- all austenitic steels, used for cladding,internals and for
primary piping which are in contact with a water coolant,

are stabilized.

In USSR a special high strength heat resistance steel of
Cr-Mo-V type (marked 48-TS) was developed for WER reactor
vessels from the very beginning of their design. This steel

according to its chemical composition was designated as
15Kh2MF and was determined for a body of WER-440 and other
alternatives of this reactor pressure vessels. Chemical

composition of this steel and its heat treatment was chosen
in such a way to ensure required values of strength
properties, ductility and toughness as well as satisfactory
weldability. Besides, selection of Cr-Mo-V type of steel

ensures an increased resistance against tempering
embnttlement during vessel fabrication and against thermal

ageing and irradiation embnttlement during operation

50
37+18
15Kh2MFA
15Kh2MFA
18Kh2MFA
25Kh3MFA
25KhlMF

15Kh2FAA
15Kh2MFA
18Kh2MFA
25Kh2MFA
38KhN3MFA

6.3xlOAA 23
5.7xlO 23

90
61+30
15Kh2NMFAA
15Kh2NMFA
15Kh2NMFA
38KhN3MFA

welding materials :

- automatic submerged arc Sv-15KhMFT Sv-15KhMFT Sv-12Kh2N2MA
+ AN-42

- electroslag

- materials for pressure vessels are of different type in

0.193
0.285
17.65
15.7
24.6
350
40

1.3xlOAA24 2.6xlOAA 24
1.6xlO 24 1.8xlO 24

cover mass, t

number of nozzles
materials :
- cylindrical rings
- other parts of vessel
- cover

to

WER-1000

+ AN-42M

+ FC-16A

Sv-13Kh2MFT
+ OF-6

As mechanical properties of steels are determined by their
structure that is formed in dependence of their alloying and
heat treatment. Requirements of high strength properties and
high toughness in thick-walled materials, can be achieved
only quenching from temperatures about 980-1000 C followed
by high tempering at temperatures about 680-700 C.
To ensure sufficient structure and properties also in heataffected zone of welding joints, and also resistance against
"hot" and "cold" cracks as well as underclad cracks it is
necessary to provide high preheating for welding, required
temperature range is 350-400 C.
During design of WER-1000 reactor pressure vessel a need
for improvement of properties of steel arose. Thus, new
alloying concept of Cr-Ni-Mo-V type was investigated.

to

Tab.3. Chemical composition of materials (mass
material

C

Mn

15Kh2MFA

0.13

0.30
0 .60
0.30
0.60
0 .30

0.18
18Kh2MFA

0.15
0.21

material

max. 2 .50 max.
0. 17 max.
0. 37 0.025 0.025 3 .00 0.40

0. 60 0.25
0. 80 0.35

max. 2 .50 max.
0. 17 max.
0. 37 0.025 0.025 3 .00 0.40

0. 60 0.'25
0. 80 0.35

0.18

max. 1 .80 1.00
0.30 0. 17 max.
0.60 0. 37 0.020 0.020 2 .30 1.50

0. 50 max.
0. 70 0.10

0.04
0.12

max. 1 .20 max.
0.60 0. 20 max.
1 .30 0. 60 0.042 0.035 1 .80 0.30

0. 35 0 .10
0. 70 0 .35

0.04
0.12

0.60 0. 20 max.
1 .30 0. 60 0.012

0. 35 0 .10
0. 70 0.35

15K2NMFA

0.13

Sv-10KhMFT
+AN-42M

V

Mo

0. 60 0 .25
0. 80 0.35

0.22
0.25

+AN-42

Ni

max. 2 .80 max.
0. 17 max.
0.60 0. 37 0.025 0.025 3 .30 0.40

25Kh3MFA

Sv-10KhMFT

Cr

S

P

Si

Tab.5. Requirements for materials of active core shells
(mass %)

max.
0.015

1 .20 max.
1 .80 0.30

Sv-12Kh2N2MA 0.05
0.12
+FC-16

max. 1 .40 1.20 0. 45
0.50 0. 15 max.
1 .00 0. 45 0.025 0.020 2 .10 1.90x0. 75

-

Sv-12Kh2N2MA 0.05
+FC-16A
0.12

0 .50 0. 15 max.
1 .00 0. 45 0.012

max.

-

Sv-13Kh2MFT
+OF-6

max. 1 .40
0.40 0. 17 max.
0.70 0. 35 0.030 0.030 2 .50

0.11
0.16

0.015

1 .40 1.20 0. 45
2 .10 1.90x0. 75
-

0. 40 0 . 17
0. 80 0.35

A 533-B,Cl.l max.

1 .15 0. 15 max.
max.
1 .30 0. 30 0.035 0.035

-

0.40
0.70

0. 45
0. 60

-

A 508,01.30

max.
1 .20 0. 15 max.
1 .50 0. 35 0.025 0.025

—

0.40
0.80

0. 45
0. 60

—

0.25
0.15
0.25

Tab.4. Guaranteed mechanical properties of materials
350

20 C

ÏïpO.2
MPa

MPa

A5
%

Z
%

431
A/S weld metal 392

539
539

14
14

25Kh3MFA

628

736

15Kh2NMFA

A/S weld metal 422

490
490

A 533-B,Cl.l
A 508, Cl. 3

RpO.2

Rm

As

Sb

Sn

P+Sb+Sn Co

15Kh2MFAA

0.012 0.015 0.08 0.010 0.005 0.005 0.015 0.020

15Kh2NMFAA

0.010 0.012 0.08 0.010 0.005 0.005 0.015 0.020

A 533-B,Cl.l

0.012 0.015 0.10 -

On the basis of performed investigations a new type of steel
of 15Kh2NMFA for WER-1000 vessels was elaborated and
brought into industry. This allows to simplify reactor
vessel welding procedure due to decrease of preheating
temperature before welding (150 to 200 C) as well as of
temperature of intermediate and final tempering (620 and
650 C,respectively).
Guaranteed mechanical properties of materials for both types
of reactor pressure vessels, i.e. for WER-440 and WER-1000
units are given in Tab.4.
Long term properties of materials,such as resistance against
thermal ageing and irradiation embrittlement are those that
determine reactor pressure vessel lifetime. At the very
beginning, initial research studies shown that steel of
Cr-Mo-V type (15Kh2MFA) had excellent resistance against
both type of ageing, lnt
thus no special requirements for steels
and their welding 3° s were prescribed. As this type of
steel was required in a higher quality than was prescribed
for chemical a thermal vessels, grade -A- was put into a

design - see Tab.2.

C

Tko

MPa

MPa

A5
%

Z
%

50
50

392

490

14

373

490

12

50
45

12

50

590

638

12

45

608
608
539

15
15
15

55
55
55

441
441
392

539
539
510

14

50

14
14

50

50

-10
-25
0

345

551

18

-

285

-

-

-

-12

345

551

18

38

285

-

-

-

-12

15Kh2MFA

15Kh2NMFAA

Era

Cu

C

0
20

Only later, in the beginning of eighties, when deteriorating
effect of some residual elements ( copper, phosphorus etc.)
was found and established, supplementary requirements on
materials composition and properties were added. Materials

manufactured according this additional requirements are

marked with -AA-,i.e.with a high quality. These requirements
are summarized in Tab.5.Only such materials are now used for
cylindrical shells (base materials and welding joints) that
are adjacent to reactor active core (beltline).
Thus, irradiation embrittlement of reactor pressure vessel
materials can be characterized by a shift of critical
temperature of brittleness Tko ( type of a Charpy-V
transition temperature, which is practical equal to RTNDT

for given materials) that can be described using a relation:
dTf = Af x ( F x 10A23 )Al/3

where Af
F

- irradiation embrittlement coefficient
- fast neutron fluence (E > 0.5 MeV)

as it was taken as a thermal shield of a vessel material

during fast changes in inlet water temperature. Later, in
part of WER-440 type 230 reactors austenitic cladding of
standard thickness (i.e. 9+2/-1 mm was welded only in shells

ÎÔOf-T

with higher stress field, i.e. in nozzle region :both nozzle
rings together with inner surface of nozzles were covered by
cladding; all other part of vessels, i.e. cylindrical part
and bottom was cladding-free. Thus, cladding in these nozzle
rings serves as a protection against initiation of stress
corrosion cracking in high stressed area. For these vessels,
economic and timesaving aspects probably played the dominant
role. Later, for all designs of WER-440 type 213 and, of
course, of all WER-1000 units, cladding is welding to the
whole inner surface of vessels. Its nominal thickness if of
8 to 9 mm, thus it serves not only as a protection against
corrosion (especially surface one),but also as a thermal

protection again.

Cladding consists of two different layers:
- first layer (one pass) is of 07Kh25N13 (24Cr-13Ni) type

of steel,
- second layer(three passes) is of 08Khl9K10G2B(19Cr-9Ni-Nb)
type of steel.

2.2. STEAM GENERATORS

The steam generators in WER are horizontal units with
submerged tube bundles and built-in separation units.These

FIG. 4 - Comparison of Soviet Code and Reg. Guide 1.99, Rev. 2
for 15Kh2NMFA type of steel

From Figs.2 and 3 it is clearly seen that:

- steel of 15Kh2MFA type has higher resistance against
irradiation embrittlement with respect to ASTM A A533-B

type of steel(even its irradiation temperature is by
about 20 C lower than suggestions for Reg.Guide 1.99,
Rev.l as well as Rev.2 [2] ) that is probably caused
by absence of nickelas an alloying element and by
presence of vanadium that creates very stable carbides,
- steel of 15Kh2NMFA type has similar resistance against

steam generators produce dry saturated steam ( Fig.5 and 6)
Advantages of horizontal steam generators are the large
evaporation surface (which enhaces the natural circulation)
and the ability to circulate coolant water without
concentrating impurities. The large volume of water makes
a cool—down of the reactor in an emergency shutdown much
easier. The primary circuit has a natural circulation
capability that can be used to cool down the reactor during
refueling.

The materials used in the horizontal steam generators in
WER are listed in Tab.6.
Tab.6. Materials in steam generators

irradiation embrittlement like ASTM A 533-B type, as
relatively high content of nickel (more than 1 mass %)

deteriorated advantages of the previous type of steel
(see Fig.4 - comparison with data from Reg.Guide 1.99,
Rev.2).

WER-440

Si

22 K
10GN2MFA
22 K
10GN2MFA
clad with stainless steel

shell

headers
tubes

Usage of a cladding on inner surface of reactor pressure
vessels was a problematic question from the very beginning
of their design. In first vessels of smaller outputs
(WER-210,-365) thick cladding was used (up to about 20 mm)

WER-1000

tube supports and spacers
tube-tubesheet joints

OKhl8N9T

OKhl8N9T

OKhl8N9T

OKhl8N9T

mechanical expansion (part of header wall)
or explosive expansion(full depth of header)

Tab.7. Chemical composition of steam generator materials
(mass %)

MOISTURE SEPARATOR

material
22 K

FEEDWATER II

C

Mn

Si

0. 19 0.75 0. 20
0. 26 1 .00 0. 40

Cr

Ni

Mo

V

max. max.
0.4 0.3

—

-

10GN2MFA 0.08 0.80 0.17 max.
0.12
1.10 0.37 0.3

P

Cu

max. max.
max.
0.025 0.025 0.30

1.7 0.40 0.03 max.

max

max

2.7 0.70 0.07 0.020 0.020 0 30

OKhl8N9T max. max. max. 17.0 8.0
0.08

S

1.50 0.80 19.0 10.0

max.

max

0.020 0.035
Tl

5CX0.7

PRIMARY COOLANT IN

PRIMARY COOLANT OUT

FIG.5 - WER-440 steam generator

Chemical composition of used materials is listed in Tab 7
The low alloy carbon steel pressure vessel shell is unclad
The primary and secondary headers are also made of low alloy
carbon steel. The tubing and tube spacers or supports are
all made of a titanium stabilized stainless steel
It is supposed that horizontal steam generators eliminates
the problem of sludge development on the tube sheet, such as
occurs in the vertical steam generators more common in

Western units. But, there is still a potential for some

fouling of the hot steaming tube surfaces due to small
amounts of impurities in the secondary coolant, or the
possibility of major impurity intrusions. This can be a
reason of different behaviour of some poor steam generators,
as was mentioned above. Use of a titanium-stabilized
stainless steel tubing material appears to have prevented
sensitization where the tubes are welded to the tube header,

MOISTURE SEPARATOR

and minimized the probability of inter- granular corrosion
cracking in this area.

2.3.

PRIMARY PIPING

All WER-440 units have austenitic stainless steel pipirg
of OKhl8N12T (18Cr-12Ni) type- see Tab.8. In this titaniumstabilized material sufficient titanium(usually 0.5-1.0 mass
percent) is present to prevent sensitization of the material
during welding.This property of the material, together with
the low oxygen activity specified in primary coolant, is
intended to minimize the probability of intergranular stress

corrosion cracking during service; no instances of this

phenomenon have been reported in WER.
f

PRIMARY COOLANT IN

FIG.6 - WER-1000 steam generator

I

PRIMARY COOLANT OUT

Primary piping for WER-440 was fabricated by rolling as

seamless tubes. Other situation is in fabrication of elbows,
as for WER-440/230 type elbows were welded together by a
longitudinal weld from two forged halves,elbows for WER-440
213 type were fabricated as seamless fully by forging

Tab.8. Materials for primary piping (mass

c

material
OKhl8N12T

Si

Mn

max. max. max.
0.08 0.80 1.50

Ni

Mo

17
19

11
13

-

16
20

12 3.00 0.020 0.030

Sv-04Khl9NllM3

max. 0.30 0.80
0.08 1.20 2.00

P

Cr

S

Tl

max.
max.
0.020 0.035 5C<0.,6

9 1.50 max. max.

The titanium-stabilized stainless steel piping in WER-440
units is difficult to weld, especially in the field. As this
steel has a tendency to crack during welding, special insert
of welding wire Sv-04Khl9NllM3 (19Cr-llNi-3Mo) type were
used (this is not a titanium-stabilized material). At the
same time, Soviet standards require austenitic weld to
contain 3.5-8 % delta ferrite to prevent hot cracking.
The use of austenitic-clad low alloy steel piping in WER1000 units required the development of special techniques
for producing a quality cladding in the inner surface of the
pipes, similar to that on the inner surface of primary
pressure vessels. As a base material, low alloy steel of
10GN2MFA type is being used (see Tab.7), cladding materials
are the same as for cladding of reactor pressure vessels. No
difficulties have been reported with operation of units with
this type of piping.

Situation with reactors of WER-440/213 type is better, as
they belong to so-called "second generation". The most
important disadvantages and troubles are, mainly :
- high fast neutron fluence on reactor pressure vessel wall
- pitting corrosion and stress corossion cracking in tubes
of some steam generators.
As these facts very strongly affect lifetime of individual
components, and lifetime of reactor pressure vessel is
practically the limited one for an assessment of lifetime of
the whole nuclear power plant, several problems of study
have been determined and necessary programmes have started.
These programmes are carried out mainly in USSR, but very
important contributions have been also added in CSFR,
Hungary and Germany.
Irradiation embrittlement is an effect that is a determining
one for lifetime of reactor pressure vessels. This fact
becomes very actual in case of WER-440/230 type reactors.
To maintain this problem, wide experimental, development and
realization programme was performed; results of this
programme have been realized in annealing heat treatment of
nine reactor pressure vessels after some time of operation,
and annealing of other ones is under preparation.

Another solution, of design change type, was accepted from
five to eight years ago - to decrease fast neutron fluence
on inner pressure vessel wall, 36 dummy elements exchanged
new fuel were elements in boundary of reactor active core to
places with maximum neutron flux. This change has small
effect on reactor power output, but is able to decrease
fast neutron flux about 4-times that is very effective, but
only in the beginning of reactor operation; annealing is the
only solution for keeping reactor in operation till the
design lifetime.

3. CURRENT SITUATION OF REACTORS IN OPERATION

WER-440 type reactors are in operation from the beginning
of seventies in USSR, later also in Finland, Germany, CSFR
and Hungary, thus a large experience have been gathered on
one side, and practically half or two thirds of their design
lifetime have been exhausted, on the other side.
WER-1000 reactors are in operation only in USSR for less
than six years,i.e.practically only in the first sixth of
their design lifetime;in CSFR and in Germany are now only
under construction.
Thus, as rectors of WER-440/230 type can be defined as
of so-called "first generation", their typical disadvantages
and troubles have been observed too, mainly :
- high fast neutron fluences on reactor pressure vessel wall,
- higher irradiation embrittlement of reactor pressure
vessel,
materials with respect to their design,
- corrosion-fatigue failure of stud bolts in steam generator
head,
- pitting corrosion and stress corossion cracking in tubes
of some steam generators.

4. RESEARCH AND DEVELOPMENT PROGRAMMES

Many research and development programmes are now under
progress that are connected with materials development,
characterization, improvement and use for reactors of next
generation - APWR.
These programmes are realized mostly in cooperation of
different organizations (producers, designer, research
institutes, operators/users) in USSR, CSFR, Germany,Hungary,
Finland ; moreover, many interantional (bilateral and
multilateral) programmes also exist and are under progress.

The most important programmes are :
- study of irradiation embrittlement of materials,
within this study the most important items are:
— calculations, model (mock—up) experiments to determine
and precise actual neutron fluxes and fluences on
reactor pressure vessel walls;

to
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- decrease of irradiation embrittlement in A/S weld metal
of 15Kh2NMFAA type of steel-as this weld metal contained
up to 1.3 mass % Ni, modifications of chemical

composition is in study to save other metal properties

and to decrease its irradiation embrittlement(this study
is checked by irradiation tests, of course);
- systematic gathering of irradiation embrittlement data
to work out more reliable irradiation embnttlement
factors,irradiation of many materials from first reactor

pressure vessels have been a part of acceptation tests;
study of conditions for brittle/semibrittle failure of

pressure vessel materials:
- testing of standard and large scale specimens to receive

more systematic and reliable data for approval of
current calculation methods and preparation of new ones;

study of material degradation, especially after long-term
operation conditions - testing of cut off materials from

austenitic stainless steel primary piping after 100,000 h
of operation;
study of fatigue damage and failure in materials:
- testing of small and large scale specimens to ascertain
real fatigue behaviour of materials, especially of
bimetallic combinations (materials with austenitic
cladding), and in complex structural forms (stress
concentratorsd etc.),
- measurement of crack growth rate in different conditions
and materials, including bimetallic materials;
study of corrosion resistance of materials with respect to

different types of corrosion, especially :
- intercrystalline corrosion,
- stress corrosion cracking,
- crack growth rate in corrosion coolant,
- corrosion fatigue,
- influence of irradiation on corrosion, crack growth rate
in primary circuit water and secondary circuit steam,and
on corrosion fatigue.
- hydrogen embnttlement and its interaction with
irradiation embrattlement,
- effect of different decontamination regimes on further

resistance against corrosion,
- development of probes for continous measurement and
indication of corrosion processes;

- improvements of water regimes of primary circuit and
their effect on corrosion resistance of materials,
improvements in steel metallurgy, mainly as follows:
- improvement in melting processes,especially in foundring
i.e. usage of out-of-hearth rafination and alloying of
steels in special vacuum ladle (ASEA -ladle etc.),
- study of distribution of residual elements in an ingot
and of processes for its maintanance,
- push-out central parts of ingots with larger quantity of
these segregated elements,

- usage of hollow ingots,
- usage of larger ingots and thus of longer shells to
shift welding points out of active core;
improvements in welding technology :
- developemnt of more efficient methods -

- narrow gap welding,
- electroslag welding of austenitic cladding,
- welding of one-layer austenitic cladding.

Results from these programmes were currently inplantated
other ones are prepared for new generation of reactors.

during manufacturing of last components for WER-1000 units,
All other results are prepared for improvement of assessment
of reactor components lifetime and/or for maintanance of
their lifetime.
In previous time, two types of advanced reactors have been
developed and their design prepared : WER-1500 MW and
WER-500 MW units. Both types are modification and
improvement of WER-1000 standard unit using new safety

aspects mostly from other than materials point of view.

In spite of all that, some changes in this field are also
prepared, mainly :
- materials degradation (irradiation embnttlement)
maintanance:
- substantially decrease in neutron flux on reactor
pressure wall by increasing of water gap and steel

thickness of components between reactor active core and
pressure vessel,

- improvement of surveillance specimens programmes;

- materials improvements :
- use of cleaner materials with uniform distribution of
segregations ( if any),

-

use or narrow-gap welding,
use of one-layer of austenitic cladding,
use of larger ingots to decrease number of welds and to
shift them out or reactor active core;
use of combination of advantageous material properties

of both steels from WER-440 and WER-1000 reactor
pressure vessels, mainly :
- material of shells against reactor active core (i.e.
in beltline) will be produced from 15Kh2MFAA type of
steel with high resistance against irradiation
embnttlement,
- material of other part of vessel will be from
15Kh2NMFA type of steel that has better weldability
and other material properties;
- material corrosion maintanance :
- use of improved water chemistry regimes,

- use of continous measurements by special corrosion

probes,
- use of controlling decontamination regimes using
corrosion probes.
5. SAFETY ASPECTS

Requirements on ensuring reactor operation safety increased
many times during last several years. Some of new methods of
safety and lifetime assessment are being userd even now for

older reactor unit, if it is possible, as not for all
materials and components in operation we have all necessary
data and materials properties. From this point of view, two

most important methods are now under investigation and in
very supported movement :

- assessment of reactor components with respect to their
resistance against brittle/semi-brittle failure is made,
in principle, according to Soviet Code (or to simila
CMEA Code), that uses the following approaches :
- Linear Elastic Fracture Mechanics (similar to ASME Code,
Section III, App.G),
- only static initiation of cracks is evaluated, i.e.uising
values of static fracture toughness,KIC, while ASME Code
is based on "reference fracture toughness",KIR, that
represents dynamic and arrest fracture toughness values
KIA; these values are not at disposal for Soviet type of
materials, up to now; necessary measurements and tests
are carried out,;
- assessment of reactor piping resistance against sudden
failure, i.e. "Leak-before-break" concept is checked and
applied:
- calculation of temperature-stress state of components
during all type of operational regimes (Level A,B,C,D)
including influence of design earthquake,
- determination of material properties at operational
temperatures and under loading conditions similarly to

those operational ones,

- calculation critical and allowable circumferential
through-cracks,
- calculation of quantity of leaking coolant from these
cracks,
- experimental verification of leaking quantity,
- experimental testing of large scale models of most
important component piping of primary circuit, mainly of
"connection" between pressure vessel nozzle and primary
piping ("safe-end"), T-section, elbow to verify
calculations of critical and allowable defects as well
as leakage detection,
- development and realization of three independent leakage
detection methods, the most important to be acoustic
emission method.

Application of both these methods will substantially improve
and increase safe operation of reactor units and also their
lifetime assessment will become more reliable and precise.
Moreover, probabilistic fracture mechanics calculations of
failure probability of different components (reactor
pressure vessel, primary piping, steam generator) are now
under progress and further application.
CONCLUSIONS

Experience from operation of current nuclear power plants

with WER-440 as well as with WER-1000 units gives
invaluable results that can be used, without a large
modifications, even for design, manufacture and operation
of units for APWR.

to

This way is usually approved to be the most effective, i.e.
an evolutional way, especially in materials application, is
reliable and gives the most probable and reliable future
operation. Thus, from material point of view, no surprising
type of materials of their manufacturing technologies can
be awaited,as operational experience must be obtained before
such a change can be put into design.

Economic aspects of such an approach ar clearly visible :
- enormous prices for qualification tests and procedures
for new materials are saved,
- additional savings will be reached by more reliable
operation with checked materials.
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Ferritic and stainless steels play the most important role in the construction
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WATER COOLED AND MODERATED REACTORS
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of pressure retaining components. Low alloyed femtic steels are used for

heavy components such as reactor pressure vessel (RPV), steam generator (SG)

pressurizer and steel containment. Austenitic stainless steels (18/10 CrNitype) are used for RPV-internals small diameter primary loop systems and in
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some designs for main coolant lines and main coolant pump casings. A very
important field of application is attributed to high-nickel alloys, which are

used for tubing of SG with about B'10

km in total length and for some minor

Abstract

parts of RPV-internals.

The steady long range development of the main materials used for the construc-

In the following the history in the development of these materials for appli-

tion of primary components of commercially used pressurized water reactors and

cation in NPPs, the current situation in the experience gained with opera-

boiling water reactors in the western world is described.

tional behavior and the outlook on these materials with respect to their use
in construction of advanced NPPs considering new requirements and new safety

A review of long-term service record gained with operating materials shows

aspects is outlined. In addition advanced special alloys for corrosion and

that materials technology has attained a level which is a reliable basis for

wear resistant hardfacings are briefly discussed.

safety and structural integrity of components for advanced water cooled

reactors, too. Additional optimization can be envisaged to further increase
the safety margin between material loadability and component load. Special
emphasis must be put on advanced safety and engineering concepts, e.g. leak
before break and break preclusion, Co-free primary circuit.

2.

Development and State of the Art

2.1

Ferritic low alloy steels

2.1.1
1.

Introduction

Historical development of RPV-materials

The RPV was the first great challenge for metallurgists in construction of the
MZFR-reactor, a proto-type pressurized heavy water reactor in Karlsruhe,

In the western world most Nuclear Power Plants (NPP) under construction or in

Germany. Besides the dimensions, wallthicknesses and weight which were extre-

operation are water-cooled and water-moderated reactors. These are from both

mely high for state of the art in forge-master-technology at the early 1960s,

type of reactors as well pressurized water reactors (light water (LWR)

this RPV shows a further singularity /I/:

or

heavy water (PHDR) reactor) as well boiling water reactors (BWR) with a

maximum electrical output of about 1300 MW.

The vessel should be manufactured

without longitudinal welds, using large ring-forgings instead of longitudinally welded plates as was the standard design in USA-NPPs at that time. The

material chosen for the lower cylindrical part of the vessel was ASTM A.302 B
Besides optimization of component design and consideration of in-service load-

(German designation: 20 MnMo 5 5) because of two reaons:

spectra, the basis for reliable structural integrity of pressure retaining

components is first of all the use of appropriate materials and their careful
processing with modern manufacturing techniques.

- through thickness properties should be good enough with respect ot thickwalled parts

- data on influence of fast neutron irradiation on material properties were

Straight forward it was consequent to qualify the MnMoNi-type of steel which

already available from the USA, where this type of material was used for

is less susceptible to this phenomenon /4/.

heavy plates.

Table 1 reflects the historical development of RPV-steels described above and

For the shell flange a higher Ni-content was aimed at, to obtain a better

summarizes their chemical composition. The optimization of the chemical

throughwall hardenability, a fact which is very remarkable because this Ni-

composition was one of the results of extensive research programs which were

modified type of steel is very similar to that which is nowadays used in an

performed to deepen the knowledge on material behavior under LWR-service

optimized chemical composition for nearly all RPVs of the western world, known

conditions and to assure structural integrity of components.

as 20 MnMoNi 5 5 (Germany), ASTM-A 508 Cl 3 (USA), 18 MN D 5 (France).
However the development of ferritic RPV steel does not follow such a straight
line: In the USA the Ni-mod. type of ASTM-A 302 B was qualified only for
plates (as ASTM A 533 Gr.B), whereas for forgings another type of steel was
more and more used in RPV-fabncation with the designation ASTM A 366 Code

2.1.2

Overview on research and development activities

Case 1236, which is well known since about 1964 as ASTM A 508, Cl 2 and which

In 1966 the so-called HSST-program for pressure vessel steels (HSST = Heavy

was introduced into the German market since the construction of Gundremmingen

Section Steel Technology) /5/ was started in the USA with international

A BWR with the German designation 22 NiMoCr 3 6 or 22 NiMoCr 3 7- With slight

partnership. The first occurence of underclad and stress relief cracking with

modifications - e.g. grain refining practice by Al-addition, optimization of

22 NiMoCr 3 7 in 1969/70 was the reason to start a lot of investigations in

chemical composition with respect to residual and trace elements - this steel

the FR Germany, too. These activités in Germany ended in 1978 in the so-called

becomes the most important material in Germany for a long time not only for

research program for component safety (FKS) which was sponsored by the Mi-

the RPV but also for other heavy components e.g. pressurizer, steam generator,

nistry of Research and Technology and by the German Industry /6/. The first

main coolant line and - in the cast version - GS 18 NiMoCr 3 7 for cast pump

part of the program was successfully finished in 1983 and the second part is

casings of main coolant pumps.

foreseen to run until 1993- Figure 1 gives an overview on the German material
research programs 111. The main objectives of all these programs were the

The reason to interrupt the continous development of the Ni-mod. A 302 B-

following:

material for forgings (with the exception of MZFR-RPV-forgings) was caused by
the lower susceptibility of the NiMoCr-type of steel to hydrogen cracking

(1) Properties of heat affected zone (HAZ)

during heat treatment after forging which at that time could be a remerkable

To increase the knowledge on properties and behavior of the different areas

risk during manufacture due to lack of appropriate degassing and vacuum
treatment techniques in the melting shop.

within the HAZ a special simulation technique was developped to reproduce the
typical microstructure of the HAZ on relatively large specimens /8/. This
technique offered the potential to gain an insight into the HAZ-properties and

N>
VO

The further development of ferritic steels for pressure boundary components

to optimize the chemical composition of the advanced materials 22 NiMoCr 3 7

was stimulated again by the detection of underclad cracking phenomena. Study-

and 20 MnMoNi 5 5 /9/. Figure 2 and 3 show shematically the influence of

ing the occurence of this type of defect, it soon became evident that they

welding and subsequent heat treatment (stress relief annealing) on toughness

could be avoided by optimized welding technique (e.g. two layer cladding) and

behavior of the material as investigated on HAZ-simulated material. The

by restricting the chemical composition with respect to special carbide

results of such fundamental research work helped to overcome the problem of

forming and trace elements thus avoiding the susceptibility of the NiMoCr-type

underclad and stress-relief cracking as well as to quantify the various steel

of steel to this kind of cracking 12, 3/-

types with respect ot their susceptibility to these phenomena (Fig. t).

BMFT Research Program Reactor Safety (HP-RS) vnthm the »cope
of the 4th nuclear program

Research Project Component Safety (RP-CS)
-

Part« o( f 1) Bursting support
2) Risk and reliability
< 3) Research project Quality assurance (RP-QA)
RP-RS
I, 4) Research project component safety (RP-CS)
Aim Measures to improve operating reliability and reduce the probability of
accidents Quantification and reduction of the residual iBk

Demonsl rat ion program Reactor Pressure Vessel Safety, 1RS Cologne

11.27 1973 Joint project of Industry, science and the state
-

MPA Stuttgart commissioned by BMFT to generate the specification for
RP-CS I (RS192)

(AH interested parties particpale as consultants)
-

Specification of RP-CSI (MPA May 1976) RS 192, main tope RPV

-

RP-CS I 1978-19B3, financed by industry (RP CS consortium) and BMFT
(60% each)

-

RP-CS II, 1984-1986, financing as for RP-CS1

Study "Research relating to Nuclear Reactors - Pressure Vessels'
by MPA Stuttgart, 1971
Status Report* Reactor Pressure Vessel. Vol 1,
Summary of the Results, December 1974, coordinated by 1RS, Cologne

(ccntrbutnns from Siemens and AEG)
Demonstration program Reactor Pressure Vessel Safety,
proposal by MPA Stuttgart dated 8 6 1973

Immediate program 20 MnMoNi 5 5 (tangential metallographic sections.
segregation behaviour, HAZ simulation)
KWU 12 9 75. financed by KWU. Performed by MPA___________

Priority program 22 NMoCr 3 7 (RS101) Performed by
MPA Stuttgart from 1972 - 1976

BMI SR 10, Central examination ond evaluation of manufacturing flaws and

Immediate program 22 NMoCr 3 7 1973
Weldng in of circular oulcuts GHH, SIEMENS, AEG, MPA (RS 101 )
28mweld KWU (HS 84)

operational defects,
Performed by MPA, financed by BMI, from 1973_______________

Simulation program. MPA (RS 101}

Tangential metallography sections

MPA

Large scale vessel, RS 245, phase 1 1976-1979, NOT demonstration object

to be continued, fnanced by BMFT, project management MPA Stuttgart
Vessel bursting tests RS 279

financed by BMFT, performed by MPA Stuttgart, phase 1

Large scale plate test programs, Aldur SO/65, WStE 47 WStE 51,
20 MnMoNi 5 5 1 5 MnNi 63, for realdor containments and other components,

financed by EGKS (Europäische Gemeinschaft für Kohle und Stahl.) steel
manufacturers and KWU, performed by MPA Stuttgart, 1976 -1980
Determination of the mcrostructur of pressure vessel steels with magneticaty

induced measured variables: BMFT 150334; performed by MPA and IZfP,
phase 1 1978-1983

BMI SR 76 investigations on segregation of reactor steel 20 MnMoNi 5 S using

a 1801 Block; performance-Klockner/MPA, report Dec 1931

• Continued from RS 279
• BV III (150752) Crack growth in and fracture of tubular components with
circumferential flaws under internal pressure loading combined with bending
moment.

Financed by BMFT, performed by MPA Stuttgart. 1987 -1991
• BV IV (1500801) Strength and fracture behaviour ol pipe bends and branches
under internal pressure loading combined with external bending moment

VGB, KWU program (AIB), tensile impact tests, fatigue tests, financed by VQB,
KWU, performed MPA 1884 -1988

Financed by 8MFT and VGS (50% each), 1988 -1990

Corrosion program (1500804) Fundamental studies on corrosion of ferrrtic
components in high temperature water of different chemical composition

HAZ simulation studies on RPV heats (concurrent with manufacture) according
to the RSK requirement tor stataltcal validation of research results,

performance. KWU, MPA, financed by KWU

in the case of static and variable mechanical loading
Financed by BMFT, performed by MPA Stuttgart 1988 1990
Corrosion program (1500828)

Financed by BMFT, performed by MPA Stuttgart, from 1990

KWU studies to generate an all-embracing concept for the safety analysis of

corrponenets for covenng all three failure type regions (LEFM, transitton,
plastic limit load PLL) Extension of coverage to the transition between LEFM
and PLL USOTO, these adjacent failure type regions (procedure 1o date) or
more accurately using PLL in dependence on Cv and the stress state
From 1980 to 1990

FIG 1 Research projects for light water reactor components
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FIG. 4 Improvement of creep rupture elongation in 1300°C/H2O quenched condition (simulation of
HAZ structure) (VDEh).

(2)

Verification and validation of calculation codes and mechanistic fracture
mechanics

There is no better way to validate and to quantify the behavior of materials

Increase of Transition Temperature

and components than by using large scale test samples or full scale compocomponent parts contain all kinds of natural and artificial material conditions and flaws. To assess the worst case performance of material it was
essential to have available, not only parts deliberately manufactured with
artificial defects, but also so called "rejects" which were outlawed out of
the ordinary manufacturing process. The large scale specimens, used for studying failure behavior range up to 500 mm thickness for round tensile and CT 500

Symbol

Material

nents /10,117. According to the "worst-case" principle such components or

200
22NiMoCr37 (Forging)
22NiMoCr37 (HAZ)
20MnMoNi55 (Forging)

max.P= 0.012%
irrad. temp. ca. 290°C

o

10MnMoNi55 (Shape Welding)
Manuel Shieled Metal Arc Welding
Submerged Arc Welding

specimens (Figure 5). Also classified as large specimens are plates up to
1.250 mm wide and 250 mm thick.
(3)

In-service behavior of material

Tests were performed to establish the mechanisms and possible extent of
material degradation during in-service, considering fatigue, thermal ageing,
all kinds of corrosion, and neutron irradiation.
The influence of neutron irradiation on material properties, especially
material toughness, is of specific interest for safety analysis of RPV.
Research work on this subject thus takes up a broad basis in all the a.m.
research programs.
With respect to irradiation sensitivity, there is in essence no difference
between the materials used for core-shell of FPV in western world. As known
today, irradiation effects depend mainly on the impurity content of copper and
phosphorus in the steels /12/.
Results of systematic research showing the disadvantageous role of copper and
phosphorus in irradiation effects were first published by Hawthorne and Potapovs /13/ in 1969.
Up to that time no Cu limitation was specified in steels and weldments.
Weld rods were protected against corrosion by a copper coating during that
period . Weldments made from such wire could contain up to 0,35 % Cu. The
maximum copper content in Siemens/KWU plants built during that period amounts

to 0,25 %-

10'8

3 4 5 6 8 1019

2 cnr2 4

6

810 20

—•- Neutron Fluence 4» (E > 1 MeV)
FIG. 6. Irradiation test results of RPV steels with Cu s 0.10% and P s 0.012% compared with
KTA 3203 design curves.

Irradiation effect (the increase of the nil-ductility transition temperature)

Frequency

at that time was predicted for design purposes according to the uppermost
curve shown in Fig. 6, which was developed as an empirical upper limit curve
of all data for the different kinds of steel available in the mid-1960s /12/.
From early surveillance results it was learned that the high-copper weld
material yielded values beyond that curve. With data available in the 1970's,
one could show that the old design curve was conservatively valid when copper

was limited to contents of max. 0,18 %. This limitation was then incorporated
in the RPV material secifications.
In 1972 a new design curve for irradiation effects on RPV steel with

0.14

0.12 0.1

0.08

0.06 0.04

0.02

Cu-Contant

Cu < 0,10 % and P < 0,0012 % and curves for intermediate copper contents
between the old and the new curve (see Fig. 6) were developed and subsequently

introduced in the German safety standard KTA 3203- This series of curves is

Frequency

quite similar to that of the U.S. NRC regulatory guide 1.99, Rev. 1. The path
taken by the German curves is somewhat shallower so that they are more oonser19
—2
cm
(E > 1 MeV) and a little less conservative at the

vative around 1 x 10

lowest and highest neutron fluences. The reasons for this difference are that
a fluence exponent of 0.5 (proportionality of T to the square root of the

fluence) was not postulated and that data only from steels with basic compositions very close to 22 NiMoCr 3 7 and 22 MnMoNi 5 5 were used for the development of the curves.

As a consequence of the remarkable effect of copper, the near-core parts of

0.014

0.012 0.010

0.008

0.006 0.004 0.002

%

P-Content

the RPV were specified to max. copper-content of 0,10 % and max. phosphoruscontent of 0,012 % starting in 197t. Even before that time these conditions

were fulfilled in some cases. Today the actual values are distinctly below

FIG 7 Statistical evaluation of the copper and phosphorous content of cylindrical rings of reactor pressure vessels (96 values from 25 simifimshed parts)

the specified limits as can be seen from the statistical evaluations shown in

Fig. 7.
Besides the KTA design curve discussed above, Fig. 7 also shows data points
According to this figure, it should have been possible to reduce the specifi-

from German surveillance programs and research programs conducted in power

cation limits further and use a correspondingly lower design curve, for

reactors with materials containing not more than 0,10 % copper and not more

example, for Cu < 0,08 % and P < 0,008 % as for the lower limit curve in the

than 0,012 % phosphorus. It is apparent that the corresponding curve is an

Regulatory Guide 1.99- For the reason of conservativeness, this option was not

upper limit for these data. A tendency towards a less steep curve as proposed

introduced into the Codes up to now.

in Revision 2 of Regulatory Guide 1.99 is perhaps evident. However, the strong

distinction between base metal and weld metal, proposed there, is not seen
from our data.

Since around 1980 an influence of nickel content on toughness reduction by
irradiation became evident from examinations in the U.S., France, and Germany.

Wall Thickness and
Gross Dimensions

-0 8430-2)6200-

According to our experience, this influence is important only at higher
19
—2
neutron fluences, above 1 x 10
cm
and for Ni contents above 1 %. On the
other hand, Ni improves the preirradiation toughness. Therefore in the range

- a 4550 -

of fluence and material specifications applied to Siemens/KWU RPVs, the Ni

parameter.

2.1.3

9711

12160

influence on irradiation effects is not introduced as a separate design

14260

7845

State of the Art

(1) Fabrication of Large Forgings

MZFR

CNA

50MWe-D,0

300MWe-D,0

CNA 2
——0 5775-

One feature of the availability and safety concept is that the welds in a
system impose particular demands with respect to fabrication, testing and inservice inspection. This applies above all to the longidudinal welds of the

-453800-

—-0 4700—

-0 4000—

RPV which are stressed about twice as high as the circumferential welds.
For this reason, the RPV built up of seamless forged rings was introduced as a

13251

concept in the Federal Republik of Germany more than 20 years ago, while other

9820

9830

10405

2801

countries continued to use a dished and longitudinally welded plate construc-

490 t

tion for these vessels.
Continuous development of forging techniques and the appropriate equipment has

KWO

permitted fabrication of ever larger ingots and forging rings of a quality

300 MWe-H,0

KCB

KKS

KWB

450MWe-H,0

600MWe-HjO

1200MWe-H20

sufficient to satisfy the specifications (Fig. 8). This development has, in

part, taken place in parallel to design-related requirements with respect to
RPV dimensions (top row

D20-BPV, lower row

FIG 8 Pressure vessels of Siemens pressurized water reactors (H2O and D2O) already built or in the
construction stage

HgO-RPV). The initial ingots

required for modern RPVs weigh up to 570 t /11)/. Such ingots can be used to
fabricate flanges and cylindrical courses with a diameter of about 8.40 m and

a wall thickness of 0.5 - 0.8 m. This technology enables all RPVs to be
fabricated with only one single girth weld in the area of intense neutron
irradiation and considerably reduces the total length of weldments. Further
developments are aimed at omitting even the one weld in the central core

The processing techniques used for large ingots make substantial demands on

region; this could, in fact, already be achieved in the 1000 MW LWR thanks to

their metallurgical quality. This applies above all to full amenability to

the smaller dimensions of its RPV. This evolution of using large forgings to

quenching and tempering of the materials and to segregation effects. The

realize an advanced component design first applied to the RPV was subsequent-

latter occur as a result of the solidification process and exert an influence

ly extended to all components of the reactor-coolant-system (Fig. 9).

on the useful properties of the semifinished product.

OS

ISO V specimens, sampling depth T/2
Absorbed energy in J

Î

300-1
250-

Transverse sample orientation

200-

O Shell flange ring,
435 tonne ingot

O

150100-

KWU statistics
(devalues)

50-

-60

-40

-20

20

40

——>

60 °C 80

Test temperature

ISO V specimens, sampling depth 80 x 80 mm
Absorbed energy in J

Î

Specimen orientation
A axial
O transverse

250200-

D normal

150100-

KWU statistics
Transverse sample

50-

orientation

(597 Values)
0

T——

-60

—i—
-40

-20

20

40

60 °C 80

Test temperature

FIG 9 Examples of forgings for reactor coolant system components of a PWR (1000 MW/1300 MW)
FIG 10 Results of notch bar impact tests on a shell flange ring made from a 435 tonne ingot
(20 MnMoNi 5 5)

(2)

Toughness properties
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value specified for the upper shelf (100 J in the transverse direction) is
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temperature. The specified minimum individual value of 68 J at 80°C for transp 0

111
Homogeneity and through-thickness properties

ro

bb

pp

o
ro
o

o o
bb

E

o
b
o

to the segregation behavior and above all, to the through-thickness properties
of thick-walled complex parts (e.g. main coolant pump casings, shell flanges,
tubesheet forgings). The chemical composition provides the basis for obtaining

-n

m

p

O
c

2
H
n

o»

i

Ul

>

o
b

b

(A

o
b
in

o
b

o
b

z

o
b

o
b

the optimum microstructure with the required mechanical properties. Despite

ro

O
3

PO

u

o
b

w

0)

1
z

The advanced technology of using large ingots to implement a modern component
design makes substantial demands on their metallurgical quality. This applies

2

Cfl

3
S

o
o

O o

S

n

o
r:

bb
o o

.b. -L

M

Z
O

0 0

tn ro

s

B

p

•S

verse specimens at mid-thickness location is already attained at 0°C.
(3)

ro

n
s

Z

ra

values obtained from specimens taken in three orthogonal directions (axial,
transverse and normal) at a depth of 80 mm show little scatter, and that the

ta

ta

al values belong to a 1000 MW shell flange ring which can be said to represent
1

z

W J

The figure illustrates the statistics of data embracing all shell flanges

:r> > o x •

m

iS
n
oc

W

proved even for large forgings of the RPV.
Conventional measurements of notch toughness can be used to plot the toughness
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forging and heat treatment techniques and by applying stringent requirements
on chemical composition, high material toughness has been achieved and im-

MATERIALS FOR

0 0
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Designation

Due to continuous developments of steel making, ladle refining, pouring,

ASTM A533grB
(1989)

pp

11;

18 MN D 5
2)
RCC-M 2112(1988)

o O S

20 Mn Mo Nl 5 5
(1983,1990) 3)4)

CRPV) because of its additional exposure to neutron irradiation in the
beltline region.

22 Ni Mo Cr 3 7
(1991)
6)

quality evaluation. This applies in particular to the reactor pressure vessel

GS-18 Ni Mo Cr 3 7
(1990)
4]

The toughness behavior of reactor components is a decisive factor in any

5

KTA 3201.1

Characteristic property

Sampling location (sampling depth)

(80x80 mm)

1 (80 mm x 80 mm)

3 (80 mm x T/2)

2 (T/2)

4 (80 mm x 80 mm)

Yield point RT
N/mm2 (ax, tang, rad)

>390

446-458

( 9)

446

(1)

458

(3)

433

(3)

Tensile strength RT
N/mm2 (ax, tang, rad)

560-700

586-611

( 9)

598

(1)

598-611

(3)

573

(3)

Yield point
350 °C
N/mm2 (ax, tang, rad)

>315

357-375

( 9)

389

(1)

368-388

(3)

351-369

(3)

Tenslta2 strength 350 °C
N/mm (ax, tang, rad)
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515-548

( 9)

528

(1)

557

(3)

509-515

(3)

£W>34
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( 3)

(6)
(3)

142-178

(9)

160-240

(9)

Ay

0°C ax
tang

J

rad

Ay

-12°C ax

tang
rad

J

7b— ISO

\ y)

144-154
102-190

( 3)
( 3)

4

«« •••
ti a+*»

+-T— »
—3
t

FATT

I

-5/±0/-4
-20
-13

0"C ax
tang

rad

(•
NDT-Temp.

-32

<-12

m tang

t

y
•>

^
^-^~

s

T =625 «R«
~— 2
— 4

FIG. 11. RPV shell flange ring (1000 MW) made of 20 MnMoNi 5 5 steel — test results in simulated heat treated condition.

TABLE 2. LADLE AND PRODUCT ANALYSES OF 135 TONNE STEEL FLANGE RING MADE

OF A 435 TONNE INGOT
C

Si

Mn

P

S

Cr

Mo

Ni

V

AI

Cu

Sn

As

Co

N

%

%

%

%

%

%

%

%

%

%

%

%

%

%

ppm

.40

.45

£.012

£.012

£.20

1.15

.15
£.10

KTA 3201.1

1.55

.25

.010
£.020

.55

.85

£.10

s.011 -=.025 £.030 £.013

.050

Electric furnace 1501

.19

.06

1.35

.003

.001

.11

.49

.78

£.01

.015

.04

.004

.004

.004

.0094

LD1

.20

.05

1.36

.004

.0015

.10

.50

.79

£.01

.014

.02

.003

.004

.004

.0091

£.01

.015

.02

.003

.004

.004

.0068

.004

.004

.0091

.005

.009

145 1

.19

.06

1.40

.004

.0015

.10

.50

.79

Mixed analysis 436 1 (cale.) .19

.06

1.37

.004

.0015

.10

.50

.79

£.01

.015

.03

.003

T/2

.21

.07

1.39

.006

.002

.09

.49

.78

£.01

.012

.03

.004

Bottom

.18

.07

1.35

.004

.003

.50

.014

Inner shell surface Center

.22

.08

1.39

.004

.004

.52

.014

Top

.22

.08

1.41

.004

.004

.52

.013

Bottom

.20

.07

1.40

.004

.003

.50

.013

Top

.20

.06

1.36

.003

.004

.50

.013

LD2

141 1
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material 20 MnMoNi 5 5, sampling depth 1/4 t, test temperature 20°C, 25 simifinished parts).
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FIG. 13. Properties across the cross section of thick walled forgings made of 20 MnMoNi 5 5.
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of a specified chemical composition, macro and micro segregation may arise as

a result of the solidification and crystallization process: these are charac-

1912

terized by differences in chemical composition, microstructure and mechanical

18 Cr/8 Ni stainless steels
C-reduction
Carbon stabilization by Ti, Nb

properties.
The advanced processing techniques used for manufacturing the primary compo-

nents (multiple pouring; ladle refining processes, e.g. calcium treatment

1929

(CAB), argon-purging, vacuum-treatment; Vacuum carbon deoxidization (VDC) or
low Si-content practice) prevent A-type segregations and lead to minimal

content of impurity elements in the steel. This is shown in Table 2, which
presents the chemical composition of a 20 MnMoNi 5 5 forging ring in the ladle

and on the product itself at various sampling locations in comparison to the
requirements of the KTA 3201.1 Rule.

1949

C < 0.12%

Nb/C > 8

Rules and standards (SEW 400)
C < 0.10%
Nb/C > 8
1954

The resulting homogeneity with respect to the specified mechanical properties

(according to the KTA Rule) is shown in Fig. 11 for the shell flange ring.

1959

KWU decison for stabilized
stainless steels
Step by step improvements
reducing C, Nb, Ti, P, S
Requirements for grain size
and delta-ferrite

Properties across the cross-section of thick-walled forgings made of the
materials 20 MnMoNi 5 5 and 22 NiMoCr 3 Y demonstrate the full amenability to
quenching and tempering, even with wall thicknesses of 700 mm as necessary for
the RPV shell flange of a 600 MW heavy water reactor IM I. Statistical evalua-

tions to prove the homogeneity of such advanded forged parts with respect to
both the major working direction and the sampling depth across the wall thick-

up to now

ness, are given in Figs. 12 and 13. Experience show that comparable high level

of quality can be attained with material SA 508 Cl 3, if the necessary supplementary and additional requirements are specified /18/.
2.2

Austenitic Stainless Steel

Efforts to employ austenitic steels in conventional power plants operating at

higher temperatures and pressures were made as early as the 1930s. Problems
however were encountered: difficulties arose during manufacture (e.g., carbu-

rization and subsurface defects) as well as during operation (e.g., embrittlement at higher temperatures, intergranular corrosion when exposed to oxidizing
media). The search for measures to avoid susceptibility to intergranular

More than 25 years operational Experience
X6 CrNiNb 18 10 (AIS! 347) ace. to KWU Spec.
VAK
MZFR
KWO
KKS
KWW
CNAI

KWB/A
KCB
KKB
KKP1
KKU
KWB/B

KKI1
KKK
GKN1
KKG
KRBII.B
KRBII.C

KWG
KKG/BAG
KKP2
KBR
GKN2
KKE
KKI2

corrosion led to the introduction of stabilized steels in Germany: adding
carbide-forming elements titanium or niobium to the stainless steel reduces

the free carbon content. This, however, caused welding difficulties in the
early stage of development in form of cracking in the weld metal and in the

heat-affected zone (HAZ).

FIG. 14. History of development of stabilized stainless steels in Germany.

Further development of stabilized steels has made it possible to overcome

In contrast to unstabilized steels, not one single case of IGSCC involving

these difficulties previously experienced. As a result, stabilized austenitio

sensitization has occurred. It is a noteworthy fact that the oxygen content of

steels have been used in a large number of boilers in conventional power
plants since the beginning of the 1950s. In the meantime the Nb-stabilized

tne primary coolant in the Kahl experimental plant (which began operation in

steel X10 CrNiNb 18 10 UISI 347) and the two Ti-stabilized steels X6 CrNiTi

value usually prevailing in boiling water reactors.

1961) can range from 1 to 10 ppm; i.e., it is several times larger than the

18 10 (AISI 321) and X6 CrNiMoTi 17 12 2 (Ti-stabilized AISI 316) have proved
to fulfill all requirements in Siemens/KWU nuclear power plants 719,20/. One

Developments in the American nuclear sector followed a different course. Here

of these steels, X6 CrNiNb 18 10 has been most widely used. The corresconding

due to the welding difficulties at the beginning, in general the unstabilized

Nb-stabilized steel for castings has the designation G-X 5 CrNiNb 18 9

steels AISI 304 and AISI 316 were preferred. Intergranular stress corrosion

(AISI CF8C). The steels are welded with delta-fernte-containing filier metals,

cracking (IGSCC) damage has been detected since the mid 1970s in sensitized

type 19 9 Nb, which are adapted accordingly.

zones of unstabilized austenitic steels used in boiling water reactors (BWR)
/21/.

These type of stainless steels have been used for many years in Siemens/KWU
pressurized \water, boiling water and also heavy water nuclear power plants

Allover the world more than 40 % of the BWR plants beeing in operation today

(Figure 11)). Nb-stabilized steel, in particular, has proven itself in service

have experienced this problem with non-stabilized austenitic stainless steel.

for over 25 years, beginning with the power plants Kahl, Obrigheim, Stade and

Würgassen. The bill of quantities for a 1300 MW-nuclear power plant

IGSCC involving sensitization means that through fhe formation of high chro-

illustrates the extent of stabilized steel fabricating experience available:

mium-content carbides at locations which promote nucleation - primarily grain

- tanks, vessels, heat exchangers: 600 t

diate vicinity and as a result intergranular corrosion and IGSCC can occur in

- FPV internals: 180 t

oxidizing media.

boundaries - the chromium content is reduced to values < 12 % in their imme-

- pipes and tubes: 530 t

- pumps: 60 t

Principal causes are:

- valves: 105 t

- sensitization through inadequate solution annealing and inadmissible heat

- fuel storage: 275 t
- miscellaneous: 50 t.

- sensitization in the HAZ caused by welding work;

treatment procedures during manufacture;
- sensitization during in service operation (low temperature sensitization).

The following product forms are involved here:
- sheets up to 150 mm thick
- forged parts of all sizes
- approximately 50 000 m of seamless piping ranging from DN 6 to DN 1)00,

including approximately 20 000 bends
- about 120 t of weld metal for connecting welds and 90 t for claddir-g.

Due to the persistent problems with IGSCC involving sensitization, the carbon

content of the nonstabilized stainless steel had to be reduced further and
further. With today's "nuclear grade" alloys which have carbon contents £ 0,02
% by wt. it is, in addition, common practice to maintain tight trace-element
tolerances and also rigid manufacturing and forming specifications. These

means lead finally to an acceptable in service behavior, however considering a
To date, over 20 000 t of stabilized steel, primarily AISI 347, have been used

in BWR and PWR.

corresponding impact on costs.

2-3 High-nickel-alloys
High-nickel alloys are used for the heat exchanger tubes of the steam generator, additionally these alloys are used for small parts of the RPV core

Steam Generator Operating Experience
Major SG Corrosion Problems

Worldwide Experience

structure.
Stress Corrosion
Cracking

Steam generator tubes, (about 1000 U-shaped tubes per SG with a total length
of about 85 km and a total surface area of about 5*100 m2) in particular, are

exposed to special corrosion processes. As these tubes act as a barrier
between the radioactive primary coolant and the non-radioactive secondary-

side cooling water, they are required to satisfy rigorous requirements with
regard to leaktightness. Corrosion resistance to both the primary-side and

Denting

secondary-side coolant is therefore the major criterion governing the selection of tube materials. Important types of localized corrosion other than

u

uniform surface attack are pitting and intergranular or transgranular stress

corrosion cracking; susceptibility depends on the type of material, design and
water chemistry of the primary and secondary coolant.

Wastage. Pitting

The damage phenomena affecting steam generators worldwide are summarized in

Fig.

15.

On the primary side, so-called primary water stress corrosion cracking (PWSCC)

Stress Corrosion Cracking
\ Intergranular Attack

affects the tubing both in the transition zones between expanded and unexpanded areas and in the U-bend region. Various corrosion mechanisms are oberser-

Tubesheet

ved on the secondary side: these include intergranular attack (IGA) in the

Crevice

1nP

11

crevice between tube and tubesheet, wastage and pitting in sludge piles on the

tubesheet, denting in crevices between tubes and tube supports and also
intergranular stress corrosion cracking (IGSCC). Besides corrosion damage,

fretting of SG tubes in the region of
been reported. The relative incidence
changed over the years in response to
design and operation of SGs and their

the tube supports and baffles has also
of the different types of damage has
selective countermeasures adopted in the
water/steam cycles 1221.

FIG. 15. Steam generator materials.

The western world initially saw the development of two material concepts

However, as observed by Coriou et al. /23/, Inconel 600 is not immune to pure

(Fig.

water intergranular corrosion cracking, a fact that lateron has been widely

16). In the US and other countries, SG tubes were fabricated fom the

Ni-based alloy Inconel 600 (Table 3). With its high nickel content (about

confirmed in practical operation. In recent time this caused a lot of service

70 %), this alloy is indeed completely resistant to transgranular stress

activities such as plugging and sleeving of corrosion affected tubes and, in

corrosion cracking (TGSCC).

the most severe cases, replacemnt of SGs.

Susceptibility to cracking

TABLE 3. SPECIFICATION OF CHEMICAL COMPOSITION OF SG TUBING ALLOYS (wr

Element

l Transgranular
Intergranular /
Stress corrosion cracking

Demineralized
water

Water containing chloride ions

50

60

Inconel 690
Ni:>58
Cr: 28-31
C: 0,01-0,04

70

80 %Ni

Inconel 600
Ni: >72
Cr: 14-17
C: 0,01-0,05

Standard
analysis,
percent
by weight

Alloy 690

Alloy 600.

Alloy 800 ace.

Alloy 800 ace.

toASTM163

KWU specific.

C

0.015-0.025

0.010-0.050

0.10 max

0.03 max.

Ni

59.0-62.0

Bal. ( >12 )

30.0 - 35.0

32.0 - 35.0

Cr

28.0-31.0

14.0-17.0

19.0 - 23.0

20.0-23.0

Fe

8.0 - 10.0

6.0-10.0

Cu

0.20 max.

0.50 max.

0.75 max.

0.75 max.

Co

0.02 max.

0.10 max.

-

0.10 max.

Ti

0.50 max.

0.50 max.

0.15-0.60

0.60 max

Al

0.50 max.

0.50 max.

0.15-0.60

0.15-0.45

Mn

0.50 max.

1.0 max.

1.50 max.

0.40-1.0

Si

0.50 max.

0.50 max.

1.00 max.

0.30-0.70

P

0.0 15 max.

0.025 max.

-

0.020 max.

S

0.0 10 max.

0.0 15 max.

0.0 15 max.

0.015 max.

others

-

-

-

Bal.

Bal.

Ti7C2l2

Ti/(C+N)a8

350 °C water with 1000 ppm Cl~
FIG. 16. Influence of NI content on susceptibility to stress corrosion cracking.

Contrary to other vendors, Siemens/KWU optimized and qualified Incoloy 800 for
application in SGs (Fig. 17 and Table 3). This decision was made as early as
1968. The operating experience is excellent: more than 234 000 tubes have been
in operation for up to 19 years with an accumulated service life of about 165
IGA and IGSCC in SGs tubes with Inconel 600 are the most widespread forms of

years and neither primary water SCC nor intergranular attack have been obser-

damage, accounting for about two-thirds of all plugged tubes.

ved in KWU-type SGs tubed with this material. Considering that the tubing
stems from different tube manufacturers, that the SGs were fabricated in

Detailed reports on the condition of SGs fre published sporadically by the

different shops, and that the plants are run by different utilities using

Electric Power Research Institute (EPRI) and by Atomic Energy of Canada
Limited (AECL).

different secondary water chemistry, the choice of Incoloy 800 as the appropriate SG tubing material is even more convincing.

Qualification and Optimization of Alloy 800 by KWU

3-

Impact of New Technologies, New Requirements and Hew Safety Aspects on

Material Concept for Advanced LHR

Influence of stabilization ratio on depth of intergranular attack (own results)
3.1

Depth of IGA

New Requirements and Safety Aspects

In several countries e.g. France, USA, Germany, Japan work is under way to

M 400-r-4XO'05''/<>C

Alloy 800
heat treated 1 h at 6SO°C

develop advanced LWR-technology. Major item of this work is to further improve
the concept of inherent safety of these plants. Influence on materials and ma-

tested m the aggravated
StrauB-test with 250 ml H2S04/I

terial requirements can be seen especially with respect to irradiation beha-

vior, and break preclusion.
(1)

Irradiation behavior

Two ways can be gone to countermeasure effects of neutron irradiation within

the belt-line of RPV on materials properties:
- Minimize neutron fluence and effectiveness of neutron irradiation.
This way has been choosen in the FR Germany by consequent use of heavy
forgings to enlarge the water gap between core and RPV-wall, thus redjcing
the neutron fluence well below 10 19 cm -2 for end of life /12/. In conjunc-

0,026% C
0.034% CX

X00^J!
15

Ti/C 20

->• Stabilization ratio
Optimization of carbon content and stabilization ratio Ti/C of Alloy 800

tion with a strict limitation of Cu and P, the influence of neutron irradiation is not at all an item of special interest for those RPV's designed
accordingly even in case of design life times of up to 60 years.

- Further enhancement of toughness requirements e.g. specification of lower
RT

FIG 17 Steam generator materials

-values and more stringent restictions to Cu and P-content. This goal

is aimed at in the EPRI-requirements /2l/ and the corresponding NRC-comments. To
reach this goal still has to be proven first with respect to fulfillment of
the required NDT-temperature, taking into account the problems in determination of NDT-temperature with respect ot test procedure ace. to ASTK-E 208

ed. 1975 and ASTM E 208 ed 1984 which is now involved in the ASME-Code
(2) Break-preclusion concept

In recent years, Inconel 690 (Table 3) with approx. 60 % Ni has been introduced to the market as an alternative SG material supposed to have a re-

Break preclusion concept for primary components is more and more influencing

sistance to both IGSCC and transgranular SCC comparable to that of Incoloy 800

the system design of LWRs.

/12/. The laboratory results confirm this, however, the long-term corrosion
resistance in service under real plant conditions still has to be confirmed

Precluding components from failure, first of all the primary piping, has

for this material.

always been an engineering goal for all NPP designers and a requirement of all

Safety Authorities around the world. In spite of this, it was historically the
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practice to assume that the main coolant pipe would fail and therefore to
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trophic failures by a deterministic/mechanistic approach and does not invoke

• Independent
Quality
Assurance

O

Authorities /11/. This approach allows to rule out the possibility of catas-

Basic Safety Con
Preclusion of Cat

00

Incredibility
Failure

3
0

In the early 80's in Germany a new approach based on the so called "BasisSafety Concept" was developed and accepted as a design basis by the Safety

|s|
2. 3-5

U.10

probabilistic arguments. The essence of this "incredibility of failure" is

o

that the quality of design, material and manufacturing alone is sufficient to

7

assure that failures can be deterministically excluded, and that this is

reinforced by indépendant redundancies as shown in Fig. 18.
(B
U>

In the USA a similar approach based on the so-called leak-before-brak concept

"*-

(LBB) was introduced into the licensing practice which puts more emphasis on
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Influence on material concept according to the German Basic Safety Concept are

as follows:
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- use of forgings for primary coolant components to minimize weldments, to
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- to exclude the risk for corrosion cracking
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- to optimize system design with respect to weldments (ultrasonic testability
during in-service, toughness-properties (bimetallic welds)),
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- to proove leak-before-break behavior by fracture mechanic methods (ductile

failure mode criteria).
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New materials and technologies

The steady long range development of the material concept for the design of
commercial water-cooled reactors was based on careful consideration of diffe-

rent plant systems, taking into account the particular relevance of such

TABLE 4. CHEMICAL COMPOSITION OF REPLACEMENT ALLOYS FREE OF Co

systems to plant safety and availability. A review of long-term service record
CHEMICAL COMPOSITION IN WEIGHT %

gained with operating materials shows that materials technology has attained a

level which is a reliable basis for safety and structural integrity of compo-

nents for advanced water cooled reactors, too. Additional optimization can be

HARDNESS

ALLOY

C

SI

MN

CR

MO

NI

N

W

V

FE

HRC
EVERIT 50

47 - 54

25

04

09

25

3

-

-

•

-

BAL.

EVERIT 50 SO

43 - 48

2.0

0.4

09

25

3

-

-

-

-

BAL.

ANTINIT DUR 300

27 - 33

012

5

6.5

21

-

8

-

-

-

BAL.

CENIUMZ20

43 - 48

0.3

-

-

27

9

17.5

-

2

-

BAL.

SKWAM

36 - 42

0.2

0.7

0.55

17.5

1.1

-

-

-

-

BAL.

NITRONIC 60

20 - 29

0.1

4

8

17

-

8

0.13

-

-

BAL.

CR - STEELS

24 - 44

0.2

<1

<1

16.5

-

2

-

•

-

BAL

envisaged to further increase the safety margin between material loadability

and component load. Special emphasis must be put on advanced safety and
engineering concepts, e.g. break preclusion, Co-free primary circuit for

reasons of man-rem reduction and new processing technologies.

(1)

Cobalt free alloys for hardfacing

The contamination of systems carrying primary water by cobalt 60 has been
identified as a main contributor to the radiation dose accumulated by main-

DETONATION-GUN-COATINGS

tenance personnel. Co-based hardfacings were identified as main contamination

COATING TYPE LC-1C OF UNION CARBIDE
COMPOSITION CR3C2 WITH 20 % NI-CR BINDER

sources by detailed analytical studies /25/. Therefore a specific research and

development programs were established in order to find and qualify Co-free

hardfacing alloys.
Corrosion, wear and processing properties of possible replacement alloys were
tested and examined in cooperation with the suppliers of materials and valves.

At Siemens/KWU more than 70 alloys were tested and compared to the reference

components and tested under simulated operating conditions. The best solutions

co-base alloy couple Stellite 6/Stellite 6. This project which started in 1969

led to application in running plants.

1

was successfully completed in 198 )

As a result, in the most recent PWRs built ace. to this concept a dose rate
The program and parts of the results were published in an EPRI report /26/.

reduciton by at least a factor of 3 as compared to older plants has been

The alloys which can be recommended and are applied are presented in Table 4.

reached just by changing the material used. This was recently confirmed by

Each of these alloys has a specific property profile with respect to wear

extensive studies on the dose rate build up of Siemens designed PWR plants

behavior, corrosion resistance, and manufacturing and welding behavior.

performed by the Central Electricity Generating Board (CEGB) /27/.

The major task in the replacement program was to determine the requirements

(2)

(loads, strokes of guide areas in valves, etc.) which the hardfaced areas have

The realization of new safety and engineering concepts (e.g. Basic Safety

to fulfill. The component requirements were then related to the property

Concept, break preclusion, leak before break) as well as economical reasons

profiles of the low-cobalt alloys.

intensify the optimization of reactor coolant components with respect to
reduction of weldments. This implies the application of advanced steel making

Specific knowledge of the component requirements and alloy mating properties

technologies, assuring accustomed quality and homogenous material properties

led to qualified replacemnet solutions, which were applied to full-scale

even in case of huge and complex forgings.

New technologies

Recently a new fabrication technique has been introduced to the market which
should be considered in manufacturing components for advanced water-cooled
reactors: shape welding /29/. Cost-benefit analyses of the production of parts

by shape welding show that this process is a viable alternative to forging,

particularly for parts of intricate geometry.
Whether application of this technique will be sought for items of simple
geometry, e.g. flange rings and vessel head crowns, will depend substantially

upon demand and costs of forgings. It would become an attractive alter-

native to conventional manufacturing methods in case of significant investments in extending or modernizing steelworks and forging shops having to be
made.
The present state of development and the situation on the market dictate, that

shape welding at present is limited to:
- complex geometries,
- service parts,

- special requirements for mechanical properties,
- special alloys,

R/Da Perm.
without Heat Treatment
(AD/HP 7)

- combination of alloys.
The largely unexploited automation, development and innovation potential of
this manufacutring process is a special challenge for future application.

Machine Cold Bending
REFERENCES
FIG. 19. Use of inductive bends and machine cold bends.
IM

To achieve the required component quality, it is necessary to use optimized
welding processes, e.g. narrow gap welding, TIG-orbital welding technique. For
piping systems progressive use of modern manufacturing techniques for the
production of fittings (inductive bending, cold bending, liquid bulge) assures
further improvement of structural integrity. Both aspects have already been
extensively considered in the design and construction of German Konvoi plants,
Fig. 19 /28/.
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material already deformed. However, it may have a dynamic component in the sense that
ageing occurs while the plastic zone undergoes a slow deformation. Since the average
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operating temperature of pressurized water reactor is 280°C, this temperature falls in the region
of dynamic strain-ageing of carbon steels. Therefore, it is important to study the influence of
DSA on mechanical properties of nuclear structural steels.

Abstract

The objectives in this study have been to characterize the influence of interstitial

impurities such as carbon and nitrogen on mechanical and fracture properties of pressure vessel
steel during DSA. Using electrical potential method, the true crack initiation J-values(Ji) was

The effect of dynamic strain ageing (DSA) on fracture was investigated on the
quenched and tempered specimens of ASME SA508-Class3 nuclear pressure vessel steel.
Serrated flow by
DSA was observed between 180-340°C at tensile strain rate of 2.08X10"4/sec
and 1.25X10"3/sec. DSA caused a sharp rise in the ultimate tensile strength and a marked
decrease in ductility. The DSA range shifted to higher temperature with increased strain rates.
The temperature and strain rate dependence of the onset of serrations yielded an activation

obtained, and compared with the critical J-value(jK) obtained from ASTM standard. After
crack initiation, crack propagation was checked by tearing modulus.

energy of 16.2Kcal/mol, which suggests that the process is controlled by interstitial diffusion
of carbon and nitrogen in ferrite. By direct current potential drop (DCPD) method Ji value, that

EXPERIMENTAL

is for true crack initiation, was measured to be lowerd by DSA. The drop in Ji at the elevated
temperatures may be due to the interaction of the interstitial impurities with dislocations at the
crack front. Comparing to Jic by ASTM E813, the Ji by DCPD was more sensitive to detect

The steel used in the present study was received from Korea Heavy Industries and

the crack initiation. Crack propagation was also affected in terms of tearing modulus. The
tearing modulus in the dynamic strain ageing was about 30% smaller than that at room
temperature.

Construction Company Ltd., which was 250mm thick ASME SA508-Class3 nuclear pressure
vessel steel. It was quenched and tempered forging steel. The chemical composition in wt.pct.
of the steel is given in table I. The tensile specimens were 40mm gauge length and 8mm

INTRODUCTION

diameter, and the specimens for fracture test were compact tension (CT) specimens of 1 inch
thickness.
Table I. Chemical composition (wt. %)

Strain-ageing occurs both in iron and steel owing to elastic interaction between
interstitials and dislocations resulting in strong dislocation pinning. Dynamic strain-ageing(DSA)

occurs when the rate of straining is such that the interstitials can diffuse and pin the mobile

dislocations, and serrations appear because of a rapid generation of new dislocations which are
needed to sustain plastic flow. It is widely accepted that discontinuous plastic flow in solutionhardened alloys, referred to as the Portevin-Le Chaterlier effect, originates from DSA. Also,
DSA temperature region is known as the blue-brittle region. The embrittlement associated with
this phenomenon may prove detrimental in some applications such as in large nuclear
components, where retention of adequate toughness throughout the service life is of primary
importance. The influence of interstitial impurities such as C and N on mechanical and fracture

preoperties of unirradiated pressure vessel steels through DSA has been the subject of recent
studies[l,2,3]. In such a reactor component (such as a pressure vessel) strain-ageing can occur
in a region of crack-tip plasticity. This would essentially be static since ageing takes place in

c
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Mn

P

Ni

0.003

0.91

0.18

0.03

Cr

Mo

Al

Cu

V

Co

0.21

0.54

0.003

0.045

0.003

0.004

1.48

0.004

S

The tensile specimens were tested, using universal testing machine (AG-IOTA by

Shimadzu Co.) in the temperature range of 25 to 370°C, employing strain rates of 2.08X10
4
/sec and 1.25X10"3/sec. For tests at elevated temperatures, a three zone furnace was used. The
specimen temperature was equilibrated for at least 20min before testing in argon atmosphere
and temperature control was within ±2°C.

For a static fracture testing, fatigue pre-cracking for CT specimen was performed.
According to ASTM E813 , the maximum load for pre-cracking was limited to prevent the
influence of plastic deformation on static fracture test. Under this load limit, the crack has been
extended to a/w=0.52-0.55. To make plane strain condition, the pre-cracked CT specimens
were side grooved 10% on each side with edge angle of 45°.
The electrical potential method is one of the most accurate and sensitive techniques.
Theoretical calibration curves relating crack extension to electropotential measurement can be
obtained by using conformai mapping[4] and finite element techniques[5] to solve Laplace's
equation for the potential. The curves obtained from these methods are assumed to have
straight crack fronts as our experimental calibration curve. All the tests were performed with
the cross-head speed of 0.5mm/tnin. During each test, diagrams representing load(P) versus
load point displacement^) and potential drop(V) versus load point displacement v )were
recorded on X-Y recorder at the same time. By monitoring this potential increase and
comparing it with reference potential(Vo), the crack length for R-curve can be determined.
Detailed description of the DCPD method are given in Refs. 5 and 6.

Table II presented a brief summary of tensile test results for 2.08X1 Cf/sec. It was noted that a
strain rate of 2.08X10"4/sec can initiate the serrated flow at 180°C, but at higher temperature the
initiation of serrations required the application of higher strain rates. That is, the nominal strain
rates for initiation of serrated flow were found to be 2.08X10'"/sec and 1.25X10"3/sec
corresponding to the test temperature of 180,230°C respectively.
With the appearance of serrations, there was a marked increase in ultimate strengths and
an appreciable loss in ductility. It was observed that the yield strength(0.2% YS) did not
increase appreciably with temperature although small peaks were noted. However, the ultimate
strengths increased appreciably with increasing temperature and attained maxima at 280°C and
340°C depending on strain rates. The ductility attained minimum values at 280°C and 310°C
corresponding to the strain rate of 2.08X10"Vsec, 1.25X10~3/sec respectively as shown in
figure 1.

RESULT

Serrated flow
Tensile tests on the SA508-Class3 steel clearly showed the occurrence of dynamic
strain-ageing(DSA).The serrated stress-strain behaviours, characteristics of DSA, were
observed between 180-280°C for 2.08X1 0'Vsec and between 230-340°C for 1.25X10-3/sec.
RT

Table II. Brief summary of tensile test for serrated flow
(e=2.08xlO"/sec)
"4
Tensile test
UTS(MPa) YS(MPa)
TemP(°C)\ serration
X
580
445
RT
560
440
O
180
582
450
O
230
0
610
450
280
X
580
445
300
X
578
440
310

100

200

300

400

Temp. (°C)
Fig. 1 .

Variation of total elongation with test temperatures.

Activation energy
The initial appearance of serrations in a mild steel can be represented by an Arrhenius
type relation between the strain rate and temperature[7].
é = C exp (-Q/RT)
where Ê is the applied strain rate, C frequency factor, Q the apparent activation energy for
diffusion, R the universal gas constant and T the temperature in K.

According to the above equations, the experimental results was represented by a
straight line on a plot of Ine against 1000/T, and an activation energy of 16.2Kcal/mol was
obtained. Numerous studies[8,13,17] of DSA have shown that the activation energy obtained
from a shift of the onset temperature of serrated flow with the change in strain rate is equal to
that for DSA and in turn to that of solute diffusion, if one assumes a simple Arrhenius type
relation between the strain rate and temperature.

8000

1

2

Crack increment Aa

3

4
(mm)

Fig.3. J versus Aa curves at different test temperatures for

SA508-C1.3 vessel steel.

shape of V-v curve was found and the further change of electrical potential was proportional to
the crack growth. To calculate the J-R curve from the P-v curve and V-v curve by DCPD,
calibration curve and J-integral equation with computer program calculation were utilized. Then

2
4
6
8
10
Load point displacement (mm)

12

Fig.2. Test records for load and electrical potential versus
load point displacement to detect crack initiation
in the elastic-plastic fracture toughness tests

It

J-integral
Fig.2 was a plot of load versus load point displacement(p-V) and electrical potential
versus load point displacement(V-V) by using DCPD method at room temperature. At onset of
stable crack growth, corresponding to crack initiation, a more or less distinct change of the

figure 3 shows the typical J-integral versus crack increment Aa ^ala for SA508-Class3
pressure vessel steel at different test temperatures at the nominal test speed of 0.5mm/min,
corresponding to the strain rate for the DSA phenomenon. It was clearly noted that as
temperature increased from ambient temperature the resistance curve exhibited lower J-integral
values until a critical temperature reached (250°C in fig.3) and then exhibited higher J values
with increased temperature. The resulting variations of fracture toughness are depicted fig.4.
The "true" crack initiation fracture toughness Ji was determined as the value of the J-integral at
the distinct point of V-V curve. And, Jc was obtained from the intersection point of 0.2mm
offset blunting line and the regression tearing line. From these results, the Jic do not change
appreciably with test temperature. In contrast to Jic, Ji values decreased at the test temperature

corresponding to DSA region(180-340°C). It showed a good agreement to the ductility
decrement in the temperature region of DSA as appeared in tensile test. Further, the variations

60
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J ic by ASTM

-O-

Ji by DCPD

uniform elongation from DSA compared to the plain carbon steel. The changes in mechanical

properties caused by DSA in the present steel are similar to those reported for quenched low

carbon steel by Keh et al.[8] and for quenched and tempered carbon and alloy steels by
Mukherjee et al.[9]. The DSA was well known by diffusion control model with vacancy

40

£ï

„

generation during plastic deformation[13,14,15]. The onset of serrated yielding is due to the
diffusion of solute atoms to mobile dislocations temporarily arrested at penetrable obstacles in

30

>—>

the slip path. Solute diffusivity is slow at the start of deformation. However, the increase in
vacancy concentration and dislocation waiting time with strain allows dislocation locking at the
critical strain. Therefore for a given mobile dislocation density, critical strain is expected to be
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smaller in materials of higher solute diffusivity. To maintain an imposed strain rate, more
dislocations have to be generated. Thus, the process of multiplication of dislocations can
explain the increased ultimated tensile strength.

The activation energy of 16.2 Kcal/mol (68KJ/mol) observed in this study is some
Fig.4.

Variation of Jic by ASTM E813 and Ji by DCPD
with test temperatures.

what smaller than those reported for the diffusion of either carbon or nitrogen in alpha

iron[18]. However, Baird and Jamieson[19] observed an activation energy of 15-20 Kcal/mol
in their work on Fe-N alloys. Nakada et al.[17] also reported, on the basis of their study of
static strain ageing of Fe, an activation energy of 16.3 Kcal/mol. Keh[8] noted that although

of tearing modulus, that is a good parameter to detect the instability for crack growth after crack

initiation, are shown fig.5. Similarly to the Ji variation in fig.4, tearing modulus values in the
DSA region are smaller, by about 30%, than that at room temperature.

the measured activation energy was unaffected by the chemical composition of the steels and
iron alloys, the temperature and strain rate at which serrations occurred was strongly dependent

upon the concentration of carbon plus nitrogen. However, the activation energies for the
diffusion of C and N[ 16] are similar. Then, it is difficult to define the operating element for the

DISCUSSION

DSA from the activation energy measurement only. Because of the higher solubility of nitrogen
in steel and fine iron nitride precipitated leading to the interstitial atmosphere of nitrogen, it is

The steel under present investigation showed serrated stress-strain curves at the test

reasonable to consider that DSA in this steel is also caused by nitrogen in solution.

temperatures of 180-340°C. Similar observations have been made by other workers[8,9] in

The main features of this paper are the effect of DSA on mechanical properties,

studies on both plain carbon and alloy steels. It is clear that the critical temperatures for the

particularly crack initiation fracture toughness and crack propagation. In part of fracture

appearance and disappearance of serrated plastic flow are dependent on the applied strain rate.

mechanics, the potential drop method was widely used to detect the crack initiation and growth
because high resolution is required. Recently[18], another subject of interest was the

This is a typical indication of DSA, which is believed to be triggered by the interaction between
solute atoms and moving dislocations[8]. The present results are similar to those reported by

comparison of Jic as determined by ASTM E813 and the true crack initiation point Ji. There

E.O.Hall [10] on mild steel, with the exception that load drops in the present case are smaller.

was agreement that Jic is not a measurement of true initiation, as Ji is usually smaller than Jic ;

The main observations were that DSA caused an increase in tensile strength and a decrease in
ductility. Recently, Sachdevfl 1] studied DSA characteristics of various steels. He concluded
that the dual phase and high strength low alloy(HSLA) steels show a much smaller decrease in

in addition, there does not seem to be a constant relationship between Ji and Jic. These results

also have been obtained at the present paper. The blunting line equation (J=2°fAa) is not
always adequate. Moreover the method of constructing the straight line for the JK

determination can be a source of uncertainty. In the present work, the Jic as measured by

crack tip opening displacement(CTOD) as a function of the test speed and temperature. Asundi

The noticeable feature in the variation of tearing modulus is that the resistance to crack
growth after crack initiation abruptly dropped at a certain temperature range, attained a
minimum value and recovered at higher temperature. This minimum are believed to be
coincident with the temperature of maximum DSA effect. The tearing modulus(T) in Fig.5 is
defined as T=ÇE/G2)(à}/da.), where dJ/da is the slope of the J versus Aa curve and E is
Young's modulus. As like the Ji variation, tearing modulus values in the DSA region were
smaller than that of room temperature. The lower resistance to crack growth clearly
demonstrates the undesirable effect of DSA on fracture characteristics. Although the
temperature range of testing lies in the upper shelf region where the toughness is usually

et al.[l] evaluated the DSA in A203D steel used in pressurized heavy water reactors with

constant based on elastic-plastic fracture mechanics, the data clearly show a drop in toughness.

special attention to the effects of microstructures. Also, it was reported[21] that the

It confirms that after crack initiation, the resistance to the crack propagation was also lowered
by DSA effect in terms of tearing modulus.

ASTM E813 was not affected by DSA effect. But the true initiation Ji by DCPD method
decreased at the test temperature corresponding to DSA region, which shows that the Ji is more
sensitive to detect the crack initiation than the JK. These results are similar to other
workers[ 1,3,20], Patel[20] recently examined the fracture behavior of the A533B steel using
three-point bend tests on subsize Charpy specimens at various test temperatures and
deformation rates. It depicts the effect of DSA on the upper-shelf energy as large drops in the
fracture energy. Similar results were also reported by Ostensson et al.,[3] who examined the

electropotential single specimen method and the multiple specimen R-curve method produced
similar results in determing the upper shelf fracture toughness. These investigations showed
that DSA effect resulted in a decreased fracture toughness in the upper shelf region. It is similar

to our results as shown in Fig.4, by using the direct current potential drop method with 1-inch

CONCLUSIONS

CT specimens. It is believed that the drop of fracture toughness in DSA region (in upper shelf
region) is due to the interaction of the interstitial impurities, such as C and N, with dislocations

generating in a well developed plastic zone at the crack front.

The occurrence of dynamic strain-ageing leading to serrated stress-strain curves has been
observed for quenched and temperd state of ASME SA508-Class3 nuclear pressure vessel
steels. Compact tension specimens were used to perform fracture toughness tests in the upper

350

shelf region. In addition to the critical J-integral Jc , the true crack initiation fracture toughness
Ji values were obtained by direct current potential drop(DCPD) method. The tearing modulus
was also measured to analyze the effect of dynamic strain-ageing(DSA) on crack propagation
after crack initiation. The main conclusions are as follows.

300
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1 . The DSA is associated with maxima in ultimate strengths and minima in ductility. The

QO
«

150

region of DSA at higher strain rate shifts to higher temperature.
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Fig.5.

200
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Effect of test temperature on tearing modulus
during crack propagation.

400

2. The activation energy for the onset of serrations suggests that the phenomenon is controlled
by nitrogen and/or carbon in solution in the matrix phase.
3 . The Ji value, true crack initiation fracture toughness, obtained from DCPD method is more
sensitive to detect the crack initiation than Jic value as measured from ASTM E813. In
contrast to Jic, the Ji values are lower in the DSA temperature range. The migration
of carbon and/or nitrogen to the dislocations at the crack front may be the operating
mechanism.

Ut
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4. After crack initiation, the tearing modulus values, which is related to the instability
associated with the stable tearing portion of J-R curve, dropped in the DSA range by about
30% lower than that at room temperature.
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Abstract
The purpose of the present study was to determine ElasticPlastic fracture toughness (J

) of a shape-welded material type:

ASTM A 533 Grade B, class 1. Multispecimen J-integral Resistance
curves were developed at room temperature for 38 mm thick compact
tension (CT)

specimens with a/w of 0.6 and 20 * side-grooving. The

results obtained from the valid data are in agreement with J

values

for such type of materials.
However, fatigue crack propagation curves indicated some ani-

sotropy in the CL and LC orientations of the specimens. Tearing modulus values were found comparativily quite low , which is probably
due to excessive amounts of nickel, manganese and oxygen in the material .

INTRODUCTION

The integrity of the reactor pressure vessel

throughout

its useful life demands that the component should exhibit superior
toughness. With scaling-up sizes of heavy-section components, it is
becoming increasingly difficult to achieve the desired level of fracture toughness by conventional fabrication methods due to their inherent drawbacks.

Shape-Welding

technique, in which multilayer weld-

ment is produced by Submerged-Process
in this perspective and also has

is,

however, more promising

an economical edge over the conven-

tional methods. In casting and forging/rolling the fracture toughness

of the end product is deteriorated by factors like coarse dendritic

rial through J-integral Resistance curve by multi-specimen technique.

zones, macrosegregatlon, laminated inclusions, and directionality. On

In parallel the investigation is also aimed at fatigue crack propaga-

the contrary in the "all-weld-raetal" technique, where solidification

tion rate determination.

pool is comparitively very small and the material undergoes multiple
annealing and rapid cooling, it is possible to develop higher values
of

upper-shelf toughness with material homogenlty.Specific advantage

of the technique is that it has

no limitation to component size.

EXPERIMENTAL PROCEDURE

Material and Specimens;

Components up to seventy-two tons have been successfully manufactured
by this method [ I ] .

The chemical composition of the material used in this investigation

For low toughness materials the crack growth initiation
regime is relatively small and essentially no

is presented in Table 1. This locally produced material

corresponds to American designation ASTM A 533 B, class 1 steel, how-

stable crack growth occurs

ever, Nickel, Manganes and Oxygen contents are about twice the medium

when fracture proceeds under plane-strain conditions. However, in

level of these elements in such type of steels. Room temperature mecha-

the upper-shelf zone there is significant crack-tip blunting and

nical properties of the material are given in Table 2.

substantial crack growth. The nominal resistance of the material

to

further crack extension increases with increasing crack growth.J-in-

Table 1 -- Chemical composition of the material

(Wt.%)

tegral proposed bf Rice [2,3] and developed by Begley and Landes
[4,5] is a fracture toughness

criterion for ductile materials. A 533

Al

Cu

Cr

designs of primary reactor pressure vessels, steam generators, and
pressunzers in nuclear power plants. This Mn-Mo-Ni low alloy steel

O
(ppm)

Grade B, class 1 (A 533 B,l) is one of the basic material used in
0.063 2.70 0.41

0.86

0.025 >2.0 0.48 1.10

0.015 0.003 0.008 0.010

——

0.24 0.023

0.005

0.021 542

0.00050.018 0.016 0.29 0.019 ——— ———

is used in these applications up to twelve inches thickness [6]. Extensive research

work has been done in determining the properties

and behaviour of this material at various temperatures.

Kmmphalz and

Table 2 — Room temperature Mechanical Properties

Ullrich[7] have produced J-integral Resistance Curve for A 533 B,l
steel using the potential drop technique and multi-specimen methods.

The specimens, three-point bend with a/w ratio of 0.3-0.5, investigated at

Tensile Properties (M Pa)

room temperature resulted into Jlc value = 268 KJ/m . EPRI

report [8 ) provides J

value = 202 KJ/m

2

for the same material tested

Section

Impact Properties

Yield Strength Ultimate Strength

E[41 J]

at 25 "C. Commenting on shape-weldment performance, Kussmaul et.al,

Longitudinal

547

645

- 40 °C

[9 ] , have reported better results for shaped-welded component as
compared to forged material. With standard CT specimens of 10 Mn Mo Ni

Transverse

550

644

- 34 °C

Hardness
NOT

- 60 °C

Hv 10

233-270

55 steel (equivalent to American designation A 533 B,l) tested at
ambient temperature, the J-integral value for crack initiation was

38 mm thick CT specimens, machined as per

ASTM s t a n d a r d speci-

found equal to 540 KJ/m for the shape welded component as compared

fications

to 420 KJ/m2 for the forged material test at 80 °C.

each o r i e n t a t i o n ) were removed f r o m a shape-welded cylindrical component
as shown in Fig. 1. During the test-component fabrication tubular elec-

The object

of the investigation under report is to determine

the fracture toughness of a shape-welded

cylindrical component mate-

[ ! 0 ] in CL and LC crack plane orientations (six specimens in

trodes were e m p l o y e d . The component
at

received stress-relief

treatment

540 °C for n i n e hours with a heating rate of 68 ° C / h r above 430 °C.

(a)
x 100

Dimensions of the shape welded component after final machining
external diameter
Internal diameter
length

468 mm
330 mm
301 mm

FIG 1(a) Shape welded component

•£ ,.•%
(b)

t >^laa^^S^SSß^y^S^ „äiJ

^

x 100

FIG 1(b) Crack plane orientation of the tested specimens

FIG 2 Size, shape and distribution of the inclusions observed ((a) transverse section, (b) longitudinal section)

(a)

(b)

x 1000

x 500

(c)

(d)

x 500

x 1000

FIG 3 Photomicrographs representing the microstructure of the material ((a b) transverse section (c,d) longitudinal section)

61

o\
N)

NOT report, including Dye-penetrant method, Radiography and Ultrasonics

revealed no defect beyond specified defect size.
Metallographie studies revealed inclusions structure in transverse and longitudinal sections (Pig.2). As per ASTM standard E-45

The colored oxide films delineated the fatigue crack and crack ex-

tension zones. Crack extension was measured under a travelling micros-

cope as per ASTM stantard procedures. The area under the load versus
load-point deflection curves was computed using a polar planimeter.
The value of J was calculated using the following relationship:

C81) Microscopical Method A[M], these inclusions have resemblance

^ 0.76 b/w)

with D-type globular oxide inclusions. Heavy and thin Series of the
inclusions correspond to level "2" and "4" respectively. As compared
to longitudinal section, the transverse section posasses somewhat

J = (
where

[ l-(

) A apj

A = area (energy) under load •v deflection curve

bigger inclusions and some were found even double in size. It was

B = thickness (net section thickness of side-grooved specimens)

not tried to establish the chemistry of the inclusions. The inclu-

b = remaining uncracked ligament

sions were found randomly distributed and no close clusters were

a = initial crack length

observed. In Pig. 3 microstructure of the material is presented.
Bainitic and martensitic phases present
differentiated from each other.

). f (a/w)

Ad

are so fine to be easily

P

= crack extension

W - width of the specimen

Fatigue Crack Growth Rate Determination

Tests for fatigue crack growth rate determination were performed on a 10 T capacity closed-loop servohydraulic system at room

IDS'-

temperature using sinusoidal waveform. The CT specimens were pre-

6- •

cracked as per ASTM specifications E 647-81 t / 2 ) . The crack was ex-

5- •

tended 2.5 mm beyond the machined notch in five steps (AK decreasing)

4- •

at load ratio of 0.1, with testing frequency of 10 Hz. The terminal

3- •

value of AK employed was 12 HPa/m. Two tests were run per orientation. After fracture opening the specimens, crack length measure-

2- •

ments were made under a travelling microscope. The measurements

were based on average of nine evenly distributed readings. No signiASTO A 508 cl-2 (CT1TJ

ficant crack from curvature effect was found.

Shape welded-CL orientation
(CT H T)
g Sliape welded-LC orientation
(CT U TD

The specimens were pre-cracked to a crack length to width (a/w)
ratio of 0.6 with AK= 20 MPa/îiï in the final step. All the specimens

.5+

were then 20% side-grooved. Elasto-plastic fracture toughness deter-

mination tests were performed according to ASTM standard E 813-81
[ÎO] , using multispecimen technique. A 20 T capacity closed-loop servohydraulic
system was used for conducting the tests at room temperature, in
stroke control at a rate of 0.4 mm/mm . After completion of the

tests the specimens were heat-tinted in a furnace for about one hour
at 300 °C and then fracture-opened

after cooling in liquid nitrogen.

10

20

30

A K (H P /n)

FIG 4 Fatigue crack growth rate versus range of stress intensity factor for forged and shape welded material

10

MATERIAL SOLFORXAOO
PRÛBETAS i 1/2 CT

MATERIAL SOLFORKADO

PROBETAS 1 1/2 CI

S.C.20S
ORIENTACION L-C

S.C. 20«
CHIENTACION C-L

0 .2 ,4 .5 .8

1 1.2 1.5
CRACK EXTENSION(MM)

FIG.

1,8 2 2.2

2.5

FIG.

5. J-resistance curves for shape-welded material at room temperature.

RESULTS S DISCUSSION

The results of the fatigue crack propagation testing are shown
in Fig. 4 in comparison with the fatigue crack propagation behaviour
of a similar but forged material ASTM A 508 Cl.2

O\

'0 .2 .4 .6 .8 1 1,2 1.5
CRACK EXTENSION(MM)

. j - integral resis-

tance curves obtained through multispeciraen technique are given in
Pig.
5-6. The intersection of the regression line with the blunting
line delivers JIc values of 245 KJ/ra2 and 297 KJ/m2 for CL and LC

1.8 2 2.2

2.5

6. J-reslstance curves for shape-welded material at room temperature.

orientations respectively. All the validity requirements for J ,
as stipulated in ASTM standard were achieved. Corresponding to these
values of J
the values obtained for K
are 240 MPa m and 263
Ic
Ic
Mpa / m for C-L and L-C orientations respectively. Tearing modulus
(T) is 49 and 17 for the above mentioned orientations
the fracture

Fig. 7 shows

surface of each specimen. Crack extension zones marked

by heat-tinting procedures are quite visible. Fig.8(a to c) show
scanning electron micrograph of fracture surface of the specimens.

C-L orientation

L-C orientation

FIG. 7. Fracture surface of the specimens.

The elastic-plastic fracture toughness (J

) values corres-

ponding to crack initiation are quite close to each other for the
two orientations, reflecting isotropy of the shape-welded material.
These values of Jjc are also in agreement with those of different
steels commonly used for nuclear reactor pressure vessels [7,^].
However, as compared to fracture toughness of shape-welded material
cited in literature (J , 13], these values are low.
As shown in Fig. 4 the fatigue crack propagation behaviour
of the material in two different orientations is not similar, indicating that the material is not as isotropic as

mentioned earlier.

FIG 8(b) Scanning electron micrograph showing one of the several pop-ms observed at higher magnification

Brittle

zone

Fatigue
zone

FIG 8(a) Scanning electron micrograph of fracture surface showing brittle zones in stable crack
propagation area (pop in)

FIG 8(c) Scanning electron micrograph showing slag Inclusions in stable crack propagation zone
Oxide type inclusions are also visible

OS

The tearing modulus (T) , i.e., material» resistance against instable

used

tearing in the presence of a crack, is an important criterion

Liendo and Mr. Zalcman for the assistance in fatigue precracking

for the

in this investigation. The authors are also indebted

to Mr.

materials intended for sensitive structures like nuclear reactor

the specimens and metallographic work respectively.

pressure vessels. Materials with very low value of T, in a particular

One of the authors wishes to express his gratitude to the International

configuration, will undergo instable tearing as soon as the J

and li-

Atomic Energy Agency (IAEA) for providing him the

mit load values are reached and may result into cleavage

fracture.

ticipate in this programme.

fellowship to par-

As compared to the tearing modulus values of other pressure vessels
steels (forged and shape-welded), the T value obtained for our mate-

rial is very low.
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reactor
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core

•"• l.c-:cil r; rewi --.tanr.t:

a'ia1nr-;t

Ktresr; corrosion

crackjnq Is ancompl 1 •;t»-:i.\ with the aid of- the: ;;)ow strain rate
tests /SSRt/ together with testing of the C-rings in
corrosive
med"uim under

the conditions existing

in the primary

circuit of

the WWER 140 MIO reactor.
The

resistance against

strrss rorroolrin

cracking of aur.tenltic

and martens!tic steel:.; is examined in superheated water at
a
temperature of" >TiH"C and at a
pressure ol i^.Fj MCa. I he slow
strain rate

the
OS
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2.2 Experiments in the stationary medium
Expérimenta in the stationary medium
autoclave

were

in the

tested

at

primary c i r c u i t

temperatures

300
were

carried out in an

medium. Tin: (I.h HI" specimens

between

2!K)°C

and

300'T:,

s"1,

a pressure of 12.Fi MPa, at a frequency of IJ.IIU

250

at

and wj.th R-

200

0.2. Hydrogen content in tl»-- aqueous medium was held constant at
50 cm3 dm"', pH equalled 7.1 /HtinT./, and elecl.iical cnnduoLivity
xuSr:m-a . The c:rack

equelled 22.Fi
D

1

qrnwth rate was

150

determined at

T

2x 10- m<3 - and ux 1 IT ^ms ~ C K i q. 1 ) .

100

1

2.3 Hydrogen embrlttlement of reactor pressure vessel steels
For

reactor

pr essiir e

embr ittlement

is one

vessel

ul the

eraek qr uwth in otr ess
Tor

Lhifi

reason,

critical

bydrncien

effect

the

ol

hydr iiqen

J iiiteqral

un

of reactor

Um

antionrrusion overlay ul a

5

Fig.2. The influence of hydrogen content on the

ohanqes u T

fracture toughness of GrMoV steel tested

pressure vessel

steels and un the mechanical properties ol t.he I mat

uf inner

.induced

uf suhcr itical

currusjon erackinq and corrusion fatique.

the

values of

steels,

decisive mechanism

2
3
4
Hydrogen content /ppm/
unirradiated
——— irradiated

at 20°C.

affected xune

roactur pressure vessel was

260

examint:d.
c\J
Lffeet tit hvdr u'ieii on I r actur e tum.3hnt.ics

The effect

uf hydr uqen on

S

critical values of

Um

200

J inteqral of

——— irrad.
_•_._ irrad.,lOOAm'-2
———— unirrad.
o unirrad.,2 OAm-2
unirrad.,lOOAm

Cr -Mo-V r;teel was tes led by t.he three point, bend test uf Hharpy V
srieclmens.

I wo methuds

were used
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crack initiations ar.oustic émission

the puiiit of

F"iq.2

relations
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«O

g

100

ani-l l.he mel.hod ol J R curves
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S
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4»
O)
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sleel. TWII influence'-, are evuJeril.s rharquiq up to hiqher hydr uqen
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Fig.3. The transient curves fracture toughness-temperature
for different combinations of irradiation and hydrogen
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5ppm with Cr--N1-Mo-V ril.c.:i:l

A historical background of the development of WWER reactor materials, and
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of fabrication technologies, is
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logy of structures. Elaboration and development of reactor mate-

compositions of Cr-l.ïo-V were developed for WWER vessels from

the very

beginning of their designing. For WWER-440 vessel

components being welded 15X2MDA (15X2MÜH-A)steel is used. Chemi-

cal composition of steel end heat treatment conditions were
chosen proceeding from the condition of the necessity of ensuring

within specified thiclznesaes

the required level of strength

satisfactory weldability, high brittle strength. Besides, selection

of Cr-Iäo- V composition was caused by the need of ensuring

-a
to

increased tempering

resistance of reactor vessel in the process

ITickel is one of alloying elements that strengthens ferrite

of its fabrication, high thermal embrittlement resistance, imp-

without deterioration of toughness. Upon introducing nickel into

roved radiation resistance.

Cr-l.'.Q-V ateel

One knows that mechanical properties of steel are determined
by its structure which is formed depending upon alloying and
heat treatment. In thiclc-'.valled semi-products (plates, shells

sharply

an incubation period of high temperature austenite

increases due to inhibition of eutectiod reaction A-~F+C,

tempersture of formation of pseudoeutectoid and bainite decreases.
of

This favours improvement of stee\

calcination. In introducing

400 mm thick and more) requirement for increase yield point and

nickel to 2." into steel 15XS.:fflA type yield point at 350°C of bil-

high toughness over the \vhcle cross-section may be ensured only

lets of 160nsa thick after quenching and

by quenching followed by high tempering.

from 400 II?a to 850 I.lPa and brittle critical temperature grew less

Investigations performed allowed to ascertain that steel

high tempering increased

for ncre than by 50°C. However, content of more than 1,5£ of nickel

strengthening as a result of quenching followed by high tempe-

in Cr-Uo-V steel is not expedient due tc increase of steel suscep-

ring (improvement) is achieved, mainly, ot the expense of phase

tibility to temper and thermal brittleness. Alloying of steel with

cold work that forms stable dislocation structure.

The principal task when

selecting steel alloying system

is to provide calcination of semi-products through the entire
thickness and precipitation of thermodynamically stable carbide

phase In the cause of tempering.

Carbide phase should be dispers-

nickel of not more than 1,5$ does not practically affect thermal
brittleness

susceptibility

at temperatures to 340°C. With this

content of nickel temper brittleness is not also observed.
Performed investigations allowed to find out that at limited

introduction of nickel (not more than1,5/£) into Cr-Mo-V eteel

ed and uniformly distributed over the body of ferrite to fix frag-

impurities being in steel (phosphorus to 0,020 , copper to 0,15/5,

mented dislocation sub-structure.

antimony and tin of not more than 0,01/5 of each element) do not re-

Chroniun and nickel alloying is the most significant factor to

markably

affect the susceptibility of steel with 0,5-0,7/5

form properties of reactor steels matrix. Optimum proportions

of molybdenum and about 0,1£ of vanadium to

of carbon, nolibdemum and vanadium to a great extent determine

within the range of WvffiR vessel working temperatures.

heat resistance

impurity

and tempering

resistance of steel and such

elements such as phosphorus, copper,entimony, tin,

thermal embrittlement

The salient feature of chromium influence upon mechonical

properties of Cr-IIi-Ho steels was determined by the investigations.

arsenic in a combination with nickel and manganese plsy the main

Y/ith this end in view microstructure,dislocation structure ond

role in providing

phase composition after quenching and tempering were investigated in

radiation embrittlement resistance.

In connection with development of WY/Eîî-1000 there appeore.d

the need to improve reactor steel

strength. V/ith this aim joint

details. It was established that content of chmmium to 2,5-3,03 at
alloying with vanadium to 0,15/5 results in stimulation of polygoni-

influence of chromium and nickel upon i,.echanicol properties of

zation in Cr-Hi-Ifo-V steel

Cr-IIi-l!o steel was investigated.

cipitation of Iae~C, carbides and their coagulation. Further increase

at tempering due to promotion of pre-

of chromium content in this steel results in strengthening to some

Material of water-water reactor vessels

extent at the expense of increase of density of carbide precipita-

Base material
tions and increase of alloying ferrite with chromium but these

1. Chemical composition
factors can not practically compensate decrease of strength os a
result of poligonization because dislocation contribution into

strengthening of low-alloyed steels in improved state is much
high above partial strengthening at the expense of fine-dispersion

Table

1 gives spécifications requirements for heat composi-

tion of base materials of water-water reactors.
1.1.

For 15X2UIDA-A steel used nowadays for manufacture of

reactor vessel shells positioned opposite the core the following

precipitations of carbide phase.
Proportion of chromium and nickel in steel also affects the

susceptibility to temper brittleness. Investigations showed favou-

restrictions es to content of impurities including those that have
negative influence upon irrodiction embrittlement were set up:
copper

- not more than 0,10^;

in. Cr-lIi-Iio-V steel with nickel content cf not more than 1,5^-

arsenic

- not more than 0,010rJ;

Steels containing about 2,5%

aulpnur - not more than 0,015/j;

rable effect of increase of chromium content from 1,3/3

*o 2,5?-'

of chromium have the lowest brittle

critical temperature in both cases: after cooling in water and

phosphorus - not more than 0,0 12', '5;

after cooling from tempering temperature with the rate of 10 grad/h.

antinony

Simultaneously

tin - not more than 0,005^;

highest resistance to brittle failure of CjvHi-Mo-V

- not more than 0,005f5;

steel with 1# of nickel at chromium content of more than 2,5fs was

tungsten - not more than 0,30;S;

validated.

boron - not more than 0,003;»;

On the basis of performed investigations in recent years new
more strong steels for Y/V3R vessels characterized by improved brittle

1.2.

For 1 5--2KMfflA-A steel also being used nowadays for manufac-

failure resistance were elaborated and brought into by industry

ture cf reactor vessel shells opposite the core the follcv:inc res-

on the basis of Cr-lïi-Lîo with chromium content from 1,8 to2,7fj.

trictions es to content of i-puritieo including thccc thni hcvs negative

Alloying of reactor steel with chromium of more than 2,0^ and

influence upor. irroiiotio« err.brittlenont wore set up:

decrease of vanadium content to 0,15/S favours also improvement

copper - not nore

than 0,10fJ;

of resistance to metal crocking of weld zone of welded joints in

arsenic - not more then 0,01070;

the course of heat treatment. This allows to simplify reactor

culphur - not nore then 0,012^;

vessel welding procedure at the expense of decrease of heating

phosphorus - not ir.ore thsn 0,010,"^;

up temperature and giving up of immediate high tempering by meana

antl-cny - not more than 0,005^;

of introduction of intermediate procedure -"rest" of welded joints.

tin - not ir.ore than o,C05iJ;
( P-i- Cb -7-2T. ) <C 0,015;;.

2. Steela melting

^

_4

VJ1

Steels melting is performed in the main furnaces with treatment onapl&nt for out-of-furnace rifining and vacuum casting
of steel.
Steel making in acid open-hearth furnace of duplex-process or

in the main arc furnace is permitted.

Casting ingots of mass more than 211 and more is performed
in vacuum.
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3. Heat treatment
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4. Table

2 gives mechanical properties of forgings

and stamped billets in heat-treated state.
5. Table

3 represents welding materials usea for welding

water-water reactor vessels.
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TABLE 2. MECHANICAL PROPERTIES OF FORCINGS AND STAMPED BILLETS IN HEAT
TREATED STATE

Steel

Type of oc .

not legs

and its
thickness

5

Ml'a'

a'

Brittle

+350°C

+20°C
than
I*

KCV,

lcJ/m2

Brinne!
not less than
lard- .
ness in
'HPa RPO,2,
l.TPa
IJPa

f

critical

temperature
Tk, °C,

not higher
than

*'

15X2MŒA,
1 5X2I.1IDA-A

forging

540
735

430

14

50

490

1035
2245

490

390

14

50

0

1 5X2I.I03A

stomped
billet

540
735

430

14

50

490

1835
2245

490

390

14

50

+15

490

15

55

*"

~"

539

441

14

50

-10

490

15

55

-

-

39

441

14

50

0

441

15

55

.

—

90

392

12

45

0

490

15

55

-

-

39

441

14

50

-25

1 5X2IIOTA

not

forging
400mm

less
607,6

15X2TOOTA

15X211« A

stamped
billet
400mm

not leas
607,6

forging

not less

and stamp--than

ed billet 548,8
650mm
1 5X2in,!fflA-J forging,
400inm

not le os
607 , 6

TABLE 3. WELDING MATERIALS FOR WELDING WATER-WATER REACTOR VESSELS

Steel

Coated elect- Automatic './elding under
flux
rodes for ma\Vire
Plux

nual arc Yielding

15X2MDJA with H-3, H-6
1 5X2ÎJOJA

CB-IO»KT

CB-IOÄWT

AH-42
AH-42M

15X2MŒA with
1 5X2LKDA-A,
1 5X2MIDA-A
with
15X2MGU-A

cB-io»5ry

AH-42M

15X2HMEA with PT-45A
15X2HMDA with PT-45AA
1 5X2IMDÄ-A
PT-45B
15X2IÎMIDA-A
with
1 5X2HMÜU-A

CB-I2X2H2M 4H-I6
CB-I2X2H2MAJ* «U-I6A
.. H$-I8M
11
CB-I2X2II2MAA
CB-09XTHî,1TM
BH
H5-I8M

<m-i6A

PT-45AA

'Jelding wire for

areon-orc
\velding
-

CB-I2X2H2MA
CB-I2X2H2r/AA

ei=8eaiMA/BH

Electroslap
ffire

weldin«
PlUI

I3X2Î.WT

(Xf-6

CB-I6X2HMOTA

oa«

Cs-I2X2H2tMA-

CB-09XTHMTAA-BH

-

-
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Advancing of Technology and Materials

- improvement of WWER-1000 reactor vessel materials

including provision for the assured value of ductile-to-brittle
Thé studies performed recently allowed to develop measures
on advancing of technology, materials and

calculation pro-

cedures providing for the extension of service life of reactor

vessels.

transition temperature not exceeding minus 30°C for the shroud
material of nozzles region and decrease of content of impurities
in metal as well as decrease of nickel content in the welding

wire ;

Advancing of technology and materials includes:
- development of technology for fabrication of the reactor

vessel without welds in the region of the vessel located against
the core due to the use of the extended shell (for vessels of

- introduction of the welding technology with narrow edge
preparation providing for more stable process of welding and,as
a consequence, the less probability of formation of process

defects.

reactors VAYER-440 such technology has been developed, the reactor vessel of HPP "Juragua" was fabricated without welds in
the region of the core location);
f«)
(a.)

0,0-f

0.01

0,02

0,03

Fig.1. Effect of impurities content in 15X2MQJA steel on critical
brittle temperature (a), radiation embrittlement factor (b),
fracture toughness (c), and parameter "m" of Paria equation (d).

0,03

0,05 V

Pig.2. Effect of impurities content in weld performed by automatic
welding with Cb-10XMOffi wire under AH-42 flux on critical

brittle temperature (a), radiation embrittlement factor(b),
fraciuretoughness (c), parameter "m" of Paria equation (d)
and threshold value of Kth factor (e).

The proposed measures relate to the vessels of reactors
designed anew. For the reactor vessels being in operation the

extension of the service life may be based on the use in strength
calculations of the properties of materials of the specific

vessels, including:
- use of individual data on ductile-to-brittle transition

INVESTIGATION OF IRRADIATION EMBRITTLEMENT
AND RECOVERY PROPERTIES OF PRESSURE
VESSEL STEELS OF WWER REACTORS IN THE USSR
A. AMAEV, A. KRYUKOV, V. LEVIT,
P. PLATONOV, M. SOKOLOV

I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

temperature;
- estimation of the initial curve of fracture toughness
temperature dependence with the use of either experimental

data on fracture toughness or the calculational estimation on
the basis of correlation dependences of fracture toughness
with characteristics determined in acceptance tests;

- calculation of shifts of the vessel metal ductile-to-

Abstract

The paper présenta the main results of a complex
program on investigations of irradiation embrittlement of

WEE-440 reactor vessel (RV) materials, carried out in the

brittle transition temperature as a result of irradiation with

USSR. The object of investigations was surveillance speci-

the use of generalized dependence of a shift of ductile-to-

mens (S3) of RV materials. It has been found that at an ir-

brittle transition temperature versus content of copper and

radiation temperature of 270°C neither the base metal (steel

phosphorus impurities in metal and the data on chemical com-

15 Kh2MFA) nor weld metal exhibit saturation of irradiation

position of metal of the specific vessel.

embrittlement (IB) in irradiation of specimens up to fluences

?o
P. Regularities in the influence of imof neutrons 7x1Cr"n/cm
purity elements (copper and phosphorus) on IE of RV materials
have been investigated. It is shown that IE of the weld metal
is determined by at least four processes associated with the

individual effects of copper and phosphorus, their joint effect and the mechanism of direct buildup of radiation defects
in the metal. The effect of dependence of the IE characteris-

tics of the WER-440 RV materials on the neutron flux has been found. It is shown that within the range of fluences from
1 to 5x101^n/cm2 at a neutron flux 4x1011n/cm2.s IE is stro11

2

nger than in. Irradiation at a neutron flux 3-4x10 n/cm.s.

<yo

A tendency has been observed for the values of the irradiati-

The cause of this is variety of the above factors affecting

on embrittlement coefficients Ap,characterizing aensitivity

IB of the steel. Therefore studies of the RV material behavi-

of the steel to IE, to reduce with increase of neutron flu-

or under the normal and close-to-normal conditions become

ence in irradiation of specimens with the neutron flux

urgent. This makes it necessary to accomplish the programs

4x1011n/cm2.s.

of surveillance specimen (S3) investigations of the state of

KEY WORDS: pressure vessel steels,irradiation embrittlement,
surveillance program,radiation effects,neutron fluenoe,
copper, phosphorus» mechanisms.

RV materials exposed to irradiation in the NPP reactors.
In the 60s and 70s the WER reactor vessels in the USSR
were manufactured of low-alloyed chromium-molybdenum-vanadium
steel of 15Kh2MFA class. The weld Joints were made of Sy lOKhMFT wire. In the late 70s the industry began to produce
the RV shells from 15Kh2MPAA-steel and associated weld me-

INTRODUCTION

tal was made of wire Sy - 10 KhMPTU, i.e.

Ensurance of reliable operation of the nuclear reactor

vessels (RV)

is one of the most important problems of NPP sa-

fety. The irradiation embrittlement (IE)

of the vessel mate-

from the RV mate-

rials with limited contents of impurity elements: copper
(0.10$) and phosphorus (0.01256).In the reactor vessels manufactured earlier the copper content in the weld metal was

rials caused both by metallurgical aspects (content of allo-

not determined and the phosphorus concentration was essenti-

ying and the impurity elements, phase and structural state)

ally higher. The types of the WER-440 vessel materials are

and by the irradiation conditions (temperature and time of

listed in Table I.

irradiation, neutron spectra parameters in the near-vessel

The investigations have revealed that the tendency to

space, coolant influence) is the main potentially hazardous

IE is determined by the contents of impurity elements, cop-

factor limiting the WER vessel service life and,

per and phosphrus, in the steel /1-3A

of the entire NPP.

hence, that

Though in the framework of the research

Therefore in this respect WER-440 RV manufactured in

efforts, studies of the reactor irradiation effect on the me-

the 60-70s proved to be in worse state as their radiation li-

chanical properties of the RV materials have been carried out

fetime is determined by IE of the weld metal.

for a long time in the research reactors, about radiation da-

In this connection it is very important to establish for

mage of the steels is not enough to determine, with necessa-

these reactors the dependence between IE of the RV materials,

ry confidence, the degree of irradiation embrittlement of RV

contents of impurity elements, phosphorus and copper, in them

materials in the process of long-term operation (20-40 yrs).

and the operation parameters.

Procedure

The procedure for irradiation of the reactor vessel steels in the KPP reactors has some advantages over that for irradiation in the research reactors:
- the possibility is provided for obtaining experimental

f
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radiation temperature, neutron flux parameters, coolant ef-

O
Ô
-^

- identity of the irradiation parameters is provided
for a great number (about a few hundreds) of specimens with

various contents of alloying and impurity elements; the degree of the influence of these elements on IE of the steel can
be determined;

specimens or in the irradiation containers are used: a relatively high accuracy (±1556) of measurement of the fast neutron fluence affecting the specimens is ensured;

- irradiation of specimens within unsealed containers
simulates operation conditions for the uncladded RV: simultaneous effect of the neutron fluence and the reactor coolant
on the whole complex of the mechanical properties of the
steel.

materials in the HPP reactors the neutron flux /<j>/ affecting
the specimens is by as much as an order of magnitude lower
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Experimental Results and Discussion

investigation of the neutron flux effect on the IE parameters
of the RV materials, obtained recently in the USSR and abroad
/4,5/ indicate that decrease in Y by 10-20 times may be im-

1. Irradiation Embrittlement of Reactor Vessel Steels by the
Results of Surveillance

specimen Investigations

portant.
The IE estimation for steel was made by finding the

The determination of the S3 irradiation temperature is
the moat complicated problem methodically as no absolute tem-

shift in the transition temperature (T. ) of steel under

peratures of the monitors exists. A method of using diamond

irradiation. This value was determined as the difference of

powder as a temperature monitor, accepted in the USSR earlier,

the critical temperature of irradiated material (T^,) and that

has proved to be very sensitive to the neutron flux parame-

of the material in the initial condition (T,,ftU
,,) and was deno-

ters. Therefore, to establish the temperature of S3 irradia-

ted as û T.r,.

For determination of 1K the standard specimens of type

tion, in the Armenian NPP-2 reactor special calorimetric experiments were carried out. The Finnish specialists have me-

II with the V-notch concentrate (Charpy type) were used, they

asured the irradiation temperature directly using the thermo-

were tested in the remotely-controlled copers KMD-14 and KMD-

couple at the liviisa HPP. As a result it has been found

30. The transition temperature was determined according to

that the temperature of SS irradiation in WER-440 exceeds

/6/.

the inlet coolant temperature by no more than 4°C. Therefore

size 5x5x27.5 mm with the V-notch concentrate 1 mm in depth

a nominal irradiation temperature of 270°C was taken for S3

were tested. The criteria for T„ determination with these spe-

of VVER-440 RV materials, irradiated in sealed ampoules.

cimens were the same as with the standard ones.

The present paper gives the results of investigations

In some cases the so-called "mini-Charpy" specimens of

As applied to the uncladded RV, experiments were made on

both of the normal S3 sets of the WER-440 materials and the

studying the joint and individual effect of irradiation and

data obtained from research programs on irradiation of speci-

the coolant on the mechanical properties of 15Kh2MFA steel.

mens of the commercial RV materials in the KPP reactors in

The results of one of the experiments carried out in the
19 n/cm? and an irreactor at neutron fluence » 2.10

the channels from which the SS strings are removed.

radiation temperature of 250°C are shown in Fig.1. The analysis of the results has revealed that in the absence of irradiation the coolant effect does not result in any change in
T.,
K and in irradiation of the steel in contact with the coolant no increase in irradiation embrittlement has been observed

where AF is the irradiation embrittlement coefficient, F is

150

-JO

O

the fluence of fast neutrons with E>0.5 MeV in 10 n/cm
units.
120

Numerous studies have shown that the tendency to IE is
determined by the contents of the impurity elements, copper
and phosphorus, in the steel /1-4/. In many works the follo-

90

wing dependence Aj,(P,Cu) is taken for the WER-440 reactor
vessel ateels /2,3/.
60

(2)

where %~S and ^Cu are the phosphorus and copper contents
30

(% by weight) respectively.
Proceeding from the assumption of uniqueness of Eq.(1)

and using the correlation regressive analysis based on the
-100

-60

-20

20

60

100

TEST TEMPERATURE, deg C

data obtained in the present work, the following dependence
have been obtained for irradiation temperature: 270°C

o - nonirradiated metal
+ -coolant(250°C)
» - F=2-10l9n/cm 2
• - F=2-10l9n/cm 2 +Coolant (250 °C)
FIG. 1. Influence of irradiation and primary circuit coolant on temperature function of impact strength
of weld metal.

ATy?= A97(S6P) + 64($eCu)-1/.P0'30

(3)

If the experimental data obtained only for the weld metal (it is IB of the weld metal that imposes restriction on
the RV radiation lifetime) and at differing neutron fluxes
are considered then the dependence obtained can be refined

comparing with irradiation of the metal in the sealed
ampoules. This permitted also the results obtained using the

more exactly.
In the present work, as noted above, the specimens irra-

specimens irradiated in the contact with the coolant and in

diated in the power reactors, where the coolant temperature is

the sealed containers to be considered as a whole in the sta-

much more stable than in the research reactors, were only in-

tistic treatment of the data.

vestigated. This permited us to avoid distortion in the re-

The A Ty calculation is based on the dependence
n
(1)
/1.3.7/

sults due to the irradiation temperature spread. Besides, in
the work an attempt is made to investigate the effect of the

oo
to

neutron flux ^ on the A T-, va F dependence character. Per this

AT,

purpose the specimens were irradiated at two different neut-

,0.32
A P'
P

(4)

ron fluxes, fi » 4x1O11 and f <* 4x1012 n/cm2s. The first of
them corresponds to the flux on the inner surface of WER-440

where

A .
= 4.78+7.57(%Cu) + 321(#P)+
P1
+ 2608(%P x %Cu)

RV and the second - on the normal surveillance specimens.
The controlled parameters varied within the following

(5)

range:
P: 0.01-0.055%; Cu: 0.04-0. 21%; P: 10-50x1018n/cm2;
4Tfc: 30-HO°C.

The similar analysis of the experimental data obtained
for the low neutron flux gave another expression:

0.31

The data relating to the higher flux are more represen-

(6)

tative (41 values) and cover the following ranges of the parameters: P: 0.009-0.058%; Cu: 0.03-0.22%; P: 30-490x101j§fcm 2;

AT»:
10-255°C.
A

The irradiation temperature of the specimens was deter-

mined by the inlet coolant temperature and was 270±3°C.

where
A - = 9.81 + 284.9(%P)
F^

+ 3295(%? x %Cu)

(7)

It should be pointed out first of all that it follows

from (3) that the P and Cu contributions to the irradiation
embrittlement are independent. The starting correlation analysis of the experimental data, carried out in the work, showed, however, that an essential contribution to the radiation shift T„ comes from the P and Cu interaction. This fact
permits to make a supposition that the analysis carried out
in this work may shed light on the irradiation embrittlement

mechanisms.
She supposition of the unique applicability of Eq.1 le-

ads ua to the following form of Eq. 3 for the high neutron

flux:

As seen from Eqs.5 and 7 the independent Cu contribution

to Aj, is small, if any. At the same time an essential contribution to Aj, comes from the joint action of P and Cu, i.e.
their interaction.

It may be assumed from all said above that there are at

least four different mechanisms of steel irradiation embrittlement. 9rom this it follows that Eq.1 can be written in a mo
re complicated form:

*1 -f

n„
a2(58Cu)F S a3(£P)y

x % Cu)pn4

(8)

On the basis of the regressive analysis in terms of model

200r

100

(8) the following expressions for the T„ shifts for the high ne80

150

utron flux ( f1=4x1012n/cm2s);

60
AT

6 32

«4.65P *

32

38

+ 7.87(S6Cu)F°* + 248.2(#P)F°' +

100
40

(9)
and for the low neutron flux:
,0.06

8.82F0'31

50

20

2 4
10- 10 19
NEUTRON FLUENCE, n/cm 2 >0,5MeV

+

4-2153P0SP x ?SCu)F 0.43

8 10- 1019
2 >0,5UeV

2 4
NEUTRON FLUENCE, n/cm
40

(10)
60

t

30

were obtained.
It is seen from Eqs. 9 and 10 that when the neutron flux
40

20

20

10

changes an essential change in the irradiation embrittlement mechanism on account of phosphorus and a sufficiently noticeable
change in the mechanism of the joint effect of P and Cu on Tj,
occurs.

10- 10 19
NEUTRON FLUENCE. n/cm 2 >0,5MeV

2

Figs. 2 a-d present the dependence of the transition temperature shift (Alp) on the fluence of fast neutrons, calculated from Eq.9 at different P and Cu concentrations.
In all figures curve 1 presents dependence of AT™ on

4

2

4

6

8

1 0 . 1019

NEUTRON FLUENCE, n/cm 2 >0.5MeV

FIG. 2. Dependence of shift in transition temperature of weld metal brittleness (1) and contributions
to the shift from phosphorus (2), copper (5), phosphorus-copper interaction (3) and other mechanisms
not including phosphorus or copper (4), on fluence F of fast neutrons (E > 0.5 MeV) at high neutron
flux(P = 4 x 1012 n/cm2-s).
a: P = 0.035%, Cu = 0.22%;

b: P = 0.035°/o, Cu = 0.03%;

c: P = 0.01%, Cu = 0.22%;

d: P = 0.01%, Cu = 0.03%.

fast neutron fluence (F). Curve 2 shows the independent P contribution to AUL, which may be denoted as A Tp. Curve 3 shows

curve 5 shows an undependent contribution of Cu to Alj,»

the contribution from the P-Cu

labelled ATCu.

interaction to A T-n aa A^p^.

Curve 4 represents a contribution to A Tp independent of P and
oo

As seen the relation of the contributions from four dif-

Cu but associated with other IF mechanisms and also depending

ferent mechanisms to the irradiation embrittlement of the

on fast neutron fluence, which is denoted as A TS« And, finally,

weld metal depends essentially on the impurity concentration.

However the independent contribution
OQ

is negligible in all
O

cases and at P as high as 1 x 10 n/cm does not exceed 10°C.
On the other hand, it is seen (see Figs. 2a and c) that at a
sufficiently high content of Cu the contribution of the P-Cu
interaction to the irradiation embrittlement, independently
of the P content, (within 0.01-0.035%), is the highest and
can exceed 50% (Pig.2a). This indicates that the Cu content
in the steel affects essentially its IE. At a low Cu concentration the contribution of the P-Cu interaction to IE reduces sharply and becomes insignificant (Figs. 2b and c).
The independent contribution of phosphorus represents a

noticeable value in all cases and at a high P content in the

12

1
2
3
4-10
NEUTRON FLUENCE, n/cm 2 >0,5MeV

3

4

5-10

NEUTRON FLUENCE, n/cm 2 >0,5MeV

a

h

weld metal reaches 50°C. At a low Cu content it exceeds 60%
(Pig. 20.
The contribution AT„ independent of Cu and P does not

depend, naturally, on the P and Cu concentrations and, therefore, is the same in all figures. It is 20°C at P=1x10 ?o
o

n/cm . However depending on the impurity content the fraction
of this contribution to & T_
changes and in the pure material
£

(Pig.2d) it may reach about
What is the nature of the uTg contribution? Pirst, it
may be associated with direct accumulation of radiation de10-10
NEUTRON FLUENCE, n/cm 2 >0,5MeV

fects: vacancy and interstitial clusters (may be loops and
small voids). Second, this may be a contribution of other im-

C

purities, not considered in the present work, to IE.
Pigs. 3 and 4 present dependences uTp, ^T , ATpQu, and

^Tg on fast neutron fluence at various P and Cu concentra-

FIG. 3. Dependence of shift in transition temperature of weld metal brittleness (1) and contributions
to the shift from phosphorus (2), phosphorus-copper interaction (3) and other mechanisms not including phosphorus or copper (4), on fluence F of fast neutrons (E > 0.5 MeV) at low neutron flux

tions, obtained on the basis of Eq.10 corresponding to the

a and b: P = 0.025%, Cu = 0.18%; c: P = 0.025%, Cu = 0.04%.

(v = 4 x 10" n/cmz-s).

low neutron flux ( f «4x10 n/cm2a). At the low neutron flux

20

80

there is almost no independent Cu contribution to dT_ and it
can be neglected.

15

60

As seen the greatest difference from the high neutron
flux case, the phosphorus contribution ( A T_} has a very ra-

10

40

pid saturation even at F« 0.5 10

n/cm2. At high contents of

phosphorus, P » 0.025$ 4 T reaches 25°C at P* 1 x 1020n/cm2.
20

In none of the cases considered the independent P contribution reached 4055.

0

0
2

4

6

8

NEUTRON FLUENCE, n/cm

2

1

10-1019

>0,5MeV

2-1018

The P-Cu interaction contribution to AT™ is similar to

NEUTRON FLUENCE, n/cm 2 >Q,5MeV

that obtained at the high neutron flux. However while at the

a

i

high*-neutron flux a large fraction of the AlpCu contribution
to û T_
was determined by a high content of Cu independently
j!

80

16

on the phosphorus content, at the low neutron flux high contents both of Cu and P are required (Fig.3a).

t"

The contribution of the mechanisms independent of P and

12

60

Cu ( û T«)
to <a TJÎ approaches 40°C at the low neutron flux,
û
i.e.

40

S
a.
o
^

UJ
CL

exceeds the contribution & TS at a higher neutron flux.
The most interesting effect of the low neutron flux is

the change in the relative fraction of the contribution of

20

various embrittlement mechanisms at different fluences. At

VI

the low fluences the main contribution to the irradiation

0

0

1

2

3

4

5-1020

NEUTRON FLUENCE, n/cm 2 >0,5MeV

1 2 3 4

5-1017

NEUTRON FLUENCE, n/cm 2 >0,5MeV

embrittlement (IE) comes from phosphorus. Depending on the
content of impurities phosphorus plays the main role up to
F» 5x1018n/cm2 at high concentrations of P and Cu (Fig.3a):

FIG. 4. Dependence of shift in transition temperature of weld metal brittleness (1) and contributions

to the shift from phosphorus (2), phosphorus-copper interaction (3) and other mechanisms not includoo

13

r>

up to 2x10 n/cm at a high P concentration and a low Cu
1 ft

?

ing phosphorus or copper (4), on fluence F of fast neutrons (E > 0.5 UeV) at low neutron flux

content (Fig.3c) and up to 0.1x10 n/cm

a and b: P=0.007%, Cu=0.18%; c and d: P=0.007%, Cu = 0.04%.

tration (Figs. 4b and d). Figs. 3 and 4 show intersection of

(<f = 4 x 1011 n/cm2-s).

at a low P concen-

various contributions todT_.
It is seen that depending on
j*

trations the contributions of the above processes to the ir-

the impurity content now one mechanism, now another begins

radiation embrittlement are different.

to be dominant in embrittlement.

The mechanisms of the above mentioned IE processes re-

It is easy to obtain conditions of all intersections ob-

served in Figs. 3 and 4.

of phoaphorus-copper interaction can prove to be formation of

For the conditions of AT- andaTg intersection we obtain:

*[ 81. 5(»)]

and

g

4

;

intersection:
F«[244(?SP x ?SGu)] ~5<3;'

for a Tp and

quire more complete analysis. In particular, the mechanism

-2 . 7

joint clusters or, for example, decoration of copper deposi-

tions with phosphorus etc.
In the whole it should be pointed out that even in refinement of the parameters of Eqs.9 and 10 due to increase in
the massive of experimental data and widening of the fluence
range, the trends of the main curves presented in this work

Summarizing the analysis of the irradiation embrittle-

within the fluence range covered by the experimental data

ment at the low neutron flux it can be said that only at high

will not change very significantly. The main change may only

contents of phosphorus and copper their contribution to^Tj,

occur beyond the fluences investigated, i.e. at their low or

is determining (Fig.3a). If, on the other hand, the weld me-

high values. Thi^ ;;iay only reduce the predicting value of the

tal is pure enough with respect to even one of these impuri-

regularities obtained. In the region of 'the fluences investi-

ties, the irradiation embrittlement is governed by some other

gated the main relations obtained will presumably retain. The-

mechanisms (curve 4, Figs. 3 and 4) at fluences higher than

refore in construction of any model of irradiation embrittle-

17

2

2x10 n/cm .

It follows from the foregoing that the irradiation embrittlement of the weld metal of 15KH2MFA steel of the WER-

ment the results obtained in this work should be taken into
account.

For practical reasons use of the estimation calculations

440 vessels is made up of at least four different processes.

by Eqs.9 and 10 is not very convenient. In order to obtain

Three processes are associated with the individual contribu-

more illustrative estimates use can be made of model (2) and

tion of phosphorus and copper and phosphorus-copper intera-

one can consider that the main contribution to IE of the ste-

ction, respectively. The fourth process is independent of

el, copper and phosphorus manifests itself through the direct

phosphorus and copper and seems to be connected, first, with

effect of these elements. Then proceeding from that the ex-

direct buildup of radiation defects (loops, small voids) and,

ponent of the power F

second, with other impurities. At different impurity concen-

is close enough to 1/3 while the coefficients of P and Cu dif-

in the regression equation (3)

A good illustration of applicability of Eq.14

fer from each other by about a factor of 10, it was assumed
that the relation between /sT^, P, Cu, and P is described by:

is the re-

sults of special experiments on irradiation of some batches
of standard specimens of the base metal and the weld of

1/3
,°C
AT:p=[a.,(#P+0.15a3u)+a2]' F

In this case we arrived at the following regression equation

15Kh2KD?A steel with the same neutron fluence during one power
unit lifetime, carried out simultaneously at the Rovno and

ATp7° * [609(£P + 0.156Cu)-2JP1/3,°C

Armenian NPPs.

The massive of the experimental data characterizing dependence of A™ on the phosphorus and copper contents in
15Kh2MFA steel and the associated weld material after irradiation at 270°C is shown in Pig.5. In the USSR comparative estimations of the radiation stability of the RV materials are
made on the basis of A value.

Equal fluences of neutrons are reached due to location
of the irradiation containers in the center of the WER-440
core where the zone of approximately equal values of the neutron flux (±10%) is as long as 1.5 m in the height. Pigs.
6-7 present the dependences of the shift in the

transi-

tion

temperature of the materials irradiated in the Rovno

NPP-1

(RHPP-1) and the Armenian NPP-2 (ANPP-2), respectively.

The difference in the neutron fluences in the above reactors
40

is accounted for by use of the shielding fuel assemblies at
RHPP-1, which reduced the neutron flux affecting the inner

i 30

surface of the reactor vessel wall.

A F =609(P+0.1Cu)-2

CQ

It follows from the figures that if the total content
of copper and phosphorus (%£ + 0.1?SCu) in the metal exceeds

20

0.020$,the irradiation embrittlement degree estimated by
ATp is directly proportional to ($£ + 0.1$Cu). At low cono

10

tents of the impurities: (&P + 0.1$Cu)^ 0.020% the shift in
the transition temperature under the action of neutron fluences up to 1.10 ?on/cm ? does not exceed 50°C both for the base

UJ

O

o
0.01

0.02

0.03

0.04

0.05

0.06

% P+0.1% Cu, % BY WEIGHT.

metal and for the weld of 15Kh2MFA steel. It follows from this

that the most efficient method for increasing the radiation
stability of the reactor vessel steels is reduction of the

oo
-J

FIG. 5. Coefficient of irradiation embrittlement AF as function of content of phosphorus and copper in

base metal ( o ) and its weld metal (•) at irradiation temperature 270°C.

copper and phosphorus impurities. Of great practical interest

oo

100 .
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K=0.075
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K=0.046
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0.02 O.OJ 0.04 0.05 0.06 0.07
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40

% P+0.1% Cu, % BY WEIGKT.

FIG. 6. Dependence of shift in transition temperature at irradiation temperature 270°C of base metal
( O) and of weld metal (•) as function of content of phosphorus and copper, irradiation in Rovno
unit 1.
F=1.1x10 19 n/cm 2 > 0.5 MeV.
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NEUTRON FLUENCE, n/cm >0.5MeV
FIG. 8. Dependence of shift in transition temperature at irradiation temperature 270°C as function of
fast neutron fluence for base and weld metal as characterized by different values of the "chemical factor" (K). K = %P + 0.1% Cu.

240

f
t"

200

is establishment of the dependence of the degree of irradia160

tion embrittlement of the reactor vessel materials on fast
neutron fluence, including the uT-n ü values for the lifetime

120

fluence. For this purpose the experiments on irradiation of

l

80

several batches of specimens of the same compositions were
carried out. In doing so the laboratory melts and welds with

40

the different total contents of copper and phosphorus were
used. The experimental results are presented in Pig.8. As the
0.01

0.02 0.03

0.04

0.05 0.060.08 0.07

% P+0.1% Cu, % BY WEIGHT.

FIG. 7. Dependence of shift in transition temperature at irradiation temperature 270°C of base metal
( o ) and of weld metal ( • ) as function of content of phosphorus and copper, irradiation in Armenian
unit 2.
F = 1.1 x1020 n/cm2 > 0.5 MeV.

American researchers use the so-called "chemical factor" to
characterize the metal, which is determined by the contents

of copper and nickel in the steel /8/, we propose to use the
"chemical coefficient" denoted by "K" for 15Kh2MFA steel and

associated weld metal. The value of the coefficient is equal

the effect of reverse temper brittlement when in long-term

to the total content of copper and phosphorus in the steel

thermal exposures at about 500°C

(%£ + O.I^Cu). Pig.8 presents the dependences of the shift in

due the phosphorus atom diffusion to the grain boundaries and,

the transition temperature on the fluence of fast neutrons

thus, the surface energy at the grain boundaries decreases,

for melts of the base metal and weld metal of 15KH2MFA steel

which results in increased TK-

characterized by various values of "K". It follows from the
data listed in Pig.8 that at relatively low fluences F=1.1o"
n/cm

o

5O

O

as well as at F=(1-2) 10 n/cm the steel with a high

T.,
of the steel increases
K

In the opinion of the authors of /12/, at an irradiation
temperature of about 300°C and higher in 15Kh2MPA steel and
associated welds grain boundary segregations of phosphorus

"K" is susceptible to a higher irradiation embrittlement. Mo-

occur and at low irradiation temperatures of about 80°C the

reover with increasing the neutron fluence the difference by

segregation of phosphorus atoms occurs on the failed areas

ATp

inside the grain.

between the metals with slow and high "K" increases.
In the literature there are two most known representati-

The authors of the present work have carried out expe-

ons on the effect of copper on the radiation sensitivity of

riments on recovery of the mechanical properties of survei-

the steel. First, this is radiation-induced precipitation of

llance specimens irradiated in the NPP reactors /13/.

copper atoms from the solid solution and their participation

It has been found that annealing at 460°C results in ne-

in the formation of vacancy clusters which increase essenti-

arly complete recovery of T„.
of the irradiated material. At
A.

ally resistance to dislocation motion /9/. According to the

the same time this temperature is not sufficient for elimi -

other concept copper atoms are the source of formation of

nation of the grain boundary segregations of phosphorus if

precipitations in the iron matrix» Depending on their sizes

they would form in the course of irradiation and annealed by

the precipitations may be both coherent and incoherent with

the reverse temper brittlement mechanism.

the matrix /10/.
As far as the phosphorus role in the process of the re-

The second results indicating that the main processes

determining IE of the reactor vessel steels occur within the

actor vessel steel IK is concerned, in the literature its ef-

grain has been obtained in the SS tensile tests. According to

fect is associated most frequently with the grain boundary se-

the grain boundary segregation mechanism of dependence bet-

gregation resulting from the radiation-induced diffusion of

ween the phosphorus content in the steel and the yield

phosphorus atoms by the vacancy mechanism. For example, in

strength increment should not exist as the phosphorus segrega-

Ref. /11/ it is suggested that the phenomenon of steel IE due

ted at the boundaries does not affect hardening of the grain

to formation of the grain boundary segregation is similar to

body. However in the tensile tests of SS irradiated at 270°C
such dependence has been observed (Table II )

TABLE U. RADIATION HARDENING OF SS IRRADIATED WITH FAST NEUTRON
FLUENCE 1.1020 n/cm2 AT 270°C VERSUS PHOSPHOROUS CONTENT IN STEEL

u
o»
(!)

•o

fc.
Impurity content

Material

Base metal,

15Kh2MFA steel
Weld metal

P
Cu
% by weight

0.006

Yield
strength

K

HPa
.

0.10

120

0.011

0.09

160

0.012

0.11

165

0.010

0.03

130

0.023

0.03

170

K
ta
Û_
Cd
E-

O
g

m
QJ
E-

NEUTRON FLUENCE, u/cnT >0.5 MeV
ARp0.2,MPa

Therefore at operation temperatures of WER vessel ma300

terials (250-270°C) the most likely cause of the phosphorus
200

effect on the irradiation embrittlement degree is interaction

100

of phosphorus, as impurity atom, directly with radiation defects and dislocations, their participation in the process of
steel phase decay under irradiation.
As noted above, S3 are arranged in WER-440 in such a
way that the neutron flux to SS exceeds on the inner surface

g

S

l

23

4

NEUTRON FLUENCE. n/cm

7 - 1 0 20
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FIG. 9. Increase in transition temperature and yield strength of sets of surveillance specimens of base
( O ) and weld metal (•), (Kol'skaya NPP unit 3).

of RV by 10-20 times. Therefore studies have been carried out
presents dependences of the shift in the transition tempera-

of several SS sets of a number of WER-440 power units where
f->
the specimens were subject to fluences higher than 5-10 n/cm
20
(the WER lifetime fluence for the base metal is 2.3-10

neutrons, obtained in the tests of four RV base metal and

n/cm , for the weld metal 1.5 10 n/cnrX Nevertheless the

weld metal SS sets taken from a WER-440 power unit. It must

test results for these specimens together with the investiga-

be pointed out that for a given RV the contents of copper and

tion results of the first SS sets are of interest because

phosphorus in the weld metal is lower than in the base metal.

they enable the processes of irradiation hardening (IH) and

As a consequence both IE and IH of the weld metal are lower

IE in the RV material to be imagined more completely. Pig.9

than those of the base metal.

ture AT-,
and increase in the yield strength on the fluence of
T

The analysis of the data presented in Fig.9a shows that

ction of radiation defects with impurities, and, possibly,

?o
2
up to fluences 2-3 10 n/cm i.e. within the limits of the

alloying (nickel) elements are dominant. These processes at

lifetime values the IE degree of the two materials investiga-

? should tend to decrease. On
fluences higher than 2.10 ?on/cm

ted increase with the neutron fluence according to the curre-

the other hand, at fluences exceeding 5-10 n/cm the proces-

ntly used calculation scheme (1). However at fluences higher

ses of radiation damage of steel, determined directly by ra-

? a deviation from the dependence used is
than about 4.10 ?on/cm
observed, ^Tj, rises drastically. The same effect is also ob-

diation defects such as formation of radiation defect clus-

served in consideration pf the dependence of increase in the

tial role. This will result in higher IE of steel, which will

yield strength on the fluence. A qualitatively similar pictu-

manifest itself in a noticeable increase in uT^, and yield

re manifests itself in the analysis of the investigation re-

strength. This is qualitatively seen in Fig.9. It should be

sults for the S3 sets taken from other WER-440 power units.

noted, however, that the data obtained at fluences exceeding

The kinks on the AT- and increase in the yield strength de-

2
5.1020n/cm
have not beensupported elsewhere so far and re-

pendences on the fluence and the absolute values of these cha-

quire further experimental and theoretical investigations.

?o

?

ters, dislocations, and, possibly, voids, play a very essen-

racteristics are determined by the copper and phosphorus contents in the materials; however a general tendency is observed.
The present results do not contradict to the above ana-

2. Dependence of the Characteristics of Irradiation Embrittlement of RV materials on the Past Neutron Flux
Since the scheduled time of the power reactor operation

lysis of the impurity effect on A Tj, in terms of the models

exceeds, as a rule, the time of specimen irradiation in the

(1) and (8). Moreover such a behaviour of the A TjTvs fluence

research reactor with the fast neutron fluence corresponding

dependence is observed in increase (>1) of the exponent of

to the lifetime one on the inner wall of RV, by more than 1-

a power in P in the expression for A!S

3 orders of magnitude, the researchers studying the problems

(Eq.8). This means that

the processes not associated with P and Cu have the initial

of radiation stability of RV materials are always concerned

incubation period and only at high fluences begin to play the

with the problems of allowance for the effect of the neutron

dominant role. The massive of experimental data analyzed was

flux (f) on irradiation embrittlement of RV steels.

determined by the neutron fluences not exceeding 3.10

PO

?

n/cm .

In all countries where the vessel-type LWRs are

opera-

Besides, there is an opinion that for the WER-440 materials

ted the control of the RV material condition is currently ac-

irradiation hardening and ebrittlement at fluences as high as

complished by the SS program.However, as usually for various

? are determined by the processes where the intera5.10?on/cm

type of RV <f to SS exceeds by several times

to the RV wall

VO

Ni

the question of feffect on the characteristics of steel IE,

loaded VVER-440 reactor (349 fuel assemblies) is 4.1012

such as variations in the transition temperature in irradia-

n/cm .s.

tion ( ATji)» irradiation embrittlement coefficient (A-y) etc.,
is also actual in case the SS program is accomplished.

It must be pointed out that the experiments on detection

2

In the Rovno NPP-1 (RKPP-1) charged with 313 fuel assemblies y is about 4.10

n/cm s to SS.

Pig.10 shows the calculational integral power spectra

of the (^effect are very complicated and time consuming. For

of the fast neutron fluxes for the channels with SS in the

a correct establishment of the f effect on steel IB a stric-

WER-440 reactors fully loaded (curve 1) and loaded with 36

tly constant specimen temperature should be maintained du-

fuel shielding assemblies (curve 2).

ring the whole irradiation period and the parameters of the
neutron spectra must be nearly equal.

Though efforts in this direction were made both in the
USSR and in other countries, nobody have succeeded in detection of the regularity of the feffect on IE of reactor ves-

It is seen from the spectra presented in Pig.10 that the
shapes of the neutron flux spectra are rather similar, i.e.

use of the shielding fuel assemblies does not practically
affect the spectrum shape of neutrons affecting SS.
The maximum value of the neutron fluxes were 4.2.101 ?
11
?

sels steels so far. The result depends on the chemical compo-

and 4.75 10

sition of the steel, ranges of ty and neutron fluences within

installation of the shielding fuel assemblies results in redu-

which the experiment is carried out. In the literature the

ction in the neutron flux by about 9 times for the SS irradia-

data on the accuracy of maintaining the specimen temperature

tion channels. Using the calculational shape of the spectrum

during irradiation are unavailable though it is known that

shown in Pig.10 and the group cross sections of displacements

a small change in the irradiation temperature within the ran-

for iron the numerical values of the rates of formation of

ge from 200°C to 300°C has a very strong effect on steel IE.

displacements per atom have been calculated.

When comparing the data obtained in different experiments the

n/cm s, respectively. It follows from this that

The maximum rates of formation of displacements per atom

actual and not reduced values of AT.,
must be used and the spe£

for the SS channels of the WER

ctral characteristics of the neutron fields in which the spe-

the shielding fuel elements are equal to 3.7 10 ' and 4.1.10 ,

cimens are irradiated must be taken into account. The above

respectively, i.e. the difference by the rate of displacement

requirement can be most effectively satisfied by SS. The tem-

formation is also 9 times. Pig.11 presents the values of A„

perature of the water for cooling the containers v/ith SS va-

depending on the total content of phosphorus and copper in the

ries within no more than i3°C and is 270°C for the W3R-440

steel. In the figure the curve is drawn as the upper envelope

reactors. The neutron flux in the SS locations in the fully

of the massive of the points obtained for the specimens irra-

reactor with a normal core and
Q
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diated in the WER

fully charged i.e. forVU.1012n/cm2s. It

is seen from the analysis of the data that the experimental
points obtained from the specimens irradiated in WER

with lo-

ading of 313 fuel assemblies (RNPP-1) with neutron flux

4.10 11 n/cm 2 s in most cases lie above the envelope i.e. A™ is
higher for a lower neutron flux.
The discrepancy is particularly significant for the ste-

FIG 10 Integrated energy spectrum of fast neutrons at irradiation locations of WER-440 surveillance

specimens.
1 normal loading of core
2 loading of core with shielding assemblies

el melts with elevated contents of phosphorus and copper impurity elements.

It must be pointed out that the values of A- for low f

o

2

•I" 200
t

were obtained at neutron fluences between 1.10 °n/cm and
5.10

1 9 2

"Wem while for highny were generally obtained at
•1 Q
J

:E

n

160

F > 5.10 n/cm . Therefore a more correct assessment of the
120

effect could be achieved by comparing not Aj, but the actual
changes of TK under irradiation.

80

The program of SS investigations of the reactor vessel
40

materials at the Armenian NPP-2 (AHPP-2) prescribed use, as
weld metal SS, specimens cut from the weld sample from which

5- 10 '20

weld metal SS of RNPP were manufactured. Thus specimens of
the identical batch and from the same metal were irradiated
NEUTRON FLUENCE, n/cm >0.5MeV

under identical conditions at ANPP-2 with/:; 4.10
RNPP-1 with ^4.10

and at
FIG. 12. Irradiation embrittlement of weld metal at irradiation temperature of

n/cm2s. As noted above the spectral cha-

270°C, P = 0.028%, Cu = 0.18°/o.

— f = 4 x 1011 n/cm2-s

D

—<f = 4 x 10'2 n/cm2-s

o

racteristics of neutrons affecting the specimens in both re-

— v = 7 x 1012 n/cm2-s

A

actors ere little different from each other. The only diffe-

rence was in the irradiation periods and the neutron fluxes.
Pig.12 presents the experimental values of A T_ as a function of the fast neutron fluence for S3 irradiated at RNPP-

fluence for the base metal of the WER-440 reactor. At

1 (Q ) and ANPP-2 (O ) and in the channel of the research re-

jf»4.10 n/cm s the IE process occurs most intensely than at

"11

actor MR at the I.V.Kurchatov Institute of Atomic Energy. In
the latter experiment the specimens from the control S3 asso-

^4.10

O

n/cm2s within the fluence range of 1 to 5.10 °n/cm2.

The experimental values ofaTp are identical for fluences

rtment of the weld metal from at RNPP-1 were irradiated. The

3.4.1019 and 5.1019 n/cm2. But whether it is a tendency to

irradiation of the specimens was carried out in contact with

saturation of IE at 1^4.10 n/cm s will be shown by testing

the coolant being at a temperature of 270°C-276°C. The neut-

the following assortment of SS specimens from RHPP-1 with a

ron flux in the specimen locations was 7.10 n/cm s. It fol-

high fluence level. This question is especially important in

1 *1

2

O

lows from the analysis of Pig.12 that at fi 4.10 n/cm s the

view of the fact that ^ on the inner surface of the WER-440

effect of IE saturation is not observed up to fluence 4.9*

pressure vessel is equal to 3.10 n/cm s i.e. is very close

10

to the values offobtained with SS at RNPP-1.

n/cm i.e. a level nearly twice as high as the lifetime

11

2

Besides the influence ofj^on IE, investigation of the

effect of the thermal neutron fluxes on embrittlement of the

s*

vessel steels is also of importance. There are rather many
publications on this subject. In

nuclear reaction in thermal neutrons

it is supposed that the
10

B( n ,rf 7) Li is respon-

sible for intensified embrittlement of boron-containing steel.
The fragments of Li and He nuclei formed in this reaction have considerable energy and may create further displacements of
atoms in the crystal-lattice. In order to reveal the possible

2 4 6 8

10-10'

NEUTRON aUENCE, n/cm 2 >0.5MeV

contribution of thermal neutrons to the irradiation embrittlement of the vessel steels, two batches of specimens were irra-

2 4
8
10-10'
NEUTRON aUENCE, n/cm 2 >o,5MeV

40

diated at the same time under comparable conditions, differing

Î

tz 30

only in the presence of a cadmium shield for one batch. Impact strength testing of the specimens after the exposure re-

o:

i

vealed an equal increase in the transition temperature

20

of the steel 15KhMPA as a result of irradiation of
10

the metal both with and without cadmium shields. In this experiment there was no IE moderation when the action of the
thermal neutrons on the metal was absent. Thus, intensifica-

1

tion of IE at lower levels of |f with E>0.5 MeV is not due to
possible increase in the relative share of thermal neutrons
in the neutron fluxes affecting the metal when irradiated at

2 • 10 19

NEUTRON aUENCE, n/cm 2 >0.5HeV

2

4

6

8

10-10

NEUTRON aUENCE, n/cm 2 >0,5MeV

FIG. 13. Dependence of shift in transition temperature (a) of weld metal containing P = 0.035% and
Cu = 0.12% and contributions to it from phosphorus (b), phosphorus-copper interaction (c) and other
mecahnisms not including phosphorus or copper (d), on fluence F of fast neutrons (E > 0.5 MeV) at
various neutron flux 1 - <f - 4 x 1011 n/cmz-s, 2 - <p = 4 x 1012 n/cm 2 -s.

low intensity.
3 11 n/cm 2 s) while curve 2-to the high one (f = 4.1012

The work gives a direct comparison of the contributions
of the IE mechanisms investigated at two neutron flux levels.
Pig.

13 presents dependences A T^, ^Tg, aPpcu, and A Tg on the

n/cm

s).

As seenATp and ATg are characterized by an increased

fluence for the weld metal with P = 0.035% and Cu=0.12%. In

value at the low neutron flux as compared with that at the

all figures curve 1 corresponds to the low neutron flux

high, neutron flux at all values of the fluence. The similar

*o

dependence is observed for the contribution of phosphorus up
•1 Q

p

to PA 3.10 -Wem and at higher fluences this dependence changes to the opposite one (Fig.13). For the

T

A pQu contributi-

2. The regularities in the influence of copper and phosphorus on the irradiation embrittlement of SS of RV materials have been investigated. Using the correlation-regression
analysis the dependences of the shift in the transition tem-

on the opposite picture is observed. The curves intersect at
1P
?
a fluence of P« 6.5 10 n/cm . It is readily seen from Eqs.

perature of the base metal and the weld metal on the phospho-

(9) and (10) that the intersection point in either Pig.13b or

rus and copper contents in the steel have been found. It is

Fig.13c does not depend on the impurity concentrations. It

shown that the irradiation embrittlement of the weld metal of

only depends on the relation between the coefficients, i.e.

15Kh2MPA steel is the result of at least four different pro-

is constant. For intersection of the curves describing the

cesses. Three of them are due to the individual contributions

phosphorus contribution to IE intersection at any impurity

of phosphorus, copper and phosphorus-copper interaction. The

1G

p

concentrations will occur at P^ 2.7x10 ^n/cm . Similarly the

fourth process is not associated with«.the influence of these

identical contributions of P and Cu will take place at

elements. It seems to be determined by direct accumulation

19

2

of radiation defects and by other impurities.

P« 6.5 x 10 n/cm .

?. It is pointed out that at neutron fluences higher than
^ C\

2

4.10^ n/cm a noticeable increase in the irradiation hardening
CONCLUSION

and irradiation embrittlement of the reactor vessel materials

1. The main results of investigations of the surveilla-

occurs, which appears to be due to the processes of radiation

nce specimens of the WER-440 reactor vessel materials as well

damage of the steel, determined directly by radiation defects:

as of the specimens of commercial RV materials, irradiated at

formation of radiation defect clusters, dislocation loops,

the operating NPP in the channels after removal of the SS

small voids etc.

seta are given. It is shown that the influence of the coolant

4. The effect of the dependence of the characteristic of

at temperatures 250°C and 270°C does not lead in the process

radiation resistance of WER-440 RV on the neutron flux is de-

of irradiation to any additional increase in the transition

tected. It has been found that a more intense irradiation em-

temperature of the materials investigated. It has been found

brittlement of 15KH2MPA steel and associated weld occurs at

that in irradiation of the specimens of both the base metal,

neutron fluences ranged from 1 to 5.10 n/cm at (%s4.10

15Kh2KFA steel, and the weld metal for a long time up to a

n/cm2s) than atjP«4.1012n/cm2s. At fc 4.101ln/cm2s, with neu-

pr\

p

1Q

p

neutron fluence of 7.10 n/cm which more than thrice exce-

tron fluence increasing from 1 to 5«10 •'n/cnr a decrease in

eds that of the radiation life of the WER-440 RV, saturation

in levels of A-n
is observed, although they are still substan£

of the irradiation embrittlement does not occur.

tially higher than those obtained at higher neutron fluxes.

8.
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To obtain maximum advantage from all important aspects of previous
experience, and also limit the risks associated with advanced design
features, the design approach adopted is to incorporate improvements,
sometimes appreciable, to existing designs such as that for the N4
1450 MWe series.

The extensive time needed to confirm acceptability of a material is well
known, and although shorter, significant time is also needed to
establish fabrication procedures.

Abstract
Various problems with dissimilar metal welds, although not compromising

to unit safety, have led Electricité de France to make certain changes to

their 1450 MWe PWR series.

These include a change to the use of the

It is recognised that appreciable time is necessary to properly
understand material behaviour, not only from laboratory tests, but also
in plant operation (this time often involves both plant construction time
and sufficient operating time to enable valid conclusions to be drawn).

nickel-based weld metal INCOHEL, modifications in welding procedures, and
investigations into inspection techniques.
Introduction

The objective of the REP 2000 programme undertaken by EOF is to
define a specification for a future PWR design intended to replace,
when required, the existing units.

Consequently, changes to materials and fabrication methods are only
undertaken with extreme caution.
However, modifications are sometimes shown to be necessary after
analysis of operational experience. The following section provides such
an example, which describes weld experience for dissimilar metal
welds installed in primary coolant circuits.

Progressive improvements in the design are proposed, or are
considered to be necessary to meet existing practical requirements.
The existing power stations are certainly considered to fully meet
operational need and, for example, to amply fulfil the recommandations
set out in document INSAG 3.
Nevertheless, it is a natural objective of engineering groups to seek
possible improvements in their products and particularly in respect of
safety.
An important example of this approach is provided by the transport
industry and there are many other similar cases.

Dissimilar metal welds are located between the low alloy steel nozzles
of the main primary circuit components (reactor vessel, steam
generators, pressuriser) and the stainless steel primary pipework. The
dissimilar metal weld is made between a buttered stainless steel pipe
section welded in the factory to the component nozzle, and the site
welded primary pipework. It is an exacting operation : the difference in
composition of the steels can cause diffusion of certain chemical
elements and hence the formation of complex metallurgical structures
having different mechanical behaviour.

These dissimilar metal welds are made with stainless steel on all of the
900 and 1300 MWe units and on the first N4 unit (Chooz B1). Such
welds have caused some fabrication difficulties resulting in important
investigations :
- In the NPP DAMPIERRE Unit 2 : discovery of physical discontinuities
linked to a cold cracking phenomenon,
- For somme units, conditions of dilution : this investigation has
required a complete re-evaluation of the dissimilar metal weld
behaviour.
In addition, recent inservice inspections have revealed linear indications
on the first buttering layer laid down on the low intergranular
separations, can have several causes :
- Solidification cracking linked to the buttering process,
- Hot cracking by thermal reconditioning, due to overlapping of weld
passes during welding,
- Corrosion cracking in this zone, sensitised during the various
welding operations, caused by accidental contact with borated
water.
Although these conditions do not compromise unit safety and
operation, materials assessments and test have been carried out to
identify and to understand the causes and nature of any adverse
materials behaviour, in particular the effect of inclusions.
The weld metal for the reactor vessel and steam generator connections
for the second N4 unit (Chooz B2) has been changed at the design
stage from stainless steel to INCONEL (Nickel based alloy). This choice
was motivated by the favourable metallurgical qualities of the joint (risk
of cold cracking essentially nil, for example), is improved mechanical
behaviour and a thermal expansion coefficient close to that for the low
alloy steel base metal. However, the available margins for its resistance
to stress corrosion cracking in the primary coolant environment has led
to the retention of stainless steel for the pressurizer (which operates at
a higher temperature than for the other components and hence has a
greater risk of stress corrosion cracking).

During fabrication inspection, by radiography and/or by ultrasonic
methods, a number of indications were obtained. This experience has
led to an investigation of the acceptability of these indications for the
reactor vessel, for which the dissimilar metal welds had been
fabricated. The steam generators were still being built and for these a
return to stainless steel has been decided.
For the third N4 unit (CIVAUX Unit 1), a significant improvement in
fabrication and inspection of the reactor vessel INCONEL bimetallic
joints has been decided upon. Complementary evaluations of the
resistance to stress corrosion cracking of INCONEL and on the
inspectability of these joints will allow its choice for the steam
generator to be confirmed, consequently opening the way for this
choice to be made for all joints of this type on primary circuit
components.

Conclusion

As emphasized in the Introduction, research is actively continuing with
the objective of improving materials and fabrication methods, and has
obtained appreciable improvements in mechanical behaviour. The
results of this work has led Electricité de France to propose the use of
nickel based weld metal for the dissimilar metal welds of the main
primary circuits of their 1450 MWe PWR series.
The discovery of certain fabrication defects after manufacture of these
welded joints has led to modifications in welding procedure as well as
investigations into inspection techniques for this type of component.
The above approach has shown the need to take into account, in
parallel with the above research objectives, the totality of presently
available technology on fabrication, inspection, etc. in order to produce
welds of the highest quality.
Nevertheless, as the technology rapidly advances it is the resultant
effect on component safety which provides a measure of the progress
achieved.

PHYSICAL METALLURGY BASIS FOR

STEELMAKING METALLURGY

BROADER AND SAFE USE OF

Two of the factors which most strongly affect the quality of type

13Cr-4Ni-0.5Mo STEEL IN
NUCLEAR POWER ENGINEERING

13/4

and 13/6 steels are their contents of

dissolved gases, an

the final contents of other harmful elements such as phosphorus,
sulphur, and the elements of the fourth to sixth group of the
periodic table in general. The high chromium of this steel
increases the solubility of gases in the melt, consequently,

V. VODAREK, J. BARTA, M. TVRDY, Z. MOTLOCH
Vftkovice Research Institute,

effective degassing

and deoxidation

are

the key

problems

Ostrava, Czechoslovakia

governing the selection of steelmaking procedures and techniques,

Abstract

Fig.l indicates the solubility of oxygen in steels of this type
at various temperatures, both at atmospheric pressure and in
a partial vacuum of 100 hPa; the plotted dependences were
established from the well-known thermodynamic relationship with

including the refining of the steel outside the furnace.

VÏTKOVICE as one of the first companies exploated 15 years ago
successfully the secondary metallurgy in the production of
martensitic-austenitic
13Cr-4Ni-0.5Mo
and
13Cr-6Ni-0.5Mo
stainless steels of very low carbon content and the products in

the aid of the appropriate interaction coefficients [1-3]. The
diagram proves
that in conventional
steelmaking processes

cast or wrought form exhibited excellent ductility and toughness
in a wide range of testing temperatures. Noteworthy was the

conducted at atmospheric pressure, the solubility of oxygen

in

this

At

finding

lower pressure, the reaction of oxygen with carbon that forms
carbon monoxide greatly reduced the solubility of oxygen, and

that such

very low

carbon grades

are highly resistant

against the temper embrittlement, even after prolonged tempering
at temperatures close to 500°C. As a reason for such behaviour
serves the presence of only small amount of carbides at the grain

especially at

pressures. Figs.l and 2 together illustrate the potential role of
vacuum treatment in reducing the oxygen content and the incidence
of

oxide inclusions

in low-carbon

steels of

the 13/6 and 13/4

types.

resistance to intergranular corrosion and other type of local
corrosion events in high temperature water as well as the low
susceptibility to hydrogen embrittlement.

1700°C

INTRODUCTION

carbon martensitic-austenitic

high temperatures.

suppresses its temperature dependence. Fig.2 shows how the oxygen
content of 13/6 steel at 1700°C responds to sub-atmospheric

boundaries which leads to the elimination of one of conditions
necessary
to
originate
the
intergranular fracture. Such
controlled carbide-free microstructure of martensite and certain
percentage
of
reversion
austenite
further performs high

Low

steel is very high,

13%Cr;6%Ni

stainless steels, containing

13 to 16% Cr, 4 to 6% Ni and Mo additions, are a traditional
material for the construction of water turbines. More recently

they

have also

been used

for various

items in nuclear power,

cryogene
and chemical plant equipment. Especially the NPP s
applications have led to extensive research on the physical and

mechanical metallurgy properties of the steel either in cast or
wrought condition. One of serious limitations of broader use of
the above mentioned sort of steel is the long-term stability of
properties at the real service conditions.

This

paper reports

on an

evaluation of

the technological

and

technical process conditions at the VÏTKOVICE for the production
of this sort of stainless steels. It further assesses physical
metallurgy characteristics of real products in cast or forged
conditions with special reference to decisive factors to reach
the required level of reliability during service life.

OJD8 0.10
CARBON CONTENT,wt.%
FIG.l Solubility of oxygen in the steel 13/6.

Solidification of

0.10

superimposed on

o

the microsegregation of other harmful elements,

OJD4

hydrogen dissolves

in this residual austenite more readily than

in martensite, a tendency supported by differences between the
chemical analyses of those phases. Heat treatment that increases

100hPa(75TORR)

the proportion of residual austenite in the martensitic structure
thus promotes a favorable redistribution of hydrogen in the
matrix, thereby reducing the danger of failure along the grain

o
1600

boundaries and also

1650 1700 1750 1800

FIG. 2 Solubility of. oxygen in the steel 13/6 under vacuum.

Final deoxidation of the bath is usually performed with silicon,
aluminium, or other agents such as titanium or calcium. The types
or combinations and sequence of deoxidizing additions must be
chosen so as to ensure
that the products of the deoxidizing
reactions will float in the slag.
The amounts of these additions must be controlled so as to
achieve the desired degrees of deoxidation while minimizing the
concentration of surplus deoxidants in the steel. For instance,
an excessive aluminium content can markedly reduce the resistance
of the steel against brittle failures associated with the
formation of shell-type fracture surfaces [4-7] (although this
type of
fracture is also
affected by the
contents and

microsegregation of other harmful elements).
Another factor that can impair the properties of type 13/6 and
13/4 steels is the presence of hydrogen. The hydrogen content of
molten steel depends, according to Sivert s law, upon the partial
pressure of hydrogen or water vapor above the bath surface, but
the solubility of hydrogen in liguid steel is also increased by
higher chromium or nickel contents [3]. In steelmaking processes
hydrogen is absorbed from atmospheric humidity, from moist

and non-metallic

additions, but

above all

improving the weldability of

this type of

steel.

TEMPERATURE, °C

metallic

in the

it lowers the cohesive strength of the grain boundaries and leads
to low energy intercrystalline failures. However, the hydrogen
content in the martensitic matrix is modified by the presence of
residual austenite, dispersed in the form of thin films or
lamellae at the interphase boundaries of the martensite laths,
where it precipitates during the tempering treatments. The

1013 hFb
(760 TORR),

§0.02

a pronounced drop

contribute substantially to porosity of the castings. Hydrogen in
the matrix diminishes its brittle fracture resistance; when it is

0.08

U.

the castings causes

hydrogen content of the steel; the hydrogen thus released may

-0.05%C;13%Cr;6%Ni

from

hydrogen-laden alloying additions such as nickel or ferrochrome,
especially if they are added in the final stages of the heat.
Various countermeasures can be taken to limit the final hydrogen
content of the steel, but the only reliable way of keeping that
content down to 1.0 to 3.0 ppm of steel is the vacuum treatment
of the melt.

The optimum concentration of nitrogen in steel of this type is
not
easy
to
determine.
Nitrogen
in
combination
with
nitride-forming elements can markedly enhance the strength level,
but high nitrogen contents impair the brittle fracture resistance
and above all make the steel more susceptible to intercrystalline
failure, particularly if combined with the effects of an adverse
environment [8]. Nitrogen is detrimental in its atomic form, in

which

it

is apt to segregate

at prior austenitic

grain

boundaries, and in the form of nitride particles when these are
located at those boundaries (A1N). Moreover, the optimum nitrogen
concentration also depends on the contents of carbon and of some
other elements. Calculations using the relevant interaction

coefficients [9] have shown that in 13/6 steel at 1600°C and
a partial pressure pN of 98 hbar (which approximately corresponds
to the nitrogen pressure in the ambient atmosphere), the nitrogen
solubility is about 0.12%. Obviously, then, contact of the melt
with the atmosphere will inevitably increase the nitrogen content
of the steel.
The main sources of nitrogen in steelmaking processes are
ferrochrome and some of the alloy scrap in the charge. This means
that preventive
measures must start out
with the charge
materials.

A reducing

vacuum treatment

cannot lower

even high

initial nitrogen concentrations very profoundly, because of the
slow diffusion of nitrogen in liguid steel; but in high-alloy
chromium steels the nitrogen content can be curtailed drastically
by an oxidizing vacuum treatment in the course of the VOD
process.
Another vital necessity is to limit the phosphorus and sulphur
contents. Segregation of these elements during austenitizing
treatments reduces the cohesive strength of the grain boundaries
in the quenched martensite, or in material treated by quenching
and low-temperature tempering. In the high-temperature tempering
of these steels, phosphorus segregation at prior austenitic grain
boundaries causes high-temperature temper embrittlement; the

C.Ni

Table I

Chemical composition ol t,he investigated 131 eel s

(X by maos)
Haat
A
B
C

BEFORE VOD
FIG.3

AFTER VOD

AT TAP

Changes in the chemical compoaition of melt during VOD.

C

Mn

SI

0.03
0.02
0.01

O.5O
O.47
0.77

O. 26

0.40
0.41

P

S

Cu

Ni

O

Mo

O .025
0.018
O .023

O O14
0 OO6
O 006

0.08
O.O5

4.54
6.18
6. 1O

12.63
13. 3O

O.47
O.52
0.55

O.O7

13.86

The VOD
process was modified so
as to secure effective
deoxidation even at the cost of higher residual aluminium
contents in the solid solution. To prevent the formation of
undesirable aluminium nitrides, steps were taken to minimize the
nitrogen content at the instant when deoxidation commenced, and
to bind any residual nitrogen to technological additions of
titanium. The sizes of the titanium additions were such as to
suffice for this nitrogen trapping, but to preclude the formation
of larger amounts of titanium carbides; this was also countered
by the very low carbon contents.
EXPERIMENTAL MATERIAL

formation of cracks during stress relieving; and makes the
material more susceptible to stress corrosion cracking, to
corrosion-induced fatigue, to hydrogen embrittlement, and to
intergranular corrosion [8].
To secure a favorable combination of strength and plastic
properties, brittle fracture resistance and other desirable
mechanical metallurgy characteristics, the 13/4 and 13/6 steels
were produced in heats with very low carbon contents. This also
restricted the dendritic segregation, because of the lesser
difference between the solid and liquid temperatures [10].

The VÏTKOVICE utilizes for the production of type 13/4 and 13/6
steels an oxidizing vacuum treatment on equipment of the VOD
type. The courses of a few selected heats run by both these
techniques are illustrated, by the chemical analysis changes in
time, in Fig.3.
The
VOD-based heats
could be
conduced with
high-carbon
ferrochrome, because vacuum deoxidation always reduced the final
carbon concentration to between 0.010 and 0.020%. The nitrogen
concentrations ranged from 40 to 50 ppm after the oxidizing
vacuum treatment, and from 60 to 100 ppm after the final
alloying. The low pressure in the VOD process reduced the oxygen
activity, even before the addition of deoxidizing agents, to
between 100 and 120 ppm. Subsequent additions of Si, Al and Ti
brougth this activity down to about 7 ppm, and the total oxygen
concentration in the casting varied between 40 and 50 ppm.

To demonstrate the physical metallurgy properties of investigated
steel grades produced by Vitkovice modification of VOD technology
three heats were selected in cast and/or forged conditions. The
analyses of those heats are listed in Table I. The testing
material of the heat A represented the forging of the diameter
500 mm of the steel 13/4. Test specimens of the heat B were cut
off from the forging of the 200x300 mm cross section and those of
the heat C from the casting of the valve casing with wall
thickness of 250 mm. Both heats B and C represented the steel
13/6. The heat treatment in all cases consisted of an air quench
from 970°C followed by either two tempering treatments at 670 and
at 580°C or by single tempering at 520°C. Further laboratory heat
treatments were carried out to investigate the conditions leading
to temper embrittlement or prolonged ageing embrittlement at
temperatures between the 350 and 450°C. The selected test
specimens were analysed on the JEM-200CX type transmission
electron microscope using the extraction carbon replica and thin
foil techniques. The more detailed analysis of precipitated
phases has been realised
by combination of the structure
sensitive (electron diffraction) and analytical (EDS) techniques.
RESULTS AND DISCUSSION

The mechanical properties ascertained after the basic heat
treatments are presented in Table II. These results together with
those, shown in the Fig.4 to 6, confirm the reasonable level of
properties at room temperature and in a broader interval of

STEEL 13/6 (HEATB;

1200-

H.T.:970°O520°C
(£10002:

leoo60
205?m
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-200 -100
0
100
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300
TESTING TEMPERATUREfC

0
-200 -100 0
100
200 300 400
TESTING TEMPERATURE ,°C
FIG.4

The temperature dependences of tensile properties oi
iorged steel 13/6 (heat B) after, tempering at 52O°C.

FIG.6
the

400

The temperature dependences of tensile properties of
cast steel 13/6 (heat C) after tempering at 580°C.

the

Fig.7, if the single tempering at 520°C is employed, there is (in

comparison

1000-

with higher tempering temperature/see

Table II) no

deterioration
of
impact
toughness
level
accompanied by
intergranular fracture. The repeated tempering treatments at 520

or 480°C for 14 hrs even improved the toughness level in the
transition region. The substructure analysis after the single
tempering at 520°C for 6 hrs has shown the absence of carbides of
the M2TC6 type on the prior austenite grain boundaries. On the
other hand, high density of dispersive particles was observed in
irregular localities. These particles of the dimension 10 to 30
nm of semicoherent character were determined as Cr2N, using
electron diffraction. The prolonged ageing for 75 hrs at the same

tempering temperature produced the marked

increase of reversion

austenite at the laths interfaces which may explain the increase
in toughness after repeated tempering. A regular distribution of

precipitates of the size of 10 to
-200 -100 0
100
200 300
TESTING TEMPE RATURE ,°C
FIG. 5

400

The temperature dependences of tensile proper-ties of the
forged steel 13/6 (heat B) alter tempering at 670 and
580°C.

testing temperatures. The higher slope of the elongation values
in the Fig.5 corresponds to transformation induced plasticity
(TRIP) effect caused by reversion austenite.
One of our points of

interest was the favourable toughness level

in the range of
tempering temperatures 500-550 C normally
producing the pronounced temper embrittlement. As shown in the

50 nm, which were proved to be

the M23C6 carbides has been also observed. Their presence on the
prior austenite grain boundaries was also in a very dispersive
form which did not correspond to their morphology and size on the
grain boundaries of austenitic stainless steels. Such results
are positive from the point of view of eliminating one of

conditions necessary to initiate intergranular fracture [11]. The
absence of large hard particles at the grain boundaries does not
support the build-up of the sufficient local stress at the
intersection of slip band with the grain boundary to surpass the

critical

fracture stress. The similar

conclusion was

reached

when investigating the hydrogen embrittlement in sensitized and
non-sensitized austenitic stainless steels [12]. This is also

explaining

why the

temper embrittlement

has not

been observed

even when the bulk contents of phosphorus are relatively high.
The very low carbon contents introduced by Vitkovice from the
start of the production of 13/4 and 13/6 steels have their
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Dependence oi KCV and hardness values oi 13/6 cast steel

on the tempering conditions.

KCV impact toughness transition curves of steel 13/4

(heat A).
Table III

foundation also from this point

of view. Such behaviour has been

mechanically confirmed in the cast
the

tempering

for

temperatures 500

the

time

steels. As shown in the Fig.8

from

2 up

to

32

hrs

at

Heat

and 550°C resulted in constant level of impact

Mechanical propei-tiee oi the 13/4 and 13/6 steele

H.T.

R»0,2 I Rm

A

B

97O-C
+520-C

854

970-C+67O-C
+58O-C

735

970-C+520-C

975

970-C+670»C

646

613

Z

flo
5:

MPa
883

19

72

KCV (20-C) KCV (-5O-C)
J.<inn-*
178

100
121

1050-C+97O-C4+670-C+58O-C

Teeting temperature -60-C

Ageing
time

KCV (20-C)
J.cnr 2

O
24
290

KCV (-60-C)
J.cm-2

134
124
78

191
2O2
157

Another goal of this study was the evaluation of the effect of
long term ageing at
temperatures corresponding to service

conditions of NPP s. For this reason both the forged 13/4

and the

cast 13/6
steels were aged at temperatures 450°C to demonstrate
the changes in the substructure and the corresponding toughness.
The 13/4 steel (heat A) has been studied in the condition after

19

64

166

16

69

189

804

22

73

236

219*

precipitation of a - phase

766

26

71

191

154

The 13/6 cast steel (heat C) has been investigated in the double
tempered condition (6 hrs at 670°C and 6 hrs at 580°C) after

847

1002

55"

+580-C

C

ageing at 450»C

the

energy at room temperature.
Table II

KCV impact energy values of 13/6 steel (heat C) alter

single tempering for 24 hrs at 450°C and after double tempering 6
hrs at 520 and 24 hrs at 450°C. Both samples have not given any
evidence of the decomposition of the matrix to chromium enriched
and chromium depleted regions which would consequently cause the

consequent ageing at

with the embrittling effect.

450°C for

24 or

290 hrs.

The changes in

impact toughness values due to ageing measured at 20 and -60°C
are listed in Table III.
As shown ' in this Table, the marked

Bright Field Image
Mag

75 000 x

Dark Field Image Taken

by Using 1Î00;
Spots
Mag 75 000 x

Diffraction Pattern Zone
Axes [111]« +

FIG 9

Dispersive minor phase in 13/6 steel (heat C) found alter
290 hrs of ageing at. 450°C

108

decrease of KCV values occurred only after 290 hrs of ageing when
both the room temperature and the low temperature were affected.
In the first sample only the small amount of carbides of M^Cg
type has been confirmed. Their genesis may be ascribed preferably
to the prior tempering at 670 and 580 C. In the longer aged
sample was the amount of M23C6 carbide phase much higher, which
corroborates
that ageing
at 450°C
promotes the
further
precipitation of the phase. The carbides were present both within
martensite laths and on their interfaces. Apart of that the thin
foils exhibited also the
pronounced precipitation of very
dispersive minor phase (Fig.9).
The published results on the substructure analyses of high
chromium ferritic alloys after long term ageing may be divided
into two groups:
i) The
observed mottled images are ascribed to spinodal
decomposition of ferrite and the formation of oxidation products
of the CrjOo type on thin foil surfaces in places with higher Cr
content (13).
ii) During the ageing occurs the precipitation of the Cr-rich
o'-phase of the body centered cubic unit cell with the parameter
Si-2.877 A. The possibility of the precipitation of that phase has
been confirmed by Grobner (14). As further stated by Solomon and
Levinstone (15), the presence of nickel in chromium steels
accelerates the nucleation of the discusse a -phase. In the 13/4
steel the a' -phase has been ascertained after long-termed ageing
at 450°C by Meyzaud and Cozar (16).
The diffraction study of dispersive particles, carried out in
this work, has not revealed any extra spots which would have
connection to discussed dispersive particles, it is known that
the precipitation of a'-phase in ferrite is realised with the
cube to cube orientation relationship. As a consequence of small
difference of lattice parameters of both phases it may be
expected that, at small volume fraction of the analysed phase and
due to strong diffusion scatter in the surroundings of intensive
spots of ferritic matrix, the individual spots of a'-phase might
not be visible. It was further found that, at the fixation of the
objective aperture to the position to enable the passage of
electrons diffracted on the chosen system of atomic planes of
ferrite as well as of a'-phase, the particles of
a''-phase are
iluminated. In this context it can be presumed that the observed
particles represent with a high degree of probability the
a -phase.
According to the published results there is an optimistic view on
the application of the low carbon 13/4 steel with the addition of
1% Mo in nuclear power engineering.

with the Meyzaud and Cozar [16], proved that the ageing at 400°C
for 10 000 hrs reduced impact energy at 0°C by more than 50%. In
both references appeared the prediction of the degradation of
toughness at 288 and 300°C, respectively. In the réf.[17] the
activation energy has been estimated to be 37-39 kcal/mol, which
is very similar to the value for the phosphorus in iron. On the
contrary, Meyzaud
and Cozar [16] considered the apparent
activation energy of 23.9 kcal/mol, counted by Gysel et al.[18]
from the time dependence of impact energy values of 13/4 steels
at 20 and 300°C. Due to marked differences in the activation
energies of the degradation process are the predictions of
Tsubota et al. [17] more optimistic. These authors predicted that
the 13/4 steel with more than 0.3%Mo could be almost free from
degradation in toughness after 40 years use at 288°C.According to
Meyzaud and Cozar 32 years exposition of 13/4 steel at 300°C
should be accompanied with the reduction of Charpy impact energy
to about half of the original value.
The structural study after ageing at 450°C corroborated the
higher susceptibility of the 13/6 steel to the precipitation of
dispersive phase determined with a high probability as a'-phase.
On the other hand and in agreement with [16,17] the 5000 hrs of
ageing at 350°C did not produce any change in the temperature
dependence of impact energy toughness in the testing material of
heat C of 13/6 steel grade [18].
CONCLUSION

1.

15 years of the successfull production of very low carbon
grades of 13/4 steel in Vitkovice using VOD technology is a
good presumption and guarantee for employment^ of that sort
of steel to highly reliable components of NPP's.

2.

Low carbon content below 0.03% results in the fairly good
resistance to temper embrittlement after tempering at 500 to
550°C.

3.

The precipitation processes initiate more easy in the higher
nickel grade of investigated martensitic steels. The long
term ageing produces the precipitation of highly dispersive
phase, determined with a high probability as
Cr-rich
a' -phase.

4.

There is a need of direct evidence of the potency of 13/4
steel to form a'-precipitate at the 300°C and lower
temperatures.
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THE INFLUENCE OF COLD PLASTIC

DEFORMATION AND HEAT TREATMENT ON THE
MECHANICAL PROPERTIES OF STAINLESS STEELS
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Poland
Abstract
The mechanioa] nronerti fs of the material denend

deqree from its structure, namely

from

the

heat

to

a

treatment

hicrh

and

plastic processing, as well as from the exploitation conditions.
The chrome-nickel stainless steels are used as a construction
material for the equipment, such as thp heat exchanger and the

steam generators, and the pipelines of the primary circuits of the
pressure water reactors. Genera)]v they are

heat

treatment.

In

this

state

the

used

stainless

after

steels

relatively homogeneous austenifir structure with the

solution

have

presence

a
of

minute amounts of hiqh-temperature <5-ferrite. In the course of
manufacture of the equipment the components are subjected to the
welding processes, plastic working and heat treatment. Also during
exploitation the material is subjected to the influence of high
temperatures, thermal shocks, mechanical loads and
variable
stresses. All these factors exert many changes in
the structure
of the stainless steels, mainly caused by the precipitation
processes.

In this paper the results of the investigation of the
stainless steels with various carbon content after different kind
of heat treatment and cold plastic deformation
there
are
described. The influence of these factors on the mechanical
properties of the steels was also studied.

INTRODUCTION
The .different types of stainless steels due to its good
mechanical properties and corrosion resistance as
well
as
fabricabi1ity are used as a construction material for the primary

cooling

circuits

of

the

pressure

water

reactors.

Long-time

exposure at the elevated temperatures caused decomposition of

austenitic matrix of this steels as a result of the

the

precipitation

of interstitial and intermetall ic phases. These processes produced
changes of the mechanical properties of the materials [1-21.
Precipitation processes take nlace mainly at the temperature
range 500 C-900 C, that mean at the higher temperatures which
occur in the reactors systems. However they are also very
dangerous in a view of loner—lasting service of the equipment and
especially in view of the weld joints.
There was also find that the prior ro 1 d plastic deformation
has a marked influence on the precipitations processes fl-3].

EXPERIMENTAL PROCEDURES
There were performed investigations of the influence of aging

conditions and prior cold plastic deformation on
properties of the three grades

of

Polish

The mechanical properties and structures of the steels after
cold working and aging were studied. The mechanical properties
were evaluated from the tensile tests. The light and electron
transmission microscopy were used for structure investigation. The

the

mechanical

precipitations of the secondary phases werf identified

commercial

austenitic

computer program [4].

stainless steels. The composition of the steels employed

for

using

the

the

investigations are given in the Table 1.
RESULTS AND DISHJSSTON

The tensile tests of all specimens were made The results are
criven on the Figures 1-3. There were determined strength, offset
yield strength. elongation and hardness of each
specimens.
There was find that after cold work the strength properties
of all kinds of steels increase and its plastic properties
decrease. The heat treatment produced the changes
of
the
mechanical properties depending on the temperatures and times of

Table 1. Composition of the steels investigated.

Content, wt.%
Steel*
C

Cr

Ni

1

0,0195 18,10

11,65

2

0.0091 17.15

12.90

3

0,0650 18,36

9,30

/l - OOH18WO

Mn

Si

1,50

0,69

Ho

Ti

0,048 <0,10
<0.010
0,36

S

P

0,019

0,0064

? .58 1 ,76 0.53

0 015 0,0036

0,475 1,23

0,01

0,585

0,048

2 - OOH17N14M?, 1 - 1H1RN10T

The rectangular shape specimens made

from

the

sheets

solution heat-treated at the temperature 1050°C either 1150nC

were

and

water quenched. After that they were cold-working hv rolling

The

specimens

after

rolling

temperature and time ranges. The

were

aging

conditions

of

at

acring

different

and

cold

plastic deformation are given in Table 2.

Table 2. Agincr and cold plastic deformation conditions.

Agincr
Cold work, %

Steel*

Temperature ,°C

Time, h

1

500,

800

300,

500

0, 3, 5, 9

2

500,

800

300,

500

0, 3. 5, 9

3

600,

800

50, 500

0, 10, 15, 20

/I - OOH18N10, 2 - OOH17N14H2, 3 - 1H18N10T. The steels No.1 and
2 were solution heat-treated at the temperature 1050°C in the

IAE but the steel No.3
plant.

at the temperature 1150°C in

the

steel

Fig.l. Dependence of aging conditions on the mechanical properties of the steel No 1.
a) 500°C

b) 800°C

HV

»0.!

Fig.2. Dependence of aging conditions on the mechanical properties of the steel No 2.
a) 500°C
b) 800°C

HV
?0,2

too

F ig.3.

Dependence of aging conditions on the mechanical properties of the steel No 3.
a) 500°C

112

KP.

Mfi

b) 800°C

aging and on the prior cold work. After aging
properties decrease and plastic properties increase

the strength
depending on

the time and temperature of the heat treatment. The higher
temperatures provoke bigger changes in mechanical properties
especially on the beginning of heating. However there was observed
that after longer aging treatment the plasticity decrease. The
changes were more distinct for the specimens after higher prior
cold work. All these dependences are greater for the steels with
the bigger carbon contents.
There were also observed the changes in the structures of the
steels. After solution heat treatment all kinds of steels had the
austenitic structures with numerous twinnings and some 6-ferrite
grains. In the stabilized steel, precipitated particles
of
titanium rarbonitrides or carbosulfonitrides,
not
dissolved
during solution treatment prior to guenching, also occur. The
dislocation density in the solution—treated materials wa<5

typical

for annealing state. The grain size of the steel containing
molybdenum was bigger than of the other grades of steels. The cold
plastic deformation generated the numerous oaths of shear and
dislocations. The reduce of the austenite grain size after cold
plastic deformation there was observed. The dislocation density
increased with the percentage of cold work. Any precipitations
were observed in the cold working materials. The examples of the
structure after solution heat treatment
and
fold
plastic
deformation are given on the Fig.4-6.

Fig.5. Structure of the steel No 2 after
solution treatment (250X)
Aging caused many visible changes in the
steels under inve sti oration. The precipitation

during aging and they depended strongly on

structures of all
processes occurred

the

aging

parameters

and on the print- nlastic deformation.

First, at the grain boundaries of austenite numerous fine
precipitations were observed, especially in the <?tee] with the
higher carbon content. They were identified as a H-^C, carbide
precipitations. Some of them were observed
also inside of the
grain. In the specimens cold, working they were find on the
dislocations and on the paths of shear. After a longer aging time,
the precipitation coagulated to bulky shapes. The typical carbidf

precipitation are shown in Fig.7-8. Our investigation showed

that

cold plastic deformation increased the rate of nucleation of
precipitations and accelerated its growth. The increase in carbon
content resulted in the increasing carbide stability in higher
temperatures.
After a longer aging time the other secondary phases were
also observed. In the steels with small carbon content the
precipitations of o phase, with plate-like and
lath-shaped
morphology, were identified (Fig.9). In the steel with molybdenum
the precipitation of the intermetallie i phase were find (Fig.10).
Diffraction examinations have shown that the nucleation of the &
phase takes place neither in austenite nor via the carbide. The &

phase nucleates within the metastable
Fig.4. Structure of the steel No 1 after
solution treatment (250X)

ferrite

which

being in the region of a decreased carbon concentration

from the precipitation of MC — type carbides.

comes

into

resulting

Fig.6. Dislocations structure of the steel No 3 after solution treatment (7000X).

a) 0% of cold-work, b) 10% of cold-work, c) 20% of cold-work.

jJffsjÄSfSß
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Fig.7. Carbides precipitation on the
steel No 1 after aging 300h
at 500°C (250X).

Fig.8. Carbides precipitation on the
steel No 3 after aging (1000X)
a) 0% of cold-work, 800°C, 50h

b) 20% of cold-work, BOO'C, 500
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Fig.9. Precipitation of 6 phase in the steel No 2 (10000X).

Fig.10. Precipitation at r phase in the steel No 2.

Fig.11. Precipitation of f. phase in the steel No 3 (40000X).
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Fig.12. Precipitation of S phase in the
steel No 3 (16000X).

Also in the steel with a high carbon content aging at 500 C
in addition to carbides precipitations of the o and t phases were

observed (Fig.11-12).

SUMMARY
The investigations performed in the framework of the present
work have proved that in austenitic stainless steels in the course
of aging complex processes, connected with the precipitation of

interstitial

and

intermetallic

phases,

take

place.

It

certified that the prior cold plastic deformation exert

effect on

the

mechanical

austenitic stainless

properties

steels.

It

of

the

generate

a

solution

paths

treated

shear

and

dislocations, which density increase with the increasing of
percentage of the cold work. The prior working accelerated
precipitation processes on the aging treatment.

the
the

During agincr first the farbiges nrerinitated

of

was

marked

which

increase with the carbon content in the steel and with

rfiian*")tv

the

aging

temperature. Next iotermefall ic phases precipitate depending on
the aging parameters and carbon content.
The mechanical properties of steels under investigations

depend strongly on its structure.
caused the increasing

of

the

The

strength

cold
and

plastic

deformation

decreasing

plastic properties (strain hardening). The precipitation
intermetallic phases like x and a exert decreasing of the

of

the

of the
plastic

properties of the steels. On the influence of aging in the prior
working steels the precipitation strengthening was observed. It is

visible especially after a longer times of aging.

CHARACTERIZATION OF MATERIAL PROPERTIES FOR
ASSESSMENT OF INTEGRITY AND APPLICATION OF
LEAK-BEFORE-BREAK TECHNOLOGY ON THE
PRIMARY PIPING OF APWRs

Nuclear Research Institute,
Rez, Czechoslovakia

team

the

improved

procedure

has

gained

and economy.
Although there are some reservations from the FRG, UK, France
and other nuclear countries to some parts of the USA LBB
legislative, there is a general agreement that the LBB
procedure is a significant contribution to nuclear safety.

Abstract
The integrity assessment and leak-before-break application on
the primary and other safety important piping
requires
detailed fracture mechanics and corrosion data base. The
experience learned from the WER/440 type V-230 and V-231 is
sunmarized and recommendations for the APUR are stated. The
main emphasis is on the properties of the homogeneous and
heterogeneous welds.

As in the case of the Soviet NP-stations of the WER
particularly that of the first generation - V 230 type the
safety precautions are at lower level than it is usual in
countries with highly developed nuclear technology, CSAEC
decided to materialize a LBB programme as one of the efficient
means of safety improvement. The Czechoslovak LBB outline,
issued by the CSAEC, has drawn mainly on the USA legislative
document having in mind the specific conditions in the WER
NPPs and being open to more recent evaluation methods.

1. Introduction
This document is concerned with a general procedure of the LBB
status evaluation for the primary piping of the WER
Nuclear

Power Plants. The procedure is related to a normative LBB
document [1] of the Czechoslovak Atomic Energy Commission
(CSAEC). The purpose of this document is to be an outline for
the LBB evaluation of a particular WER NPP which is to be

submitted to the Nuclear Inspectorate of the CSAEC.
2, Background
explained

developing

legislative power in the USA in 1986 (Ref.[3]). The practical
consequence of the LBB status according to the USA legislative
is also elimination of the precautions for dynamic effects as
are the jet impingements shields, barriers and pipe whip
restraints while having even improved security. The LBB
procedure application improves the three topical
items:
safety, service personnel irradiation level during inspections

J. ZDÄREK, J. JOCH, R. HAVEL, M. RUSCÄK

As it has been

the

in several

documents

related

to

primary piping of the PWRs, the double ended guillotine break
(DEGB) of the piping to which most of safety precautions are
related is very unlikely to happen. That it is why efforts
have been exhibited in most countries with

highly

The LBB project for WER NPPs which is being or is to be
materialized in accord with the above mentioned document C13
is specifically handled in case of the NPP already under

operation (Jaslovske Bohunice) and NPPs which are under
construction. This paper deals with the former case although
many particular cases of the letter one can
over.

be

simply

taken

The LBB project for the primary piping in Jaslovske Bohunice
consists of
three
programmes:
basic,
supporting
and
verification ones. These three programmes which are being
currently carried out in cooperation with other Czechoslovak
institutions under coordination of the Nuclear
Research
Institute in Rez will be finalized with a LBB-venfication
document to be submitted to the CSAEC in October 1992. The
above programmes are described in turn.

developed

nuclear technology to relate safety precautions to partly
broken piping where some leak of coolant can occur rather than

3. Project LBB - Basic Programme

to guillotine rupture, which is to be understood as principal
design philosophy. The main idea of this safety philosophy is

There are three items to be covered within this programme:

that a through wall crack which exhibits measurable leak under
normal operation conditions might be stable under accidental
Conditions as e.g. seismicity or water hammer etc.

The above simple idea was elaborated into a procedure of

the

LBB status evaluation which was released in the USA in
C2]. This procedure was submitted to critical comments

1984
from

the USA and overseas and after the gaps had

been covered

by

- Elaboration of a Primary
described in next sections,

Piping

LBB Handbook

which

is

- Control of the supporting programmes to cover the tasks of
the normative LBB document [1],
- Preparation of the final document of the LBB properties of a
particular NPP to be submitted to the Nuclear Inspectorate

the CSAEC.

of

6 5

Fig, l: A General Scheme of Parallel Running

Programmes within the LBB Project

Material characteristics assessment

3. 1 Primary Piping LBB Handbook
The whole primary piping is divided into loops, components and

sections, respectively. For
through-wall

crack

is

all

evaluated

critical
as

sections

outlined

paragraphs. An excessive number of sections
that no critical section is omitted.

the

in

next

is specified

so

assessment of primary

advanced stress

circuit materials and
manufactoring technology

For every critical section a length of a through-wall crack is
evaluated which pertains to measurable leak of 4 liters per

state analysis

critical cross - section identification

minute (cca 1 gallon per minute) under normal operation
conditions. This length is referred to as Lleak and in the
handbook also variation of this quantity
input parameters is to be evaluated.

in dependence on

The other items to

handbook

be evaluated

critical crack lengths under

in the

seismic

loads

normal operation loads. These critical
lengths are noted and explained in turn.

L

the

through-wall

to

crack

... is a crack lenqth pertinent to plastic collapse

crit

I

are

superimposed

... is a

crack

length

pertinent

to

crack

initiation

experimental

expérimental

assessment

assessment

according to R6 [4] procedure, cat. 1, opt. 1.

L,

no,gl

... is a crack length

pertinent

to crack

instability

according to the R6 procedure, cat. 2, opt. 2.

I

... is a crack length pertinent to crack instability
Ro ,g2
according to the R6 procedure, cat. 2, opt. 2 where the loads
of normal operation and seismicity are multiplied by square
root of 2.
In accord with the LBB legislative a necessary condition for
the LBB status to be assigned to the components is that it
holds for all sections that <l-crlt 'Lieak' ls 9reater tnan 2
/ L, . ) is greater than 1.
and (
leak
The quantities L.

Ko, 1

and L_

result analysis
and comparison with

full scale experiment

database
evaluation

opeiating regime
indue nee
analysis

material parameters for
integrity assessment
Fig.

2: Material Characteristics Assessment Scheme

are suitable means for margins

Ho , g 1

evaluation which is also to be included into the handbook.
4.2 Stress corrosion cracking assessment
4, LBB Project - Sirçjporting programmes

4.3 Analysis of emergency regimes

The supporting programmes consist of seven areas which are
described in subsections 4.1 to 5.7 in turn. For the purpose

4.4 Analysis of seismic loading

of this document only the titles of the subsections are
mentioned. For clarity, four flow charts in the Figs. 1 to 4

4.5 Advanced stress state assessment

have been added to this section.

4.6 Heavy components supports stability assessment

4.1 Material characteristics assessment

4.7 Leak rate measurement and computational assessment

ASSESSMENT OF SCC

1\

Leak
modeling

base

material

circumferential
weld

cross
weld

axial
weld

saf
en
leak rate

elastic COD
assessment
for

foi various I

various I

and COD

analysis of operational
chemical regimes

assessment

including deviations

crack length assesment (or leak 1GPM - K1GPMM

wedge
loaded

constant

cracked

cracked
specimen

specimen

freehold
value for
failure
initiation

loaded

cyclic
loaded
cracked
specimen

experimental
Slow Strain

Rate Test

measurement of crack
growth rate

COD assessment
for various I

elasto - plastic

information (01

crack
initiation

5, LBB Project - Verification Programmes

foi vat ions I
and COD

integrity analysis
input

fracture
character

Figr. 3: Scheme of the Assessment of Stress Corrosion Cracking

leak measurement

COD assessment
tor various I

leak
diagnostic

Fig,

4: Scheme of Leak Rate Measurement and

Computational

Assessment
C. Proof that the used leak

rate

calculations

are

in

good

agreement with real behavior.
These programmes will cover three items:

The experiments to deal with the above items are discussed
A. Proof that integrity evaluation is in good agreement with
realistic behavior of the full-scale components particularly
in case of more complex
behavior of welds.

geometry,

B. Proof that safety margins
theoretical estimates.

load

distribution

in

the next sections.

and

S, 1 Full Scale Integrity Tests - Stafire I
are

in

good

agreement

with

The first objective of these tests is to show that even under
superimposed seismic loading there is no crack initiation in

accord with predictions

of

the

R6

evaluation.

If seismic

The test is described as follows

loading is as high as that crack initiation and even some
crack growth can be expected (these items are evaluated in the
LBB handbook) than tests are stopped at the initiation level,

- The model of Stage I (Section 4 1) is tested
- Model is heated near the critical section by a coil to the

for safety, and the evaluation relates to the stage II of

operation temperature so that
representative

the

tests. Crack initiation is an important event with respect of
the repeated loading under seismicity.

The second objective is to compare predicted
real behavior of the component.

quantities and

The third objective is measurement of the COD to
leak rate computation.

improve

the

component of

plant is tested.
- A through-wall
crack of a length
L,
y
y

, is

properties

- Model is loaded only by the bending moment
- Several crack lengths are chosen for the test The shortest

crack is chosen as long as about L,leak,
- For each crack the bending moment is applied to the level of
at least 2 cm of crack growth on each side In the course of

the loading such parameters as crack length vs

load and/or

singular stress amplitude, stresses and COD

are to

the

machined

power
into

a

5. 3

sealing to prevent leak

The purpose of these tests is to show that the predicted

of

the

be

- Each successive crack is to be machined about 3 cm longer on
each side

leak
critical section and location. The crack is covered by a metal
Stiffness

are

measured

Each test consists of the following steps:

- A model identical with a critical

material

sealing

may

not

effect singular stresses at the crack tip by more than 5'/. and
plastic layer must be inserted between the plate and the
component not to disturb the acoustic emission signal.

Leak. Rate Tests

leak

rate (computed by a programme) is reasonably representative
These tests consist of the following steps

- Piping of similarity dimensions and some full

scale

dimensions are tested
- Through-wall circumferential cracks are prepared by fatigue
loading

- The following gauges are mounted onto the model
- acoustic emission for crack initiation and crack
growth measurement
- potential drop method for crack initiation and crack
growth measurement

- Piping is loaded by pressure and bending moment to produce
various CODs

- gauges for temperature distribution check

- Leak rate is measured by various methods and predictions are

- stress gauges for comparison of real stresses with

compared with the real leak

computed ones
- gauges for COD measurement
- This component is heated to the operation
loaded by operation pressure

temperature and

6, Concluding Remarks

- Applied bending moment is increased in steps small enough to
prevent break

The first application of the LBB project on the first
generation WER type V-230 NPP in Jaslovske Bohunice is

- The increase of the applied moment is stopped either

specially important due to the absence of western style
containment and no antiseismic design and protection

if

crack initiation is recognized by acoustic emission (or
potential drop method) or if the total load is an equivalent
of the superimposed seismic load, but no more than 0 5 of the
limit load

At present it is possible to conclude that essential
requirements for the LBB project application as low fatigue
damage, corrosion damage, water hammer occurrence and possible

This experiment is to be carried out in an underground pit,

damage as well as heavy components supports stability are met

for safety
The evaluation up to the degree of 7 MSK 64 seismic
activity is well under way together with antiseismic measures
5,2 Full Scale Integrity Test - Stage II

to be in place not later than in 1992 The resulting stresses
in all critical sections of the safety related piping systems

The objective of this test is to prove that the margins

will be included in the LBB evaluation

predicted from the J-resistance curve are in accord with
reality That is why the crack growth is chosen about 2 cm as
to the validity of the J-resistance curve of large components

critical material combinations including base metal, HAZ and

The fracture mechanics data base will

include

all

welds /homogeneous as well as heterogeneous/.The archives
material is available, circumferential and longitudinal welds
already manufactured and certified. Tests will include also
material from service exposed pipe after 100 000 hr. The

stress corrosion tests will verify possible corrosion damage
on archives as well as exposed material.

The large scale experiments includes the reactor vessel

IMPROVED PWR FUEL CLADDING
O.P. SABOL, G. SCHOENBERGER, M.G. BALFOUR
Westinghouse Commercial Nuclear Fuel Division,
Pittsburgh, Pennsylvania,
United States of America

nozzle safe end, the pessurizer nozzle safe end and the

simulated longitudinal to circumferential elbow weld area with
through wall cracks located in the most critical sections. The
first results will be available in September 1991.
The leak rate assessments will be carried out on steam
water loop. The leak detection measuring systems will be
tested and certified during those tests and than installed at
the plant according to results of the LBB project.
The preliminary results will be available to the end of

1991, complete assessments including results from large scale
tests in the middle of the 1992
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Abstract
Observations of irradiation-enhanced corrosion of PWR fuel at higher exposures has necessitated
the development of improved cladding alloys through alloy modification of Zircaloy-4 within the
specification limits, and through the formulation of alternate alloy compositions The ZIRLOIM
composition, Zr-1 .ONb-1 .OSn-0.1 Fe, was developed as a superior corrosion resistant material for

use in high-burnup fuel The selection of alloying constituents and processing approach was
based upon extensive laboratory data on the corrosion behavior of various Zr-Nb and Zr-Nb-Sn
alloys, coupled with favorable data reported for Zr-2 5Nb, and the reported resistance to irradiation
enhanced corrosion of a Zr-1 Nb-1Sn-0 5Fe alloy in an oxygenated boiling water loop Thus, fuel
tubes of several Zr-Nb binary alloys containing up to 2 5% Nb, and of the ZIRLO composition,
were fabricated with particular attention to achieving a fine size and uniform distribution of second
phase particles Fuel rods of these alloys were inserted into the BR-3 reactor and achieved rod
average burnups of up to 71 GWD/MTU during four cycles of operation. ZIRLO cladding displayed
corrosion improvement of up to 50%, lower creep, and lower growth than the Zircaloy-4 cladding
Nodular corrosion was observed on the 1 0 and 2 5 Nb binary alloys, but was not present on the

ZIRLO rods ZIRLO was selected as the preferred cladding for high-burnup fuel The results of
one-cycle exposure in demonstration assemblies in a high-rated commercial PWR confirm the
improved corrosion resistance of ZIRLO over Zircaloy-4 A full region of ZIRLO-clad fuel is
planned for insertion in another PWR later in 1991
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The drive toward improved efficiencies of PWR nuclear steam supply systems has led to higher
fuel burnups, extended cycles with higher lithium, and higher coolant temperatures. These
operational changes to more severe fuel duties, coupled with irradiation enhanced corrosion of

Zircaloy-4 fuel cladding at higher burnups, have resulted in the identification of waterside
corrosion as one of the more limiting factors currently restricting high-burnup fuel designs. To

meet the needs of the continuously evolving, ever more demanding fuel duties, alloy development
efforts have been ongoing, and one of the fruits of this effort, ZIRLO, Zr-1 Nb-1Sn-0.1 Fe, was
reported1 to possess superior corrosion behavior relative to Zircaloy-4 in autoclave tests and after
exposure of high-burnup fuel rods in test assemblies in the BR-3 reactor. Not previously reported

were the results of laboratory-scale tests and other data that lead to the focus of the alloy
development effort onto Zr-Nb alloys in general, to Zr-Nb-Sn alloys specifically, and finally to the
selection of the alloys and processing approach for the cladding for the BR-3 irradiation exposure.

The purpose of this paper is to review the results of the laboratory data on several Zr Nb alloys,
the PIE results of localized high corrosion observed on the Zr Nb binary alloys after high burnup
exposure in the BR-3 reactor, and the current status and future plans for the commercial

microstructures have been reported previously6 The actual Nb concentrations of these alloys
were 2 40% and 2 60% for the high purity and commercial-purity materials, respectively

implementation of ZIRLO

Subsequent to characterization and testing of the binary alloys of Zr-2 5Nb, additional ingots of
100 g size were prepared of the alloys Zr-2 1 Nb-2 4Sn and Zr-2 1 Nb-5 OSn These ingots were
processed similarly to Zr 2 5Nb described above, and aging times after quenching were extended
for up to 1000 h Simultaneously with this effort on the high-purity ingots, studies were initiated on
commercial purity ingots of binary alloys containing 0 5,1 0, and 5 0%Nb These ingots were
nominally 450 g, and were prepared by multiple arc melting under gettered argon The 5%Nb alloy
was processed to sheet and only subjected to quench and age treatments The 0 5 and 1%Nb
alloys were subjected to beta quench and aging treatments, beta anneal and aging treatments,
and rolling and alpha anneal treatments. Small ingots were also made of Zircaloy-4 containing
0 5 and 1 0 Nb additions, and the results obtained on these alloys have been documented 7

BACKGROUND
2

Zircaloy-2 and 4, developed in the 1950s, are the materials of choice for thin walled fuel cladding
because of their good combination of corrosion and mechanical properties However, some
alloys, notably Zr 2 5Nb in the quenched and tempered condition, have been reported3 4 superior
in corrosion performance under certain test conditions LeSurf3 showed lower weight gains and
post-transition corrosion rates in autoclave tests in 360°C water for quenched, cold worked, and
aged Zr-2 5Nb compared to Zircaloy 2, and also for specimens exposed in m-pile loops in both

boiling water and ammonia dosed pressurized water In the m-pile loop tests, the Zircaloys
showed a greater degree of irradiation enhanced corrosion than did heat treated Zr-2 5Nb
Additionally, in all of the in pile tests, the corrosion behavior of heat treated Zr 2 5Nb was superior
to that of more conventionally processed material made by annealing and cold working This was
particularly true for the data from the boiling water loops, the media most aggressive to the
Zircaloy coupons Microstructural studies revealed that the precipitates in heat treated Zr-2 5Nb
were very small, 50 to a few hundred angstrom platelets in quenched and tempered material, and
only slightly larger particles of approximately 100-500 À in quenched, cold worked, and aged
material These sizes are contrasted to significantly larger second phase particles of up to a
micron or greater in more conventionally processed material These data clearly demonstrated the
potential for the development of alloys with superior corrosion resistance relative to Zircaloy, and
they indicate the importance of controlling the metallurgical structure for optimum in pile corrosion
behavior The desired structure is one in which the precipitation of niobium is complete, or nearly
so, and the second phase particles of beta niobium are present as small, discrete particles

Because of the microstructural effect on corrosion demonstrated for Zr 2 5Nb, it may be expected
for other Zr-Nb alloys as well Earlier autoclave data of Dalgaard5 showed a significant corrosion
benefit to Zr 2 5Nb with the addition of 0 5% Cu, and some slight improvement with the addition
of 0 2% Fe plus 0 1% Cr Additions of 0 5 and 1 5% Sn, on the other hand, were deleterious
Unfortunately, only limited heat treatments were evaluated in this study, so the full effects of the
alloying elements were not delineated With this information, it was decided to evaluate the
corrosion properties of a number of Zr-Nb alloys, with particular attention to the effect of
microstructure, as gaged by precipitate size and morphology, on corrosion resistance

LABORATORY SCREENING OF ALLOYS

to
W

Familiarization with the range of microstructures attainable in Zr-2 5Nb was first obtained by
melting a small 100 g ingot from high purity melting stock This ingot was reduced to 0 76 mm
sheet Samples were then beta treated at 975°C, water quenched, and subsequently aged at
400, 500, and 600°C for up to 400 h For comparison purposes, sheet samples of a commercialpurity Zr 2 5Nb were obtained by processing a 9 5 mm diameter rod to 0 76 mm sheet, beta
treating, and aging at 500°C for up to 400 h Details of the processing and resultant

Prior to selection of the alloys for tubing, larger ingots of approximately 23 kg were prepared of the
alloys Zr-1 ONb and Zr 1 ONb 1 OSn-0 5Fe This latter was reported by Amaev et al8 to be
resistant to in pile accelerated corrosion in oxygenated coolant Sheet was made from these
ingots by a variety of sequences, including beta or alpha plus beta quench and age, beta anneal
plus cold roll plus alpha anneal, and multiple roll plus alpha anneals
Microstructure was characterized at all stages of the processing, and both optical and
transmission electron microscopy (TEM) were used extensively The method of sample
preparation for transmission microscopy has been reported previously6 All final materials were
autoclaved tested, with testing usually being performed in 360°C water at saturation pressure, and
in 427°C steam at 10 3MPa All corrosion tests were conducted in a manner consistent with
ASTM Procedure G2 Most corrosion testing was performed on pickled surfaces, and the pickling
solution for the Nb bearing alloys consisted of 30 parts water, 30 parts H2S04,30 parts HNO3,
and 10 parts HF

CORROSION RESULTS ON LABORATORY INGOTS

Data for corrosion weight gam as a function of exposure time in 360°C water for the high-purity
and commercial-purity Zr-2 5Nb alloys clearly show the beneficial effect of aging after the beta
quench, Fig 1 Also shown are the more rapid aging kinetics at 600°C than at 500°C, an apparent
"overaging" effect in the corrosion response at 600°C, lower ultimate weight gains attained in the
commercial purity alloy relative to the high-purity material after the 500°C age, and corrosion
behavior as good as Zircaloy 4 attained with the commercial-purity alloy Comparison of the
corrosion data with previously published6 9 microstructural data reveals that corrosion begins to
improve immediately upon the start of precipitation of beta niobium during aging These
precipitates first form as fine spherical particles, approximately 80 A in diameter With further
aging, those particles at gram and twin boundaries grow, and the fine particles in the matrix are
replaced by needle like particles that eventually attain dimensions of approximately 500 A in
length by 70 A in diameter With continued thermal exposure during aging, the twinned martensitic
structure begins to polygonize, and in such regions, the beta niobium particles grow rapidly at the
sub gram boundaries Particle sizes up to 3000 A were evident in the high-purity material that
displayed the overaging" effect in corrosion response after aging 48 h at 600°C

Aging Time, hours

Figure 1. Weight gain versus aging time curves (or high-purity and
commercial-purity Zr 2.5 wt % Nb alloys.

Figure 2. Weight gain versus aging time curves for a
Zr/2.1 wt % Nb/2.4 wt % Sn alloy.

The trends observed in the binary Zr-2.5Nb alloys were also evident when 2.4 and 5.0%Sn were
added, Fig. 2 and 3. TEM revealed that the precipitate sizes and morphologies developed in these
alloys after beta quenching and aging were very similar to those that formed in the 2.5%Nb
binaries. Thus, for the Zr-Nb and Zr-Nb-Sn alloys, maximum corrosion resistance is attained when
the niobium is fully precipitated as fine, discrete, needle-like particles. Growth of these particles
into larger, globular particles at twin or sub-grain boundaries leads to deterioration of the corrosion
resistance. From the TEM studies, maximum corrosion resistance correlates to a particle size of
about 500 A, with notable degradation when the particles attain a size of about 2000-3000 A.
For the high-purity alloys evaluated, the maximum corrosion resistance attained approached that
of Zircaloy-4, but did not exceed it. Better corrosion resistance was achieved with commercialgrade Zr-2.5Nb, in which iron and oxygen were the major impurities. Thus, iron was recognized
as a beneficial component, and subsequent development utilized commercial-grade sponge
zirconium.
Corrosion data obtained on the 0.5 and 1.0%Nb binary alloys and on the Zircaloy-4 material
containing 0.5 and 1.0%Nb were very revealing. Following a beta anneal, the corrosion response
of the Zircaloy-4 containing 0.5%Nb was relatively insensitive to heat treatment; whereas, with the
1% Nb addition, the alloy was sensitive to subsequent heat treatments.7 This sensitivity was
manifested in corrosion tests in 427°C steam, and not in tests in 360°C water. In the 427°C test,
the Nb-modified alloys were superior to Zircaloy-4. Similarly, for the 0.5 and 1.0%Nb binary alloys,

the corrosion response was insensitive to heat treatment at the 0.5%Nb level, and sensitive at the
1%Nb level. Following beta quenching, Zr-LONb displayed the corrosion-aging response
characteristic of the 2.5%Nb alloys. Furthermore, the corrosion resistances of these two binary
alloys approached that of Zircaloy-4 in 360°C tests, but were significantly superior in 427°C tests,
Fig. 4 and 5. In a 5%Nb binary alloy, aging of the beta-quenched structure results in corrosion
improvement, but the ultimate corrosion resistance attained is inferior to that displayed by the
alloys containing lesser amounts of niobium.

Figure 3. Weight gain versus aging time curves (or a
Zr/2.1 wt % Nb/5.1 wt % Sn alloy.

Although beta quenching and aging can undoubtedly yield desirable microstructures for good
corrosion resistance, such treatments at late stage are incompatible with the manufacturing
processes for thin-walled tubing of long lengths. However, data on the Nb-modified Zircaloy-47
and on Zr-1 Nb indicated that particle growth can be minimized if the beta anneal or beta quench
is followed by low temperature processing. The objectives of the scale-up to 23-kg ingots were
two fold; firstly, to develop processing sequences on sheet that result in good corrosion resistance
and could be extrapolated to commercial tubing manufacture, and secondly, to verify the behavior
of the materials processed from the small ingots.
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The alloys ZM.ONb and Zr-1Nb-1Sn-0.5Fe were selected for the scale-up evaluation. Interest
also was high for the Zr-0.5Nb and Zr-2.5Nb compositions, but it was felt that there was little to be
gained from a scale-up of these two compositions as the former is essentially a solid solution alloy,
and the latter is very similar in corrosion response to the 1%Nb composition. Vacuum arc melted
ingots of 13-cm diameter were forged to plate and hot rolled to strip. The strip was then processed
by use of various thermomechanical treatments to 0.76-mm sheet. Processing schemes included
beta annealing followed by multiple rolling and alpha annealing, beta annealing followed by alpha
plus beta annealing, intermittent rolling and alpha annealing, and alpha plus beta treatment and
water quenching followed by multiple rolling and alpha annealing. Numerous intermediate and
final annealing temperatures were evaluated. Results of the corrosion evaluation were very
encouraging. The earlier corrosion trends were verified. The data were consistent with
microstructural effects, in that material processed via schemes that resulted in complete
precipitation of fine second phase particles displayed the best corrosion resistance. In 360°C
tests, the corrosion weight gains approached that of Zircaloy-4, and at 427°C, the alloys were
superior. Most significantly, good corrosion resistance was attainable in the alloys without late stage
beta quenching.

Aging lime, houri

Figure 4. Effect of aging or annealing time on the corrosion behavior of
the Zr/0.5 wt % Nb alloy. Corrosion exposure - 30 days in 427°C (800°F)

steam at 10.3 MPa.

Mechanical property testing of the sheet materials indicated comparable strength and ductility
values to Zircaloy-4 sheet. The only concern was a workability problem encountered with the Zr1Nb-1Sn-0.5Fe alloy. Rolling deformations of 40-50% resulted in severe edge cracking in this alloy;
whereas, it was absent in Zr-1 Nb and in similarly processed Zircaloy-4 that was used as control
material. Microstructural characterization revealed a much larger concentration of second phase
particles in this quarternary alloy relative to the binary alloy, Zircaloy-4, and the high-purity Zr-Nb
alloys described earlier. It was postulated, therefore, that the relatively high concentration of iron in
the quarternary alloy was responsible for the high volume of second phase particles and, hence, the
limited ductility. Thus, it was recommended that the iron concentration be decreased to the 0.1%

level for ingots for tubing.
TUBING FOR THE BR-3 IRRADIATION

Tube reduced extrusions were produced from 136-kg, sponge-based ingots of the following nominal
compositions: Zr-0.5Nb, Zr-1 .ONb, Zr-2.5Nb, and Zr-1 .ONb-1 .OSn-0.1 Fe (ZIRLO). A description of
the processing of these ingots to TREXs and subsequently to tubing has been given previously.1
The approach to the processing was to utilize low temperature anneals subsequent to the beta
treatment so as to minimize growth of the second phase particles. The sizes of the second phase
particles in all of the alloys were less than 500 A. Final tubing had the standard OD abraded surface
finish. Autoclave testing of the tubing in pure water and steam and in lithiated solutions has been
documented;1 only the steam and the pure water data are shown as Arrhenius plots in Fig. 6. Data
for Zr-0.5Nb is excluded because of its susceptibility to accelerated corrosion after extended
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exposure in the autoclave tests.1

BR-3 IRRADIATION EXPOSURE
ID.
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Figure 5. Effect of aging time on the corrosion behavior of the water-

to
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quenched Zr 1.0 wt % Nb alloy. Corrosion exposure - 30 days in 427°C
(800'F) steam at 10.3 MPa.

Eighty-two fuel rods comprising the three Zr-Nb binary alloys, ZIRLO, and reference Zircaloy-4
acting as controls were irradiated for up to four cycles and rod average burnups up to 71 GWD/MTU
in the BR-3 test reactor in Mol, Belgium from 1976 through 1985. Fuel rod design parameters and
the irradiation histories have been described previously.1
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Figure 6 Arrhenlus plots of the post transition corrosion rate for the
alloys and Zlrcaloy-4

The rods had very high enrichments (up to 8.5%), and operated at very high linear power levels up
to 591 w/cm peak pellet to enable them to achieve the high average burnups. Fuel rods clad with

the alloys and Zircaloy-4 were irradiated initially in two test assemblies in Cycle 3B. At the end of
the cycle, the Zr-0.5Nb rods were permanently discharged on the basis of adverse corrosion data
from autoclave tests. Two rods of each of the other alloys were sent to the SCK/CEN* hot cells for
post-irradiation examination. The remaining one-cycle rods were reconstituted in a new assembly,
6G6, and irradiated in Cycles 4A and 4B. Most of the rods in 6G6 were permanently discharged at
the end of Cycle 4B, but four of the rods were irradiated further in Cycle 4D1 in a reconstituted

assembly at low power level. Table 1 summarizes the examples of linear power/burnup histories of
selected fuel rods in the program that were measured for waterside corrosion in the hot cells.
VISUAL EXAMINATIONS

The 1-cycle rods from Cycle 3B showed uniform black cladding surfaces, virtually free of crud.
However, the 3-cycle rods discharged after Cycle 4B showed very heavy, loose crud deposits
when removed from assembly 6G6; the maximum thickness of the crud was estimated to be as
much as 760 Lim. Most of the crud was removed manually before the rods were transferred into
the hot cells, but the highest power (in Cycles 4A and 4B) rods of all cladding alloy types tended
to have partially spalled deposits of tenacious crud in the peak power zones.
BR-3 WATERSIDE CORROSION

Corrosion measurements on metallographic specimens and cladding hydrogen analyses were
performed on selected 1-cycle fuel rods. The waterside corrosion levels were very low,
* Studiecentrum Voor Kemergie/Centre D'Etude De L'Energie Nucléaire, Mol, Belgium.

217-249

285-305

236-243

58-61

• At 100% core power

approximately 2 to 4-|im thick, and the hydrogen pickup for all samples was in the range 12 to
24 ppm. High-burnup corrosion and hydriding data were obtained from 3 and 4-cycle rods. At the
peak heat flux location near the center of the rod, the oxide thickness after three cycles varied from
18 to 27 Lim, with a circumferential average of 24 (im for a medium-power (Table 1) reference
Zircaloy-4 rod, and from 21 to 42 Lim on a high-power Zircaloy-4 rod.10 The latter sample
featured local deposits of tenacious and highly dense crud with occasional spalling oxide film. The
corrosion film was distinctly thicker underneath the crud, 38 Lim average and 42 Lim peak, than
in crud-free regions, 26 Lim average and 33 Lim peak. A low-power Zircaloy-4 rod showed oxide
thickness of 9 to 13 Lim and 11 Lim average at the peak power region after three cycles.
Corrosion films for a 3-cycle high power ZIRLO rod had measured thicknesses in the peak power
zone of between 11 and 23 Lim with an average of 14 Lim. The analogous corrosion thicknesses
for a low-power ZIRLO rod are about half as large, 5 to 12 Lim, 7 Lim average. Some of the ZIRLO
rods had tenacious crud at the peak power regions.
All of the 3-cycle and 4-cycle rods of the Zr-Nb alloys that were destructively examined by use of
metallography showed very low uniform waterside corrosion, but localized nodular waterside
corrosion of much greater thicknesses. The 3-cycle uniform corrosion of the binary niobium alloys
was typically 10 [im to 15 Lim thick; however, nodules as thick as 96 Lim were measured
metallographically. An example of nodular corrosion is shown in Fig. 7. The amount of cladding
surface affected by nodular corrosion of the Zr-Nb alloys was dependent on power level and
burnup, with an apparent threshold of approximately 55 GWD/MTU local burnup required before
nodular corrosion appeared. A relatively low-power, low-burnup Zr-2.5Nb rod showed incipient
nodular corrosion at its peak power location only, whereas, a high-power, high-burnup Zr-2.5Nb
rod showed extensive nodular corrosion over about 75 percent of its length after four cycles, with
nodules appearing even at relatively low-power axial locations. Both Zr-1 Nb and Zr-2.5Nb
showed similar nodular corrosion after three and four cycles; no nodules were observed on either
ZIRLO or Zircaloy-4 cladding.

A number of three-cycle and four-cycle rods were also measured for corrosion by the
nondestructive eddy current (EC) technique.11 Measurements after three cycles consisted of four

Figure 7. Exgmpls of nodular corrosion on hlgh-burnup
Zr-1Nb and Zr-2.5Nb fuel rods.

separate linear scans spaced 90° apart over the length of each rod. The corrosion data were
normalized to metallographic oxide measurements by correcting the EC data for a systematic bias
with the metallographic data. Separate corrections were made for Zircaioy-4, ZIRLO, and the
400

binary Zr-Nb alloys.
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900
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Fig. 8 shows comparisons of eddy current corrosion data for three-cycle rods of each cladding
type, matched for similar power/burnup histories. The EC curves in Fig. 8 are for low-power rods,
and show similar corrosion levels for ZIRLO and Zircaloy-4 cladding, with Zr-2.5Nb consistently
lower. The Zircaloy-4 peak corrosion level of 11.7 Jim is slightly higher than either ZIRLO or Zr2.5Nb. Incipient localized nodular corrosion was observed on the latter cladding, however. The
curves in Fig. 8b show the EC scans for high-power fuel rods. Both the ZIRLO and Zr-2.5Nb
uniform corrosion levels are lower than the comparable Zircaloy-4 corrosion, especially at the
peak power zones above and below the center spacer grid location; however, extensive nodular
corrosion occurred in the Zr-2.5Nb rod, not shown in the EC curve.

Hydrogen data for all of the alloys show that hydrogen pickup increases linearly with oxide
thickness, indicating a constant rate of hydrogen absorption from the corrosion reactions,
independent of alloy type. The average percent of theoretical hydrogen picked up by the various
BR-3 cladding alloys was approximately 11%, which is consistent with the data base12 for
Zircaloy-4. Note however, that since ZIRLO shows substantially lower corrosion than Zircaloy-4
for a given exposure, the absolute hydrogen level picked up by the cladding will also be
correspondingly reduced.
IRRADIATION GROWTH AND CREEP - BR-3

Fig. 9 summarizes the length increases measured for the BR-3 test rods with up to four cycles and
7.9 x 1025 n/m2 fast fluence (E>1 MeV) irradiation exposure. The Franklin13 growth correlation

Figure 8. Comparative axial distributions of waterside corrosion
(uniform) from normalized eddy current scans. The Zr - 2.5 Nb
exhibited nodular corrosion of much higher thicknesses (s 96 |im).

for Zircaloy-4 PWR fuel rods is also shown. All the growth data are slightly less than the Franklin
curve, with the Zircaloy-4 data the closest. The growth for the binary Zr-Nb alloys appears to be
consistently lower than Zircaloy-4, with the growth of ZIRLO the lowest, especially at high
exposures. The irradiation growth of the ZIRLO cladding was approximately 60 percent of
Zircaloy-4 growth after three cycles.
Cladding creepdown was measured in selected rods after discharge. The highest bumup test
rods showed diametral increases from fuel swelling in the peak-power zones, and residual

cladding creepdown only in the low-power zones at the top and bottom of the rods. The 1 -cycle
diametral changes were not affected by fuel swelling and, therefore, are the most relevant to study
for cladding creep. Fig. 10 shows the characteristic axial cladding creepdown patterns for the
highest burnup Zr-1 .ONb, ZIRLO and Zircaioy-4 rods in Cycle 3B. The creepdown for the binary
Zr-Nb alloys was greatest (Zr-1 .ONb and Zr-2.5Nb creep rates were similar), and ZIRLO the least,
with Zircaloy-4 intermediate. The data show that the cladding creepdown for ZIRLO was less than
one-half the amount measured for Zircaloy-4 after one cycle. The lower creepdown for ZIRLO

extended over nearly the entire length of the fuel rods, not just at the maximum value of diametral
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Figure 9 Fuel Rod Irradiation Growth for the BR 3 rods

change. ZIRLO cladding also showed significantly more diametral stability after 3 cycles, with
less creepdown at the top and bottom of the rods together with less cladding pushout in the center

region
SUMMARY OF BR-3 RESULTS

The BR-3 high power, high-burnup tests indicate that ZIRLO offers better fuel performance
charatenstics than reference Zircaloy-4 Both cladding creep and irradiation growth were lower
for ZIRLO. Waterside corrosion levels of ZIRLO were superior to Zircaloy 4, with greater benefits
with increasing power levels Zr-1 Nb and Zr-2 5Nb were similar in behavior and showed the
lowest uniform corrosion; however, these alloys became susceptible to nodular corrosion at high

burnup, and showed localized oxide thicknesses that were far above the levels for ZIRLO and
Zircaloy-4 Hydrogen pickup expressed as percent of theoretical was similar for all of the alloys

These results from the BR-3 irradiation test indicated that ZIRLO is the most promising alloy for
very high-burnup application

evaluation studies, since plant operation provided an aggressive corrosion environment, utilizing
18-month fuel cycles, a core upratmg of 5 percent, and a high coolant temperature
The demonstration program consisted of two fuel assemblies, each containing a number of ZIRLO
rods For comparative purposes, each assembly also contained both conventional Zircaloy-4 rods
and improved Zircaloy 4 rods Improved Zircaloy-4 is similar to conventional Zircaloy-4, except
alloy chemistry is more carefully controlled, and clad processing parameters have been adjusted
to achieve an optimized microstructure for improved corrosion resistance in a PWR
environment14 In the first cycle of operation these assemblies achieved an average assembly
bumup of 21 2 GWD/MTU, with a lead rod average burnup of 22 7 GWD/MTU at a cycle average
linear power of 7 1 kw/ft Nominal core design parameters and coolant conditions are listed in
Table 2
After the 1 cycle of operation, one of the two assemblies was removed from the reactor and
disassembled Sixteen rods were examined by video at poolside and showed no evidence of any
deterioration Oxide appearance was consistent with typical rod behavior, ranging from dark gray
in the lower gndspan to mottled oxide in the middle gndspan, and uniform light colored oxide in
the upper gndspan Eddy-current scans provided measurements of oxide thickness, and
confirmed that ZIRLO had the lowest corrosion, verifying the corrosion results previously obtained
in the BR-3 test reactor Fig 11 presents typical azimuthal traces of oxide thickness as a function
of rod axial position for the three alloy types, and shows that the ZIRLO oxide thickness is
approximately 60 percent that of conventional Zircaloy-4 The oxide film thickness on improved
Zircaloy-4 is approximately 85 percent that of conventional Zircaloy-4

COMMERCIAL PWR DEMONSTRATION PROGRAM

Based on the improved performance of ZIRLO in the BR-3 test reactor, a demonstration program
was initiated in June 1987 in Virginia Power Company's 17x17 three-loop North Anna Unit 1

reactor. This unit was considered an extremely desirable test facility for performing cladding

Additional measurements were taken for creep and growth on the ZIRLO rods and conventional
Zircaloy-4 rods Fig 12 and 13 summarize the results of those measurements, and show that the
ZIRLO rods have approximately 20 percent less creep, and 40 percent less growth, than the
Zircaloy-4 rods.

Creepdown
(microns)

Table 2
Nominal Core Design and Coolant Conditons
For Commercial Reactor Demonstration of ZIRIO
PuwneUf (at hot full power)

Pressure (MPa)

155

Core Power (MWt)

2893

Core Avg. kw/m

186

Core Inlet Temp (°C)

289

Core Avg TampfC)

310

Core Outlet Tamp, (°C)

3Z9
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Figure 12 Comparison of Creepdown for ZIRLO and Zlrcaloy-4 after
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Figure 11. Comparative eddy current traces from ZIRLO and Zircaloy-4
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Figure 13 Rod growth data for ZIRLO after 1-cycle irradiation in a
commercial PWR Comparison is with the Zlrcaloy-4 Growth Model and
with high burnup growth of ZIRLO In BR-3

being irradiated or will soon be irradiated in Sweden, Spain, and Korea. In the U.S., two
COMMERCIAL IMPLEMENTATION OF ZIRLO

The demonstration program in the North Anna Unit 1 reactor recently completed a second cycle
of irradiation; performance evaluation of a second fuel assembly containing ZIRLO rods is planned

demonstration programs and a full region of ZIRLO-clad fuel are planned for insertion in various

PWR's later in 1991.
SUMMARY

for late 1991. This fuel assembly achieved an average burnup of approximately 37 GWD/MTU.

A comprehensive investigative program was completed that focused on the development of an

The assemblies will be irradiated for a third cycle to an average burnup approaching 50 GWD/
MTU. Additional demonstration fuel assemblies containing ZIRLO fuel rods are either currently

advanced corrosion-resistant zirconium-based alloy capable of meeting the greater demands on
fuel cladding performance required by modern, high-duty PWR plants. The program focused on

the Zr-Nb alloy system, and a number of alloys were evaluated in autoclave tests. The role of the
microstructure was defined; optimum corrosion resistance is attained when the second phase is
present as fully precipitated, fine particles. Several alloys were processed to tubing and irradiation
tested as fuel rods in the BR-3 reactor. Data revealed that ZIRLO had significantly superior
corrosion resistance relative to Zircaloy-4, and that this benefit persisted to high burnups. In
contrast, the Zr-1 Nb and Zr-2.5Nb alloys displayed localized nodular formation after burnups in
excess of about 55 GWD/MTU. ZIRLO also displayed lower creep and growth then conventional
Zircaloy-4. A follow-up demonstration program in a high-duty commercial PWR plant has
completed 1 cycle of irradiation, and has verified the superior performance of ZIRLO. Additional
demonstration programs and a full region of ZIRLO-clad fuel are planned for insertion later in 1991.
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pectively mechanistic type of safety analysis in addition to the common probabilistic method. The improvements in manufacturing, materials technology and
design due to the Basic Safety Concept can clearly be demonstrated in advanced
style of pressure boundary components of the Konvoi plants and can be taken as
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Abstract
The realization of new safety and engineering concepts (e.g. Basic Safety

a

basis for further development.

In the following this technical basis is described with respect to material
processing, manufacturing of components and options for further development.
2. Optimization through Advanced Material Processing

Concept, leak before break, break preclusion) as well as economical reasons
intensify the optimization of reactor coolant components with respect to

A significant feature in the evolution of steels used for reactor pressure

reduction of weldments. This implies the application of advanced steel making

boundary components has been the increase in maximum ingot size for the forged

technologies, assuring accustomed quality and homogenous material properties

rings of each reactor pressure vessel (RPV). Using advanced steelmaking and

even in case of huge and complex forgings.

forging technologies the size has reached now 570 t.

To achieve the required component quality, it is necessary to use optimized
welding processes, e.g. narrow gap welding, TIG-orbital welding technique- For

piping systems progressive use of modern manufacturing techniques for the
production of fittings (inductive bending, cold bending, liquid bulge) assures

further improvement of structural integrity.
Recently a new fabrication technique has been introduced to the market which

With the intention towards a higher level of quality special metallurgical
steps were necessary to obtain the best toughness values and to prevent Atype segregations, particularly in the subsequent cladding zones

on the

internal surface of components in contact with the primary coolant.
As an example the steel production sequence and pouring of a 435 tonne ingot

should be considered in manufacturing components for advanced water-cooled

of 20MnMoNi 5 5 used for heavy components in Siemens/KWU-type NPPs is shown in

reactors: shape welding. Cost-benefit analyses of the production of parts by

Fig.

1 121.

shape welding show that this process is a viable alternative to forging, particularly for parts of intricate geometry. The largely unexploited automation,

To obtain the lowest analysis value, even for a <I35 tonne ingot, in terms of

development and innovation potential of this manufacturing process is a

Si and S, which particularly affect segregation, calcium treatment (CAB) to-

special challenge for future application.

gether with low Si contents was prescribed. Thus for the first time, special
desulphurization with the TN (Thyssen-Niederrhein) process was combined with
the low Si content, as produced by a VCD treatment, on a forging ingot of this

1. Introduction

size.

The optimization of nuclear power plant components and systems with respect to
design and material technology is an important prerequisite to guarantee their

The metallurgical process is illustrated schematically in Fig. 1, starting

structural integrity and reliability. In Germany this goal was achieved within

with desulphurization of the pig iron for the LD converter. After the stagge-

the so-called Basic Safety Concept which has become part of the German RSK-

red tapping sequence of the three 150 tonne heats, argon purging in the ladle

Guidelines for Pressurized Light Water Reactors (LWR) /!/. As a consequence,

is used to homogenize the temperature and steel analysis. During subsequent

failure of components or systems can be excluded through a deterministic res-

CAB treatment in the TN unit and vacuum degassifioation in the RH unit fine

E150

1. Tapping LD 2. Tapping LD

Oesulphurizalion
of pig Iron
Tapping
Electric furnace 150t l LD converter 1501
Argon purge

TN-unlt
(CAB treatment)

TNVacuumtreatment

Argon purge

Pouring
Bottom pouring
Total time 344 min
FIG 1 Steel production sequence and pourmg of a 435 tonne Ingot of 20 MnMoNi 5 5 steel
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FIG 2 Ladle and product analyses of 135 tonne shell flange ring made from a 435 tonne ingot
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adjustments to the chemical composition can be made. The 435 tonne ingot is
produced by the bottom pouring method and protected by a pouring shield.

decessive contribution of material technology to ensuring the workability of
the required base material. As an example VCD treatment (low Si content) is
chosen to obtain better segregation patterns in the component part. Fig. 5

Fig. 2 shows the analyses of the three separate heats and the calculated mixed

shows the effect upon the structural characteristics with regard to both

analysis alongside the required analysis according to KTA 3201.1 for
20 MnMoNi 5

5 steel. The expected homogeneity of chemical composition achie-

ISO V specimens, sampling depth T/2

ved by optimal use of the above processes is confirmed by individual analyses
of samples taken from areas on the forging characteristically prone to ingotrelated segregations.
The effect of such modern steelmaking techniques on toughness properties can

Absorbed energy in J

î

flange made from the a.m. 435 tonne ingot with Sieraens/KWU records for similar
1974 to date,

shows that the quality of the part represents the highest

level attainable

Transverse sample orientation
O Shell flange ring,

200-

be seen from Fig. 3: A comparison of the values gained with the RPV-shell
component parts, embracing all shell flanges produced from

250-

435 tonne ingot
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today and in addition fulfills all requirements proposed for application in

KWU statistics
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advanced LWRs.
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The evolution of using heavy forgings, first applied to the RPV was subse-
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quently extended to all reactor-coolant-system components as well as to
safety-related components of external systems: seamless forged elbows and
pipes with integrally forged nozzles for main coolant line, pump casing of
main coolant pump, steam generator (SG) primary channel head with integrally
forged nozzles, forged SG transition cone, main steam line penetration through
containment, valve bodies, etc.
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This concept, guided by steelmaking and forging technology has led to
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rication conditions, less non-destructive examination during fabrication and
after commissioning, accessiblity and ease of maintenance, reduction in time

S KWU statistics
Transverse sample
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required for non-destructive inservice inspection, localization of weldments
in low-stress areas)
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- high degree of homogeneity and improvement of cleanliness and by this a
high toughness level Fig. 4 (among others important precondition of
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preclusion concept for primary piping and for extended life of RPV conside-

FIG. 3 Results from notch bar impact tests on a shell flange ring made from a 435 tonne ingot
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improved the certainty of success for difficult welding situations.
FIG 5. VCD treatment — a contribution to workability.

3- Optimization through Advanced Manufacturing Techniques

3.1 Welding
The welding of thick-walled parts, as subject to stringent quality require-

Satisfaction of this requirement depends as much on optimization of the fabri-

ments, poses special problems which can be presented well with reference to

cation process as on materials selection. The welding procedures used in reac-

the example of reactor coolant system components in nuclear power plants. It

tor engineering are selected according to the following criteria.

is precisely in this area that the welding techniques used, like the materials

- Optimum manageability, i.e. lowest possible anticipated quota of defects

selected, are of extraordinary importance for ensuring

that the extremely

stringent safety standards required of nuclear facilities are complied with.
To achieve the required component quality, it is necessary to ensure that the
planned and proven optimum material properties are present not only in the

product form but also in the finished component.

- Minimum influence on the base metal
- Optimum weld metal properties, i.e. satisfaction of the design requirements

throughout the region of the welded joint
- Minimization of residual stresses, i.e. restriction of the risk of cracking
during welding, cooling, heat treatment and in service

Detail "Z

was approximately 650 mm. Considering only the anticipated residual stresses
caused by the welding process, it was clear that conventional welding techniques could not be used.
The decision was taken to use the narrow-gap submerged-arc welding process
because it lowers residual stresses by reducing the mass of deposited weld
metal, decreases the probability of defects, provides favorable conditions for

the shape and microstructure of the heat affected zone and, not least, has
economic advantages.

The controlled weld built-up significantly reduces the coarse grain portion in
the HAZ producing uniform material properties within the weldment for base

material, HAZ and weld metal, Fig. 7-

Advantages:

Weld metal applied

• Welding volume
- quantity of filler metals
- weld residua! stresses
-welding time
• Uniform HAZ
-optimum recrystalization
-toughness

Narrow gap: DU : U
1
: 1.6 : 2.9

This success and economic considerations have in the meantime led to a prefe-

rence for the application of this welding procedure in heavy vessel construction even for smaller thicknesses (down to approximately 10 mm); however for

this purpose the procedure is enhanced by welding only two beads per pass.
Thus a prooved welding procedure is on hand to fulfill all requirements being

FIG. 6. RPV closure head weld, comparative evaluation of narrow-gap weld and double
U-weld or U-weld.

under discussion for the fabrication of primary components for advanced LWR.
3-2 Manufacturing of Fittings for Auxiliary Piping
During design- and construction of German Konvoi plants great efforts were

- Experience with respect to possible defect patterns, defect detectability
and repair

taken to standardize piping components envolving new modern manufacturing

techniques /t/. As precondition for this development the following basic

- Optimum welding equipment

requirements were defined:

- Economic deposition rate.

- accustomed or even better quality
- equal or even shorter delivery time

Materials and welding engineers in particular were placed under great pressure

- increased economic advantages.

by the problems associated with the construction of a pressure vessel for the
Atucha II pressurized heavy-water reactor plant. The weld between the closure
head crown and closure head flange had to span the largest size of weld ever

(1) Pipe bends
To avoid circumferential welds in safety related systems and to reduce

used /3/.
Fig. 6 gives an impression of the sizes concerned. The two items shown - the

time for erection on site, seamless pipe bends made by inductive or cold

closure head flange and the closure head dome (each fabricated from

case of these modern 1300 MW plants about 22 000 bends are used in compa-

570 t

respectively 500 t ingots) - were to be welded together. The thickness of weld

bending were increasingly introduced for Siemens/KWU Konvoi plants. In
rison to not more than about 6 000 conventional manufactured elbows.

Among these, the application of cold formed bends is the most important

oo

with respect to the total number. For Konvoi plants cold formed bends have
been qualified up to DN 150. Within the diamater range of DN 80 through
DN 150 the smallest bending radii vary between R/Da = 3 to 3.5 thus
ai
&

- guaranteing a max. permissible out-of-roundness of £ 5%

cr
CD

a

- not exceeding 15% for degree of cold deformation.
The dimension range beyond DN 150 upwards is covered by inductive bends
which have been qualified for austenitic and ferritic materials.

a

(2) Tees
A very advanced manufacturing process for the T-branches was introduced,
Tl

the so called liquid-bulge process: T-branches are cold formed from a

O

seamless pipe in a special die, applying hydrostatical internal pressure
T3

while simultaneously pressing the initial pipe into the die.

I

Advantages of this kind of product form are

CD"

O.

- dimensions of initial pipe are the same as for straight pipe
- usage factor of permissible stresses is not more than 70% in

31

t

o

comparison to a welded T-branch
- lower peak-stresses in the nozzle to pipe area
- non-destructive examination without restrictions possible.
T3

Taking into account todays upper limit for the capablity of manufacturing
T-branches ace. to this process of about DN 400, all austenitic fittings
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CD
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o 3
o 3
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for a PWR ace. to Siemens design are covered.

m

(3) Cold die-formed elbows
The manufacturing process for fabrication of cold die-formed elbows

^

^ (a

w S

is

characterized by
- pressing a trapezoidal shaped pipe into a die

- use of initial pipes with same dimensions as needed for straight pipes

O

- possibility to produce elbows with straight prolonged ends

tT
•<

- small degree of cold deformation (about 10%)

2

S
i§l i

' i*

a ?
« I«
o>

fU

This manufacturing process can be said to be a favorable alternative to
welded or Hamburg-type elbows.

^ O

O> O

4. Option for Further Development: Shape Welding

b) Vertical rotating method (Fig.8). In this case the item rotates about its

Recently a new manufacturing technique was introduced to the market after more

vertical axis, one or more welding heads arranged on the circumference

than ten years of development work- shape welding, or manufacturing of parts

moving in the radial direction only.

by weld metal deposition. Cost-benefit analysis of the production of parts by

this process show that it could be a viable alternative to forging particular-

ly for parts of intricate geometry /5/.

c) Freestyle method. By using a tilting turntable to carry the item and a

robot as a manipulator for the welding head the process can be conveniently
adapted to produce items of any geometry.

4.1 Manufacturing process

Generally speaking the following are candidate variations on the production

d) Nozzle shape welding (rider, Fig.8). This can be done by adapting the

process.

vertical turning method

a) Horizontal rolling method (Fig.8). In this case the it-ra is rotated about

vertical and the welding head rotates around the nozzle axis - centred on

its axis which is held horizontal, the welding heads - arranged in tandem -

the item is held stationary with the nozzle axis

the nozzle opening.

advance slowly in the axial direction.
The simpler the geometry of the item, the greater the metal deposition rate
must be for the application to be economically viable, for this reason only

submerged arc welding (using wire or strip) is of economic interest. Converse-

Method

Advantage

Horizontal rolling

wr-"w
P' ~~"T

Disadvantage

• Several welding heads can • Need for backing core
be used
• No Interruption on failure
of a welding head

Application
• Shafts, large shell courses,
flanges

ly for items of very complex geometries the metal deposition rate is not the

decisive factor, in this case it would be possible to employ welding processes

with lower metal deposition rate, e.g. GMAW or pulsed-arc GTAW.
At Siemens/KWU, for demonstrating the capabilities of shape welding a pipe
elbow for the main coolant line in a 1300 MW nuclear power plant was chosen,
Fig.

Vertical rotating

/ __ ^
i

\

C_J>

• Item must be moved to • Head crowns, pipe elbows
• Any rotatlonally
conform with contour
valve bodies
symmetrical shape
• Several welding heads can • Number of welding heads
be used
Is restricted for small
• Can operate with stationary diameters
welding head
• Layer-dedicated heads can
be used (e g simultaneous

welding wire of type S3Ni^o 1 together with an agglomerated basic flouride
flux OP 122 (Oerlikon). The corresponding weld metal 10MnMoNi 5 5 has already
been qualified whithin previous research work /6/ and in the meantime is

involved in the

1990 edition of the German KTA 3201.1 Code.

fabrication of structural

wall and cladding)
• Small diameters possible

Rider

9. This prototype was made by the vertical rotating method, using a

• Transportable equipment

4.2 Main advantages

Based on our todays knowledge on the state-of-the-art of this technology, the
• Limited welding capacity • Build-up of nozzles
on component

main advantages can be summarized as follows
(1) High yield
Largest parts manufactured today have a total weight after final machining

of up to 400 t, which is approximately 80% of the unmachined weight.
As a comparison
OJ

FIG 8 Shape welding process variants

the closure head flange and the shell flange of the

Atucha 2 reactor pressure vessel are among the largest forgings which have

ever been made M,5/. Their ingots each weighed 570 t. After discarding
top and bottom, punching out the heavily segregated core, hot working
(scale removal), and several machining operations, the net weight (ready for
cladding) of the closure head flange was approx. 161 t; the yield was thus
of the order of 28 %.
(2) Manufacturing time, cost-level and necessary investment.
Fig.10 shows a comparison of manufacturing sequence of both processes, the
conventional forging and the shape welding. It can be seen that there is
no need for expensive steel making and forging equipment as well as for
heat treatment devices. Fabrication time and specific costs of course
depend on the deposition rate of weld metal. This deposition rate is
determined by the welding process, the output of the welding head and the
number of welding heads in operation. By this it is obvious, that
- Shape-welding can hardly be seen as a serious alternative to forging for
manufacture of parts having simple geometries. The material costs alone
(wire and flux) constitute a considerable portion of the price per unit
weight of - for instance - rotors.
- Advantages of shape-welding become apparent as complexity increases.
The a.m. main coolant line elbow, complying dimensionally and metallurgically with the specifications could be manufactured in a relatively
short time (2-3 months) compared with the delivery time of the corresponding forged elbow (6 months).
(3) Material properties
Shape welding materials are largely Isotropie and homogeneous throughout
the cross section.This can be demonstrated by Fig.11 which shows toughness-temperature curves as a function of specimen orientation and weld
FIG. 9 Shape welding: fabrication of half toroid using the vertical rotating method

metal deposition rate. Within the whole temperature range which is covered
during NPP operation including upset or accident conditions, the material
shows upper-shelf behavior.

Specimen orientation,
transverse: 'Q °
longitudinal: L &
normal:
S•

Oxygen furnace

Continuous casting machine

Weld metal
deposition rate

A V (J)
200 H

Billet mill

Wire rod &
bar mill

Wire

20 kg/h

Welding
flux

Machining for
quenching and
tempering

100-

f
Final product
35% of

Final machining

starting material

Final product
80% of
starting material

FIG. 10. Manufacturing process by forging (left) and shape welding (right).
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FIG. 11. Shape welding: reactor coolant pipe elbow: effect of welding conditions (and specimen orientation) on toughness.

- high manufacturing mobility offers the possibility for extensive onsite welding

- adaptation of non-destructive examination concept during fabrication and

Cl) Development and innovation potential
The current state-of-the-art offers an interesting outlook on a largely

during in-service inspection to the process specific occurrence of pos-

unexploited development and innovation potential:

sible defects: The amount of testing during fabrication can be reduced

- further automation of process using robots as manipulators for complex-

to search for typical defects in weld-metal (pores, hot-cracking within
one weld bead) whereas the state-of-the-art concept is more directed to

shaped parts

- introduction of austenitic cladding within a one-step-procedure, either
by using a roll-bonded clad plate as backing shell

or by introducing a

base metal heat affected zone defects which are not present in shape
welded parts. As a consequence, in-service inspection could be strictly

special intermediate weld deposit layer in-between austenitic weld metal

limited to "highly-stressed" areas within the components, manufactured

and ferritic weld metal

by shape welding.

("Cardo-technique")

5- Conclusions

It could be shown that modern nuclear power plants (Siemens Konvoi design)

EXPERIENCE WITH NUCLEAR POWER PLANT
STRUCTURAL SAFETY RESEARCH IN FINLAND

have reached a state of the art in manufacturing and processing materials and
components which is a solid basis for next generation of LWRs. Experience has
shown, that by consequent use of advanced techniques the margin for structural

integrity of components and systems could be further Increased without momentous increase of amount of costs for safety relevant systems. The benefit was
the introduction of new safety and engineering concepts (e.g. Basic Safety,
Basic Safety Concept, break preclusion of piping). Further developments (e.g.
shape welding) depend first of all on the situation on the market, and on

R. RINTAMAA, P. AALTONEN,
K. WALLIN, P. KAUPPINEN
Metals Laboratory
M. VALO
Reactor Laboratory

Technical Research Centre of Finland,
Espoo, Finland

their potential to cost-effective innovations.
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1 INTRODUCTION

Safety and integrity assessment of heavy section steel components like reactor pressure vessels
is commonly based on the application of fracture mechanics. The analyses are performed by
calculating an appropriate fracture mechanics parameter for a postulated or detected flaw in a
component The calculated parameter value is then compared to the material property value. If
the calculated value is less than the value of the corresponding material parameter, safety is
assured. In the analysis, due consideration shall be given to possible stable crack growth and
materials degradation during further operation of the vessel.
To improve the accuracy and the validity of experimental and computational fracture assessment
methods, a Nordic research programme has been carried out during the years 1985-1989. The
aim of the programme was to clarify how catastrophic failure can be prevented in pressure

vessels and piping systems by developing the necessary elastic-plastic fracture mechanics
analyses and by providing appropriate experimental data for their validation. The investigations
related to material degradation and its mechanisms have been carried out over the last 20 years
for both Western and Soviet type reactor pressure vessel materials. Since the beginning of the
year 1990 all the research projects were organized into one research programme entitled
"Nuclear Power Plant Structural Integrity".

This presentation is to overview shortly the research activities on the areas of fracture mechanics, material characterization and material degradation.
2 FRACTURE MECHANICS

2.1 Reliability of fracture mechanical computation and material characterization
The reliability of fracture mechanical computation and materials characterization was validated
by two round robin programmes (Wallin, 1987,1990) on the fracture mechanics testing and one
round robin programme (Talja, 1989) on the elastic-plastic finite element calculation. The work
was a part of the Nordic Research Programme (Rintamaa et al., 1989).
b)

In the experimental round robin programme, fracture resistance curves for two different

iso

materials were determined by seven testing laboratories from Denmark, Norway, Sweden and
Finland. The first material was ferritic steel taken from the decommissioned reactor pressure
vessel of a oil refinery plant that had been used for the full-scale pressure vessel tests. The
second material was an aluminum alloy.
Results indicated that test performance can cause very considerable errors in J-R-curves

determined by using standard procedures. The most probable causes for the errors are friction
effects between the pins and specimen. The errors are pronounced for the material with a high
toughness. The errors are present, not only in single specimen methods, but also in multiple
specimen results (Fig. 1).

One laboratory from each Nordic Country, Denmark, Norway, Sweden and Finland participated
in the computational round robin. In this programme fracture mechanics parameters from one
of the experimental round robin test specimens were calculated numerically and then compared
to the experimental results.

There was little difference in the computational results of the four laboratories.The scatter of the
results of the Nordic FE-round robin was much smaller than in the round robin arranged by the
European Group on fracture. There was also good agreement between experimental results,
values calculated using two-dimensional plane strain analysis and results from three-dimensional
calculations.
2.2 Development of fracture analyses methods
Safety analyses of structures are based on the use of computational fracture assessment methods.
In the design phase computer programs for rapid assessments and parametric studies are

Aa (mm)

Fig. 1.

Multiple specimen presentation of round-robin results a) steel, b) aluminium
(Wallin 1987, 1990).

required. These programs can also be used in locating critical areas in the structure and
identifying critical loading conditions. In the evaluation of actual flaw findings and postulated
flaws more sophisticated analysis methods should be applied to determine the real safety
margin.

For engineering analysis purposes several fracture assessment programs have been developed at
VTT in Nuclear Engineering Laboratory. They can be used as computerized fracture mechanical
handbooks or together with the FE-method for more refined analyses. One important application
field is sensitivity studies. The description of this expert system is presented in Fig. 2.

influence functions, which are stored in the program as a structural geometry case library.
Presently the library contains several 2D-and 3D-cases including e.g. semi-elliptical surface
crack in plate, pipe or pressure vessel. New influence functions can be developed using only the
stress intensity factor solution for one load case for the structure.

Engineering fracture assessment

The VTTR6-program is used for assessing the fracture behaviour and the failure load of a
flawed structure. The program is based on the R6-method developed by the Central Electricity
Generating Board (CEGB). The structural cases considered in the program consist of geometries
relevant in the fracture assessment of heavy section steel components. The VTTR6-program is
suited for rapid assessments as well as more refined analyses when used together with the FEmethod.

The VTTSEF-program calculates fracture parameters for flawed structures under arbitrary
loadings and also performs fatigue crack growth analysis. It is based on the use of approximate

UNIQUE
LOAD

CRITICALITY OF A
^CRACKED STRUCTURE^

Refined fracture assessment

The ACR-program generates (Mikkola. et.al.,1989) automatically 3D FE-meshes of structures
containing a part through crack. Several structure-crack configurations are considered which are
typical in safety analyses of nuclear power plants such as circumferential or axial, inner or outer
surface crack in pipe, pipe bend or cladded pressure vessel. Several crack forms are available
including the standard semi-elliptical surface crack.

ASSESS CRACK
GROWTH IN LEFM
REGIME

(NO CAPABILITY)

The VTTVIRT-program calculates fracture parameter values from FE-results using the virtual
crack extension method. The program can treat static and dynamic, mechanical as well as
thermal loads. With the ACR- and VTTVIRT-programs new structural geometry cases are
effectively created for the VTTSIF-program.

(VTTVIRT

The IWM-CRACK-program is a subroutine package which is used together with the ADINAprogram. It is used for stable crack growth analyses and for calculating the fracture mechanical
parameter for creep. The program has been developed at the Fraunhofer-Institut für Werkstoffmechanik (IWM), Freiburg, FRO.
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calculate stress intensity factors using the weigth function method
calculate J-integral using the virtual crack growth method

Fig. 2. Fracture mechanics expert system MASI available for structural integrity assessment at Nuclear Engineering Laboratory.

The FE-analyses can be performed with FE-programs developed at Nuclear Engineering
Laboratory or with general purpose commercial programs like ADINA, ABAQUS or NASTRAN.

3 MATERIAL DEGRADATION
3.1 Irradiation damage

Within the IAEA phase 3 research program the Japanese reference material IRQ in the asreceived condition has undergone extensive fracture toughness tests. The properties measured at
different temperatures include Charpy-V notch and instrumented precracked Charpy data, and
elastic-plastic fracture toughness (J) in the whole ductile/brittle transition range both for static
as well as dynamic tests. The specimen size and geometry have been varied in the tests.
Correlation between different fracture properties have been evaluated and explained (Wallin et
al., 1989).

Based on the studies the following was found:

difference in the inclusion distribution was found. The fraction of large (larger than 5 u,m)

inclusions is noticeable greater in the A533B steel. It was also found that mainly the large
Large specimens yield much lower fracture toughness values than small surveillance size
specimens in the transition region, but this size effect has the magnitude forecasted by
the WST-model.
Large specimens yield approximately identical J-R-curves as small surveillance size

inclusions were highly elongated, and that in the CrMoV steel these MnS-inclusions were almost
non-existent The MnS-inclusions in the CrMoV-steel were also analyzed to be mixed with

oxides. This difference in inclusion type, morphology and distribution is thought to cause the

specimens when modified J is applied.
Loading speed does not effect the shape of the toughness transition curve, but only shifts

the curve to higher temperatures.

A533B CI 1 ( J R Q )
PCVN

Tests of irradiated JRQ and JFL specimens have been almost completed and the analyses work
has been started. The results of the instrumented impact test (Rintamaa et al., 1991) indicate that
the transition temperature shift of the IRQ material is much higher than that for the JEL material

No SC

as expected also on the basis of the intrinsic impurity contents of the materials.

Unirradiated

,'

/

Tests with the French forging material FFA in the unirradiated and irradiated conditions has

o O

,, --

o

been largely completed. The preliminary results indicated a transition temperature shift of 90 °C
in Kc or of 41 °C in Charpy V 42 J energy level after irradiation to 2.4-10" I/cm2 (E > 1 MeV)
at 265 °C with approximate flux of 2.5-10" l/cm2s (E > 1 MeV).
3.2 Environmentally assisted cracking
-SO

Corrosion fatigue and stress corrosion cracking of pressure vessel steels

50

100

TEMPERATURE l°C|

In environment sensitive cracking research of reactor pressure vessel steels (Aho-Mantila et al.,
1988), both corrosion fatigue testing and SCC-testing especially using the SSRT-method have
been carried out. The enhancement of crack growth caused by environment has been determined
mechanistically by studying the effects of MnS-inclusions of the steels and the effects of
hydrogen. In SCC tests bulk water chemistry as well as simulated crack tip water chemistry, the
environment containing MnS addition, has been used.

———————|————
A 5 3 3 B CI l (JFL1
PCVN
No SG

--0-

The objective of the corrosion fatigue or cyclic crack growth rate studies of reactor pressure
vessel steels has been twofold. First there has been a need to generate basic crack growth data
for the specific materials used in the Finnish nuclear power plants, that is A533B and A508 C1.2
for the TVO plants as well as CrMoV steel for the IVO plants. Secondly, a proper understan-

ding of the basic mechanism of the corrosion fatigue is needed for predicting the crack growth
caused by real reactor transients. Additionally, as the experimental techniques are rather
complicated their accuracy has been checked by participating in the International Cyclic Crack
Growth Rate Group (ICCGR) round robin excersises.

The comparison of the cyclic crack growth rate properties of A533B and CrMoV reactor
pressure vessel steels in simulated PWR conditions revealed a considerable difference. A rather
pronounced environmental influence was found in A533B, whereas only a minor effect was seen
in CrMoV steel (Fig. 4). The cyclic crack growth rates are connected to the sulphur contents of
the test materials, and therefore sulphur prints and MnS-inclusion analyses were performed on
l/l

the test materials. The studied heats contained 0.012 - 0.014 % of sulphur, but a marked

Unirradiated
Irradiated

TEMPERATURE (°C)

Kg. 3.

The effect of the neutron irradiation on the fracture toughness parameters (Jid).
Precracked Charpy (PCVN) specimens were taken from the JRQ-plate and JFL
plate of a A533B Cl.l steel of the IAEA surveillance programme. The fluence
was 1.5 and 1.9 x 1019 n/cm2 (E > 1 MeV), respectively.
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A schematic illustration of a model for hydrogen-induced cracking mechanism of
environment sensitive cracking of pressure vessel steel (Hänninen et ai., 1983).
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Influence of MnS inclusion morphology and distribution on cyclic crack propagation rates at 288 °C in A533B and CrMoV steels having the same sulphur level
(Hänninen et al-, 1983).

TGSCC was observed. In VTT's study cracking was also observed below the critical potential
(-200 mVSHE) proposed for low alloy steels. In these cases the corrosion potential decreased
during the test from higher value. These results indicate clearly that corrosion potential is the
critical parameter for SCC susceptibility. As a part of a new ICCGR round robin, the SSRT
tests of the same pressure vessel steel will be performed both under oxygen and external
potential control in the interesting potential range near -200 mVSHE.
Stress corrosion cracking of austeniric stainless steels

The susceptibility of A508 C1.3 pressure vessel steel to stress corrosion cracking has been
studied in simulated BWR-environments with different oxygen levels using a slow strain rate
technique. This work was part of an international round robin on slow strain rate testing
arranged by the International Cyclic Crack Growth Rate Group.

The most general failure mode of austenitic stainless steels is intergranular stress corrosion
cracking (IGSCC) in BWR environments. On the material side, the low temperature sensitization
(LTS) studies, metallurgical characterization of the welded joints, study of the electrochemical
properties of the grain boundaries as well as studies on lattice defects, phase transformations and
cracks caused by hydrogen charging have been connected to the IGSCC of sensitized and cold
worked austenitic stainless steels. IGSCC research has promoted the development of electrochemical corrosion testing methods (e.g. EPR, electrochemical potentiokinetic reactivation test)
and potential control methods for SCC testing in high temperature and high pressure conditions.

A summary of the round robin test results has been presentated by Cowen et al. (1986) (Fig. 6).
The results show that steel A508 C1.3 is susceptible to transgranular stress corrosion cracking
(TGSCC) in high purity water containing oxygen at 288 °C. Generally, below 50 ppb O2 no

The first necessary condition for IGSCC to occur is the sensitization of the pipe material. The
sensitization that occurs upon welding is localized in a narrow region adjacent to the weld (heat
affected zone, HAZ). In VTT's study the material (AISI 304 steel) were heat treated after

different behaviour of these steels (Torrönen et al., 1984). Based on the fractography observations, on the role of inclusions as well as on detailed oxide layer studies a hydrogen assisted
cracking mechanism has been proposed (Fig. 5).

Table 1. SCC-test results of LTS specimens (Aaltonen, 1986).
R<- - RNL
RN - RNL

LOW FLOW RESULTS
HIGH FLOW RESULTS

Welded

Test

potentials

Welded + Welded + Welded +
69 days/ 460 days/ 650 days/
400 °C
400 °C
400 °C

Welded +
days/
1500
400 °C
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0
-200
-250
-300
-400
-600

NT6
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P
P
F
P
P
P

F
F
F
P
P
P

F
F
F
P
P
P

F
F
F
P
p
P

F
P
P
P
P
P

F = intergranular cracks
P = no cracks

martensite being about 30 %. Cracking in this case was mixed intergranular and transgranular.
In BWR plants cracking seems to generally initiate transgranularly from the highly cold-worked

surface of the cold deformed elbows and inside the tube wall the crack path is intergranular
when the amount of cold work is smaller.
10-8
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SSRT round robin results: average SCC velocity as a function of electrochemical
potential. The results obtained at the Technical Research Centre of Finland have
been marked with VTT (Klemetti et al., 1986).

welding at temperatures 350,400 and 500 "C. The annealing time varied up to 1500
type carbide nuclei precipitated during welding in the HAZ of AISI 304 steel.

days. M23C6

Low temperature sensitized specimens of AISI 304 steel were also investigated in BWR
environment at 280 °C. U-bend specimens heat treated at 400 °C for different times were tested
under external potential control in order to measure the critical IGSCC potentials for various
values of DOS. The specimens showed cracks/failed after three months' exposure time, if the
electrochemical potential was equal to or higher than -250 mVSHE, Table 1. Intergranular
cracking occurred almost independently of the DOS of the specimens. The critical DOS below
which SCC does not happen seems to be very low (Aaltonen, 1986).
Effect of cold work on SCC susceptibility of austenitic stainless steels was studied in BWR
conditions by using U-bend specimens of predeformed materials of different stability against
martensitic transformation. It was observed that martensitic transformation was a necessary
condition for cracking to occur in a short term test (3 months); the critical amount of «'-

Since the environment in nuclear power plants has an influence on the degradation of materials
through corrosion, it is necessary to use and develop water chemistry monitoring systems.
Successful water chemistry control requires both regular and continuous monitoring of such
parameters as dissolved oxygen content, pH, conductivity and impurity contents (Aaltonen and
Aho-Mantua, 1987). Conventionally the monitoring is carried out at low pressures and temperatures which, however, has some shortcomings.
Technical Research Centre of Finland (VTT)
and Imatra Power Company (IVO) have jointly
developed the on-line monitoring system for the power plant water chemistry monitoring under
actual operating conditions, without pressure reduction or cooling of the sample flow. These
flow-through measurement cells with sensors have been in operation in the OECD Halden
reactor since March 1987, and in Loviisa PWR plants since June 1988. At the end of 1989
monitoring of the water chemistry parameters in HDR-test reactor in Federal Republic of
Germany was started and was completed at the beginning of 1991.

The on-line water chemistry monitoring system has proven to give reliable and useful information over a very long measurement periods. The results obtained in PWR environments are used
to study the differences in the water chemistry conditions during the steady state operation and
transients like shutdowns. The water chemistry has shown to be important in order to control the

activity buildup, especially during the chemical changes in the primary circuit water. In BWR
environments the continuous monitoring of the redox potential and the conductivity of the
coolant are important to avoid the stress corrosion incidents of sensitized materials.

-t*
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Material testing in simulated reactor environments is necessary for further improvement of
nuclear materials. Simulation of reactor environments can be difficult, especially when tests are
carried out in small scale laboratory test loops where the coolant volume to the internal metal
surface area ratio is different from that in real power reactors. In order to be able to simulate the
reactor conditions, the local water chemistry conditions in specific locations of the reactor

should be estimated or experimentally measured. Based on these parameters the simulation can
be carried out.
Testing facilities for material degradation investigation
The main objective of our materials testing has been the autoclave testing in nuclear power plant
simulating conditions to produce reliable materials data for safety analyses. Corrosion and stress
corrosion cracking testing of low alloy and carbon steels (including weldments and HAZ) as
well as stainless steels are continuously performed both in PWR- and BWR-environments. As
an example a new slowly rising load fracture mechanical testing method has recently been
developed to determine the threshold values for stress corrosion cracking and safe values for
fracture toughness in real reactor environments for reactor pressure vessel and stainless steels.
For surveillance testing VTT has a hot laboratory where impact and fracture mechanical testing
of active materials can be performed. A reconstitution welding technique has been developed,

constructed and employed for increasing the productivity. A spark erosion equipment has
recently been installed for machining active specimens from highly active materials inside the
hot cell. In addition, a simulated reactor water circulation loop has been completed recently for
materials testing of active specimens in real environments. Later also a gamma source will be
installed into this test system for simulated reactor internal testing.

Materials
testing

Corrosion

Testing and analysis capabilities at VIT has been described in details elsewhere (Rintamaa et
al., 1990).

fatigue

autoclave
Servohydraulic
cylinder

4 NONDESTRUCTIVE TESTING

The reliability of nondestructive testing methods used in the inservice inspections of nuclear
power plants has been studied in two research projects.

Fig. 7. A schematic of the autoclave facilities at VTT.

In the PISC 3 -programme organized by CSNI/OECD the reliability of different ultrasonic and
eddy current techniques will be evaluated. In the sub-project "Nozzles and dissimilar welds" two
test samples of the international round robin exercise have been tested in Finland in 1988 and

The inspections have been made by magnetic particle and liquid penetrant methods. The
inspection procedures, techniques and inspection equipment as well as the chemicals used in

1990.

exercise all indications reported by the teams have been carefully analyzed by using different
surface inspection techniques e.g. potential drop, eddy current, magnetic particle, liquid
penetrant and visual techniques. Destructive analysis has not been carried out.

In the NORDTEST NDT-programme (1984 -1989) the detection of flaws by surface inspection
methods has been studied. In the round-robin exercise 133 test pieces(67 of ferrioc steel, 33 of
austenitic steel and 33 of aluminum) have been inspected by 31 companies in participating
countries (Denmark, Finland, Norway and Sweden). In average every test piece has been

inspected by 15 different teams.

testing have been recorded for subsequent performance evaluations. After the round-robin

The evaluation of results reported by the teams clearly shows that the reliability of surface
inspection methods is poor. When all types of surface flaws have to be detected the best results
have been achieved by using colored liquid pénétrants. Shallow linear defects are reliably

revealed by magnetic particle testing with AC-magnetization. The surface roughness very
strongly affects the reliability of inspection especially when fluorescent chemicals are used. The
probabilities of detection of certified inspectors for small defects were in this study approximately 50 % higher than those of non certified inspectors.

in structures. The approaches of the project are extension of fracture assessment capabilities,
collection of the programs for fracture analyses to an expert system, and verification of the
reliability of the analyses by test calculations and simulating experiments.

5.3 Nondestructive methods and procedures for nuclear structures and components
5

NUCLEAR POWER PLANT STRUCTURAL INTEGRITY (RATU) -RESEARCH
PROGRAMME

This five-year research programme (1990 -1994) consists of several projects, most of which are
conducted in the Metals Laboratory. Other contributors are Reactor Laboratory, Nuclear
Engineering Laboratory, Laboratory of Electrical and Automation Engineering, Metallurgical
Laboratory and Helsinki University.
The research programme is directed by Rauno Rintamaa, Metals Laboratory. The total volume
of the programme in 1991 will be 18 man-years and funding 12 MFIM, out of which 5.7 MFM
by the Ministry of Trade and Industry (KTM) and 5.5 MFIM by the Technical Research Centre
of Finland (VTT).

The objective is to develop and apply improved NDE-methods and procedures of higher precision and reliability for nuclear structures and components. Especially, flaws formed during
operation are studied for detection and precise sizing in nuclear conditions with different
ultrasonic, and eddy current techniques. Reliability of the NDE-methods is assessed in the
international PISC-programme (Programme for Inspection of Steel Components).
5.4 Technical service life-time of pressure vessels and pipings

The research programme is divided into subareas that are described briefly below.

The objective is to assess the methods and data developed in other projects for safe and reliable
assessment of reactor pressure vessel and piping integrity and to assess their technical life-times
based on full-size component tests (German HDR-programme and Soviet co-operation), load
monitoring, water chemistry monitoring, ageing of materials, new diagnostics methods (e.g., use
of the PRAISE-program), and assessment of corresponding laboratory data and full-size
component test data.

5.1 Properties of structural materials

5.5 Reliability assessment of maintenance in nuclear power plants

The major issue is focused on the material degradation during the plant operation. The detained
objectives are to be able to
model irradiation embrittlement and recovery during annealing for life-time analyses and
safety assessment of pressure vessel,
determine the effects of pressurized thermal shocks on reactor pressure vessel and piping
integrity and safe life,
develop measures for prevention of stress corrosion cracking,
determine crack growth rates in environment-sensitive cracking,
determine the effects of environment-sensitive cracking on component life-times,
determine the factors affecting rapid crack growth and arrest especially in pressurized
thermal shock situation,
correlate the experimental fracture toughness results and mechanistic models of cleavage
fracture and statistical fracture assessment,
optimize reactor pressure vessel surveillance programs and their analyses,
monitor the water chemistry during operation, and
make recommendations for repair of flaw containing components.

The work includes the use of statistical and reliability-centered methods for evaluation of ageing
and preventive maintenance of nuclear components by developing analysis methods for failure
and ageing data, statistical assessment for piping failures and their time-dependence and PSAevaluations, as well as management tools for plant life'evaluation/extension.
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cracking during fabrication when correct practices are
used.
Present paper gives the results of the development
of large sise forgings and its qualification to the
requirements of ASME B & PV code.

SOME EXPERIENCE WITH NUCLEAR MATERIALS
R.R.S. YADAV, V.K. MEHRA

Bhabha Atomic Research Centre,

Inconel-600 used in vessels

Trombay, Bombay,
India
Abstract
Large-size forgings of the SA508C13 steel, and its qualification to the
requirements of ASME B & PV code were studied.

When heated with low Ni and

high non-metallic inclusions, it resulted in large anisotropy and low impact
values. The importance of having clean steel is emphasized.
Accelerated corrosion tests on INCONEL-600 forgings with controlled
carbon show that the resistance of components that are composed of it is not
impaired when subjected to the stress relieving cycle.

The development of a special bimetallic weld joint, which avoids stress
relieving after butt-welding, is also discussed.

undergo heat treatments

during fabrication cycle. This may impair the corrosion
resistance of solution annealed forgings. The comparative
results of corrosion tests done on samples taken in
solution annealed and subjected to a simulated
heat
treatment condition are presented. The accelerated tests
done to qualify inconel forgings show that resistance of
inconel forgings is not impaired.
Paper also presents some results for development of a
special bimetallic weld joint. This joint obviates the

necessity of heat treatment required after butt welding of
low alloy steels. The joint is made by end buttering the
pieces and heat treating them separately.
nKVKI.OPMEHT Q£ LOW ALLOY STEEL FORGINGS
iL-1 General Review

SA508C13 steel is developed for fabrication of pressure
vessels. Continuing efforts have been put since 1960 to
develop a suitable steel that apart from having high
mechanical strength, has good toughness properties and

1.0 IHTROPOCTION

shows limited embrittlement under neutron fluence.

The high reliability of reactor pressure boundary
is
attributed to design, correct selection of
material,
fabrication process, inspection, testing techniques and

2.1.1

operating procedures etc. The choice of a material for
specific use is .based on its mechanical
properties,
corrosion

bahavxour,

in-service

environment

and

deterioration of properties during service.
Improvements
in material technology have been based on
experience
obtained either during fabrication or from service.
This paper discusses some
development
and qualification

experiences relating to
of SA508C13 steel
and

Inconel-600 for use on pressure boundary.Also presented are
some results of development of a special bi-metallic joint
that eliminates the need of stress relieving after buttwelding.

Requirement

Design

The structural integrity of the pressure boundary is
decisively controlled by the ductlity of material.
Design
codes like ASME, KTA, RCC-M and US Regulatory Guides
prescribe minimum requirements for the reactor pressure
vessel steel to qualitatively assure the fracture toughness
of the material under all conditions. These are :
Upper shelf energy
Impact energy at RTNDT
Impact energy at RTNDT+33K
Maximum ÜTS

100 J (min)
34 J (min)
41 J (avg of
3 specimens)

68 J (min)
71 kg/sq.mm

1LJLJÎ Chemical Control

The SA508C13 steel is used for pressure boundary for
its good fracture toughness and mechanical properties.
Limited embrittlement occurs due to neutron fluence.
Also
it is not susceptible to
problems like under
bead

Trace elements present in steel affect the toughness and
nil ductility transition temperature.
They also increase
the sensitivity of the steel to radiation embrittlement.

£^
K)

Low S and P are required for good toughness.
Cu, P in
presence of Nickel affect the sensitivity to radiation
emnbrittlement.
Cu, Sn, P, S and As promote liquidation
cracking whereas Cu, Sn, P, S, N and Mo are controlled to
avoid the stress relaxation embrittlement during welding.
Gaseous impurities such as H, N and O are limited to avoid
problems like hydrogen embrittlement and formation of
nitrides
and oxides.
Compositional limit for
trace
elements which promote HAZ cracking is given in Table-1
[1,2].
TABLE-1

Cu

As

Sn

AI

N

Liquidation
cracking
0.13 0.011 0.007 0.008 0.036

Mo

Co

-

overriding importance of avoiding the coarse grained HAZ
strucutre is obvious. The use of low heat input multilayer welding technique capable of producing a fine grained
microstructure in weld overlap region are to be used.
2*2 Development Of forainga

2.2.1
This section describes the results of some tests
done on a developmental forging made to SA508C13. As the
residual elements play a paramount role in deciding the
behaviour of steel subsequently, a strict control was

maintained in scrap selection. Heat of 40 tonnes was made
by mixing the melts from two electric arc furnaces. An
ingot of 34 tonnes was cast under vacuum stream degassing.
Two plates,
both 250 mm thick were forged. The forged
plates were subjected to antiflaking treatment at 650 C.The
chemical analysis of a sample from forging is given in
Table 3.
Table-3

Reheat
cracking

0.12 0.011 0.008 0.008 0.013

- 0.012 0.62 -

While there is a general agreement that the presence

of

impurity elements is deleterious, the problem of under bead
cracking appears to be a cumulative effect rather than that
of an individual element. Many studies have resulted in a
number
of
parametric
equations
to
evaluate
the
susceptibility of the steel to cracking. Some of these
relations are given in Table-2 [2].

Parameter

Equation

DG

Cr+3 . 3Mo+8 . 1V-2

PSR

Cr+Cu+2Mo+10V+7Nb+5Ti-2

Cr+3.3Mo+8.1V+10C-2

c
0.18

Si

Mn

P

(max)

Product Analysis

S
(max)

Cr
(max)

Mo

Ni

Al
(max)

Cu
(max)

0.2 1.47 0.01 0.011 0.17 0.46 0.47 0.04 0.06

V
(max)

Co
N
As
Sb
Sn
(max) (max) (max) (max) (max)

-Tr-

0.03 0.0125 0.016 0.004 0.008

JLJL_2 Heat Treatment.

TABLE-2

DG1

Whereas the control of impurities is very important to
alleviate the probability of under bead cracking, the

Susceptible
if
DG>=0

PSR>0

Valid
for
C<=0. 18, Cr<l
.5.

Plates were quenched and tempered as per the cycle given
in Fig-1. The severity of the quenching bath is increased
by addition of 5% brine and increased water circulation.
890 +/-10 C

C 0.1-0.25
Cr<1.5
Mo<0.2
Cu<0.1
V,Nb,Ti<0.15

7 hr

\
\ WQ
\

6S0+5/-0 C
/

3 hr

\ AC
\
Maximum rate of heating

DG1>2
Fig-1

30 K/hr

Quenching and Tempering Cycle

Table-4
UTS

Table—5

Mechanical Properties
YS

XElong

Impact
energy
(J)

»R.A

(kg/sq.rara)

Transverse
direction

Silicates

66.5

(thick !c thin)

0.5

l.B - 1.5
(thick)

-

1. IS - 1.5

Few

Few

109.8,104,106

106.6(avg)
( i i ) at 0 C

l.S - 2.0

(thick string)

(a) Transverse direction
6 0 . 4 4 6 . 0 22.1

Normal
direction

1.5 - 2. B

Sulphides

Achieved at T/4 tT= HejLt treated thickness)

(i) at RT

Inclusion Ratine

Oxides

72.6,39.2,58.9
56.9(avg)

Ref

(b) Through thickness

(i) at RT

5 9 . 7 4 5 . 3 21.4

49.0

3.0 INCONEL-AOia

41.2,60.8.47.1
49.7(avg)

5.1 General Review

(li)

at 0 C

37.3,37.3,31.4
35.3(avg)

Inconel-600

corrosion

2.2.3

Mechanical Properties

Mechanical tests done on specimens taken from forgings
give the results as given in Table-4. The testing has been
done on the specimens taken in transverse and through
thickness directions of the forging.

(i)

The tensile properties in both through thickness
transverse directions meet the requirements.

(ii)

Anisotropy is seen in impact properties
at room temperature and at 0 C.

and

high

in

Nickel

both

alloy

oxidising

showing

and

good

reducing

environments. Cold worked incor»el-600 tubes of
steam
generators have shown IGSCC failures
and are
being
replaced by alternate materials like Alloy-690. No similar
experience on intergranular corrosion is reported -for
forged inconel when used as safe end or
internals.
However, there is a tendency to limit the carbon content
thereby reducing the proneness to IGC. Table-6 gives the
chemical composition specified by different codes.

The

Following may be noted.

is

resistance

solution

treated forgings are

relieving

temperature

exposure

at

this

exposed

of 550-60B C after

temperature

range

to

stress

welding.

may

lead

sensitization of grain boundary. The result of study
on effect of heat treatment cycle is reported here.

both
Table—6

2.».2.Jt Reasons .far deviations

C

Mn Si

Chemical Comoosition

Cr

Ni Ti

P

Fe

72 -

-

8.815 6-18

Co LU

Al*Ti

Following are the reasons for the behaviour of the forgings.

(i) The micro examinations done on impact samples both in
transverse and normal directions show the inclusions as
given in the Table-5. The microstructure is bainitic.
Grain siae is 4 - 5. These inclusions are thought to be
main reasons for lower impact properties and anisotropy.
(ii)
The Nickel in the product is 0.46X which is on lower
side of specification. High Nickel may give higher impact
strength.

SB 564

8.15 1.8 8.5 14-17

RCC-H
4182

1.88.514-17

Dili
2.4816

72 - 8.8258.8156-18 - 8.58 8.6

8.88 1.8 8.5 14-17 72 8.3 8.83 8.815 6-1
(8.825 on low carbon forcing)

Long

to
done

Table-8; Results of Corrosion Study

3-2 Experi mental Study

<i>

Experimental

behaviour

study

before

and

has

after

been

done

subjecting

on
the

corrosion
sample

Sample no.

to

mm per month

simulated heat treatment cycle shown in sketch-2.
1
2

0.046
0.048

Solution annealed

1

0.0265

and simulated
heat treated.

2

0.0236

Solution annealed
600-610

600-610 C

/ 8 hr

\ /8.25 hr\
\/
\
450 C
\

550-570 C
/
/

25 hr

Air cooled

It is seen that the simulated heat treated samples show
corrosion rates which are even smaller than those obtained
on solution annealed samples. Corrosion rates from all the
tests are considered to be within acceptable limits. It can*
be concluded that stress relieving heat treatment which the
inconel forgings see during fabrication, does not impair
its corrosion resistance.
In other words the
grain

composition of the forging is given in
has been solution treated at 715 C-20hrs.

boundary segregation does not take place and alloy behaves
as stabilised structure.However it may be noted that strict

Air cooled

Sketch-2 î_ Simulated Heat Treatment

< i i ) Chemical
Table-7.Forging

Brain size is 5 or finer.

Un

Si

S

P

Ni

control

on

Cr

Cu

Co

Ti

Al

Fe

Nb+Ta

4.0

Pb

Sn

Bi

fts

been

V

Sb

maintained

kept

02

0.891 ippi 5pp* 8.881 0.2pps 5pp» 8.024 18pp> 18ppa

this

4.1 Stress relieving treatment is required on butt welds
of low alloy steels. However, practical situations may not

permit such stress relieving at assembly stage whereas
components may be heat treated at sub-assembly stage.
A
Joint with inconel buttering the ends

of

the

low alloy steel pieces, and final butt welding with inconel
permits this fabrication route.
Refer sketch-3.
gives the details of a bimetallic joint developed.

Inconel
butt weld
(iii) Corrosion study has been done as per 6-28.Two
numbers of samples each are taken in solution annealed and

simulated heat treated conditions.
5.5 Results and Discussions

Table—8 gives the corrosion rates obtained.

in

low. Also these

DEVELOPMENT Q£ A BIMETALLIC JQIHT

bi-metallic

H2

has

test results are valid for forged inconel-600 only. There
is no established method to test the
corrosion of weld
deposited/cast inconel. The corrosion rate of cast inconel
may be higher when tested as per G-28.

8.82 B.23 8.881 2.811 73.15 16.89 8.81 8.812 B.23 8.19 9.15 8.887

N2

chemistry

heat.Particularly Carbon has been

Tafale-7 ! Chemical exposition of Inconel Forging
C

Corrosion Rate

Inconel buttering
Sketch-3

This

Fabrication

REFERENCES

Procedure

The two plates are end buttered using inconel electrodes.
The buttered plates are stress relieved at 600 C for
Butt weld is made without preheating.

6hrs.

TESTING

Tests
(i)
(ii)
(iii)
(iv)

done to qualify the joint include:
Micro examination
Macro examination
Impact at interface of buttering and low alloy steel
Impact at interface of buttering and butt weld

(v) All weld metal tensile at RT and at 350 C

(vi) All weld metal impact at -10C and at RT
(vii) Hardness Survey
(viii) Side bend tests

(ix) Root bend tests
(x) Transverse tensile test at RT and at 350 C
(xi) NDE by PT.RT and ÜT.
All the test results are found to be satisfactory. The

minimum

tensile

strength of the

joint

meets

the

requirements of ASME III NB for Inconel. Also the heat
affected aone on low alloy steel shows fine microcture

implying that welding heat of butt weld does not affect the
low alloy steel. Mechanical properties of HAZ on low alloy
steel gives the properties similar to that of virgin base
material .

5.0 COHCLOSIONS

5.1
SA 508C13 heat with low Ni and high non metallic
inclusions results in large anisotropy and very low impact
values.To get proper mechanical and metllurgica.l properties
it is ipmortant to have clean steel. Residual elements like
S.P,As,V,Sb,Al etc should be controlled. Nickel should be
on higher limits of specification whereas Mo should be on
lower limits.

5.2

Inconel-600 forgings with controlled carbon does not

impair its corrosion resistance to intergranular attack when
subjected to stress relieving cycle seen by components.
5.3

The bimetallic joint avoids the stress

relieving

at

final welding stage. The interface of low alloy steel and
inconel buttering does not see any further microstructural
deteriorations due to heat input from butt weld.

1.Dhooge A. and Vinkier A.,
Reheat cracking-A review of recent studies.
Int. Jl.Pr Ves & P, 27(1937) .
2.Druce S.Q. and Edwards B.C.,
Development of PWR PV Steels
Nuclear Energy,1980,vol 19,No 5.
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MATERIAL ASPECTS OF APWRs
WITH RESPECT TO WATER CHEMISTRY
AND OCCUPATIONAL DOSES

- decreasing
m /y.

of

radioactive

waste.

Target

for

APWR

is

about

7O

2. CORROSION PROCESSES

M. ZMITKO, J. KYSELA

The life time extension and reliability increasing of NPPs has
got a great economical significance, Corrosion processes are an
important factor which from point of view of water chemistry is
limiting reliability and life time of many NPP components. The
attention to an investigation of corrosion mechanisms and an
effect of various factors on material corrosion rate has been
given.

Nuclear Research Institute,
Rez, Czechoslovakia
Abstract
The choice enterions of the APWR primary circuit material are
reviewed from point of view of reduction of occupational doses

and radioactive waste formation during the operation period and
after
the
finishing
of
service
life.
The analysis
includes
aspects
of
the
choice
of
optimal
corrosion resistance of materials and
circuit internal surfaces.

primary
water
chemistry,
preconditioning of primarv

The Czechoslovak experience in the influence of primary material
composition onto the NPPs radiation situation is discussed and
there
is
the
comparision
of
experimental
results
with
the
calculations providing by means of the mathematical modelling of
corrosion product transport in the NPP primary circuit.

Corrosion rate is affected coolant pH, concentration of oxygen,
Cl" and F~ ions. At present, the keeping of recommended limits of
primary water chemistry and pH range is ensuring the minimum of
corrosion rate of primary system materials (see fig.l).
Cr-Ni austenitic stainless steels (type OSChlONlOT) and Ni-based
alloys (type Inconel, Incaloy) are used as structure materials in
WWER type reactors and in PWRs. Lately, the structure forms of
corrosion as SCC and IASCC are getting in the foreground [3].
There are used Zr-based alloys as a material of fuel cladding.
Alloys Zircaloy 2 and Zircaloy 4 have been proved at normal
operation of PWRs, alloy Zr+lNb in WWER reactore type. Corrosion
of Zr-based cladding is observed to be on a minimum level. At

1.INTRODUCTION

There are research programmes on advanced watei—cooled reactor
(APVR) in many countries. The formation of the conception basis
and technical project of following PWR generation is the task of
research works. The attention is concentrated on improving of
safety qualities, increasing of capacity coefficient,
decreasing
of operational costs and shortening of construction time 11,21.

parabolic corrosion rats constant [m2/s]
l.OE-15
primary woisr chflml»tty

1 OE-16
1 OE-17

A careful choice of structure materials using the
experience
existing at
present is
an inseparable part
of
PWR project
improving. The material choice in combination with primary water
chemistry should ensure the following requirements

1 OE-18

- corrosion resistance and material compatibility in the primarv
coolant
conditions,
which
can
ensure
high
reliability
of
component and lead to extension of life time. The target for the
new reactor generation is uO year life time.

1 OE-20

reduction of radiation level around primary components and
minimalizing
of
occupational
radiation
exposures.
Development
target in US for APWR requires the personnel dose rate for a
plant 1 man-Sv/y (mean value during life time period).

1 OE-22

- extension of cycle lenght, extended fuel burnup
load changes. Development target requires 24 month
and load ramp between 50-100% about 1%/min.

and reactor
cycle lenght

for PWR and WWER

t OE-19

1.0E-2I

7

8

9

10

It

P H300

FIG 1 pH dependence of the parabolic corrosion rates of
mild steel and A304 stainless steel of two surface finishes /9/

12

present, the efforts in extension of fuel burnup, achievement of
higher coolant temperatures and reduction of in-core depositions
by
primary water chemistry
modification
are
again
bringing
corrosion problematic of fuel cladding under primary conditions
into prominence of interests.

100

Co60 surface activity [kBq/cm2]

3. FACTORS AFFECTING RADIATION FIELD FORMATION

Occupational radiation exposure and radiation level in areas
where NPP personnel are carrying their activities mainly during
outages for refuelling, inspections and maintenance of primary
circuit equipment belong to the most important parameters of
radiation safety evaluation from the operational personnel point
of view.
Present experience shows that 80 per cent of total collective
doses are caused during outages and the main source of this is
created
by
activated
corrosion
products
(CP) of
structure
materials. Radioactive CP removed from the primary circuit by
coolant purification system are
forming an essential part of
radioactive waste as well as radiation fields created by them
(especially by Co60 with 5.27 year half-life time) are
limiting

2000

Intensity and distribution of radiation fields
around
circuit equipment is determinated by following factors:
-

rate of CP formation

primary

(given by corrosion rate) and release into

the coolant;

6000

.8000

FIG. 2. Effect of surface treatment on corrosion products surface activity.

factor for activities after the finishing of NPP's service life.
Activated CP are forming both by means of reactor core materials
activation
(following
corrosion, release into the
coolant
and
transport
outside
core
set
in
contamination
of
out-of-core
surfaces)
and by means of
activation of
CP released
from
out-of-core surface during their flowing through the core or
during a period of their deposition on fuel cladding.

4000

Time [hours]

5. EFFECT OF COBALT CONTENT

Nuclides Co58 and Co60 forming from Ni and Co by means of
reactions Ni5S(n,p)Co58 and Co59(n,j')Co60 appear to be the most
significance
from
point
of
view
of
surface
activity
and
radioactivity
dose
contributions.
Different
materials
used
in
WER and PWR reactor types result in • higher surface activities
(see table 1) and occupational radiation exposures in PWR (see
fig.3)
which
are
associated
with
using
of
Ni-based
and
high-cobalt alloys (Inconel, Incaloy and Stelitte types).

- material composition and content of target nuclides;

- primary water chemistry affecting radioactivity
accumulation on primary circuit surfaces,

transport

and

Table 1. Surface
channel heads [8]

activities

4. SURFACE PRECONDITIONING

material

preconditioning

corrosion

gives

rate

PWR and

WWER

steam

generator

specific surface activity [kBq/cm ]
NPP

Surface

of

and

possiblity

CP

to

release

reach

into

decreasing

the

EFPY

of

Co60

Co58

Mn54

Fe59

coolant.

Elactropolishing and hot air prefilming before startup are the
most effective techniques used to date. French experience with
elactropolishing of new steam generators are promised [4],

Results
obtained
from
experimental
metal
samples
in
Rheinsberg (Germany) are showing preconditioning can reduce
surface activity up to factor 5 (see fig,2).

NPP
the

Westinghouse 2-8
French plants 3
Fessenheim 1
4
Paks 2
2
J.Bohunice
1-3
Dukovany
1-5

20-250
370-630
550-700

13-21
'1,4-18
0,3-9,4

700
700-1200
890-1260
35-65
44-61
8-48

52-60
75-100
12-20

6-26
1,5-33

11
22-45
3-4
1-6
0,3-2,6

Co60 activity [kBq/cm2]

[man-mSv/(MW year)]

20

00

16

12

-*-

lrWER-440

-B-

W1TER-1000

-X- FRANCE PWR

SG channal head

0 u.s. rm
-&-

KWU PWB

-*•

JAPAN PUR

total activity part
0.01

7+ 76 76 77 78 79 80 81 82 83 84 85 86 87 88 89

0.02

0.03

0.04

0.05

0.06

0.07

Co content In material [%]

Year
FIG. 5. Effect of Co content on Co-60 surface activity and
contribution to total activity (results for WWER-440 after

FIG. 3. Occupational radiation exposure per unit electricity
generated by PWR and WWER nuclear power plants.

1 EFPY, pH300 - 7.1).

However, there are

[man-Sv/(reaclor-year)]

differences

in radiation exposures among the

WWERs where are using the same materials and water chemistry (see
fig 44). Main
reason
of
this
is
various
cobalt
content
in

stainless

steels

accompaning

nickel

as

an

impurity.

Lower

radiation exposures in NPP Dukovany (Czechoslovakia) are related
with using of steam generators made in Czechoslovakia while in
NPP Jaslovske Bohumce (Czechoslovakia) and in Soviet NPPs are

steam

generators

made

in

the

Soviet

Union.

Cobalt

content

in

stainless steels produced in Czechoslovak enterprises is about
0.02ÎÏ, steels made in the Soviet Union have cobalt concentration
up to 0.07X.
+

KOLSKA (SU)
NOVOVORONEZ (SU)

-*-

AKMENSKA (SU)

D

ROVENSKA (SU)

-*-

J BOHUNICE (CSFR)

-£-

DUKOVANY (CSFB)

77 78 79 80 81 82 83 84 85 86 87 88 89
Year

The influence

Co content

in

materials

on

surface

activity

in

6. MATERIAL REPLACEMENT

Cobalt
FIG. 4. Collective radiation exposure at some WWER-440
nuclear power plants.

of

primary circuit has been analysed (see fig.5) by means of
mathematical modelling with computer code DISER [5], Code DISER
gives possiblity to determine surface
activities and coolant
activity basing on physic-chemical model of CP transport in
primary circuit of PWRs.

is

responsible

for

over

80

per

cent

of

out-of-core

radiation fields in PVR and major programmes have been initiated
in several countries to replace it. Reduction of possible cobalt

consensus seems to be developing that gives most of the radiation
control benefits without increasing the risk of sturture material

Dose rate [mSv/h]
2.5

Fiant A-utilt operating with
Standart pH 6.S chemistry
Elftnt B-plant using elevated pH
(pHJOO = 7.2-7.4)
Plant C-unit with in-core substitution, operating on elevated
pH

2 -

1.5

Plant D-one of the latest Convoy units, with

0.5

extensive Co

-•-

Plant A

-I-

Plant 8

elimination,
aïs» on eleva-

Plant C

ted pH

-*-

cracking or
the coolant

water chemistry of WWERs and PWRs.

8. CONCLUSIONS

Zr-based alloys used as a fuel cladding material have been proved
to
have
suitable
corrosion,
mechanical
and
neutron-physical
characteristics under primary coolant conditions and could be
used in APWR as well.

materials.
3

4

(see fig.S). At present,
for an optimal primary

An
effort
in
elimination
of
cobalt
which
is
playing
by
radionuclide Co60 the
dominant part
in
PWR radiation fields
should be the main requirement to the APWR primary system

Plant D

2

Zr-based alloys corrosion
pH range 7,2-7,4 is taken

As well,

the

structure

should have as little as possible
reduce activity contribution of Co58.

5

Cycle

An
FIG. 6. Comparison of the piping fields at various German plants.

impurity

content

(as

cobalt,

materials
nickel

silver,

of

primary

content

antimony)

in

in

system

order

primary

system materials should be reduced and thoroughly controlled

their possible affecting surface activity and radioactive dose.

sources both in core and out of core is leading to exchange of
some components and replacement them by low-cobalt materials [61:
cobalt-free
materials
are
being
used
in
replacement
of
flow-control valves (hardfacings) and pins in CVCS (Chemical and
Volume Control System);
low-cobalt
generators-,

Inconel

is

being

- reduction of cobalt impurities
(using of Eircaloy grids)

used
in

in

replacement

replacement

fuel

surface activity [%]

steam

components

The effect of cobalt elimination in some German NPPs can be
apparent in fig.6. The exchange effect of stainless steel grids
in WWER-440 reactor core for grids from Zr-HNb alloy has been
investigated by means of code DISER. The replacement could bring
about 30 per cent decreasing of total surface activity and at the
same time the activity of Co60 could be reduced up to 65 per cent
(see fig.7).
7. WATER CHEMISTRY

SS grids

Zr+Nb grids

Data from operating plants show that increasing primary system pH
reduces radiation field buildup rates [7], On the other hand,
higher pH can lead to decreasing of corrosion resistance of fuel

FIG. 7. Effect of reducing cobalt impurities in replacement fuel components
on steam generator surface activities (results for WWER-440 after

cladding

1 EFPY. ph300 . 7.1).

material

and

primary

system

structure

material. Now a

to

for

Relative effect

[4] P.Saurin et.al., Proc. of 5th Conf. Water Cemistry of
Reactor Systems, Bournemouth, 1989, p.23-20, BNES, London
[5] M.Zmitko, Report UJV 9198

Nuclear

T, 1990

[6] C.J.Wood, Nucl.Eng.Int., November 1987, p.27-30
[7) C.A.Bergmann et.al,, Proc.of 5th
Gonf. Water Chemistry
Nuclear Reactor Systems, Bournemouth, 1989, p.7-12, BNES, London
[8] J.Burclova, Jaderna énergie, 1990,

v.36, N6, p.211-216

[9] J.Robertson, Corrosion Sei., 1989, v.29, p.1275-1291

Increasing lithium and/or pH
FIG. 8. Effect of higher pH on radiation field buildup rates
and on corrosion processes.

Primary surface preconditioning in APWR by means of preoxidation,
electropolishing or by other technologies could contribute to
reduction of material corrosion rate and corrosion products
release into the coolant.
Using of Zr-based alloys as a material of in-core components
(grids) could reduce corrosion products sources and transported
activities.
A complex approach including a reduction of
radiation field
buildup rates, corrosion resistance of fuel cladding material and
susceptibility to corrosion cracking of primary system materials
should be taken into account at a choice of optimal primary water
chemistry. At present, pH range 7,2-7,4 seems to be an optimum.
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