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Foreword 

THtS PUBLICATION, High-Chromium Ferritic and Martensitic Steels for Nuclear Applica- 
tions, was sponsored by ASTM Committee El0  on Nuclear Technology and Applica- 
tions. The authors were Ronald L. Klueh and Donald R. Harries. This is Monograph 3 
in ASTM's monograph series. 
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Preface 

The high-chromium (9-12 wt%) ferritic/martensitic steels were developed during the 
first half of the last century and have a long history of use in the power-generation in- 
dustry as boiler and turbine materials as well as for other applications. The original 
steels were based on 12% Cr and 9 and 12% Cr-Mo compositions, but the need for re- 
duced generating costs in power plants (higher efficiencies, which means higher tem- 
peratures) has resulted in the development of more highly alloyed steels with progres- 
sively enhanced creep-rupture strengths. These developments have allowed the 
maximum operating temperatures in the boilers to be increased from less than 450 to 
620~ and the l0 s h creep-rupture strengths to be raised from around 40 to 140 MPa. 
Advanced steels of this type are now being developed with a target operating tempera- 
ture of 650~ and a 105 h creep-rupture strength of 180 MPa. 

High-chromium Cr-Mo steels were selected for use in steam generators of nuclear 
power plants during the 1960s, and steels with additions of V, Nb, and/or W and with 
oxide dispersions were subsequently chosen and evaluated as fuel element core com- 
ponent (ducts and cladding) materials in sodium-cooled fast breeder reactors. Since the 
late 1970s, the steels have also been considered as potential first wall and breeding blan- 
ket structural materials in fusion reactor systems. The fission (in-core) and fusion re- 
actor applications require steels that are resistant to radiation damage induced by bom- 
bardment from high-energy neutrons as well as to retain adequate toughness and 
elevated-temperature strength during service. The requirement for safe and routine op- 
eration and decommissioning of a fusion plant and the disposal of radioactive wastes 
has also demanded the development of steels with enhanced radioactive decay charac- 
teristics. This development of "reduced-activation" steels, containing W, V, Mn, Ta, and 
Ti and without Mo, Nh, Ni, and other radiologically undesirable elements and possess- 
ing an appropriate combination of the other desirable properties, is still progressing. 

This monograph presents a detailed review of the development of the high-chromium 
ferritic/martensitic steels for exposure to the high-energy neutron environment of a fis- 
sion or fusion reactor, and the book should he of most interest for people involved in 
the use of the steels for nuclear applications. However, to provide a baseline for under- 
standing the irradiation effects on the steels, it is first necessary to understand the ba- 
sic properties of the steels under nonnuclear conditions. Therefore, many of the chap- 
ters are devoted to such considerations, and it is hoped that this information will be of 
interest to readers beyond those involved in nuclear applications. 
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Introduction 

Most of the information on ferritic/martensitic steels for nu- 
clear applications comes from studies on commercial Cr-Mo 
steels, primarily 9-12% Cr, 1-2% Mo, 0.1-0.2% C with small 
amounts of V, Nb, W, Ni, etc. (Compositions throughout the 
book will be in wt% unless otherwise stated.) These were the 
ferritic steels considered first for fast breeder fission reactors 
in the early 1970s and then in the late 1970s for fusion appli- 
cations. The steels became of interest because of their 
swelling resistance compared to austenitic stainless steels, 
which were the primary candidates for both applications up 
to that time [ 1,2]. 

In recent years, most of the developmental studies on the 
ferritic/martensitic steels for nuclear applications have been 
for fusion, and much of the discussion in this book will be on 
that application. Since the mid-1980s, the fusion materials 
programs in Japan, the European Union, and the USA have 
been developing ferritic/martensitic steels that would lessen 
the environmental impact of the irradiated and activated 
steel after the service lifetime of a fusion reactor. As dis- 
cussed throughout this book, these new "reduced-activation" 
ferritic/martensitic steels display the same general behavior 
as the conventional steels, but there are quantitative differ- 
ences. Often, some of the properties of the reduced-activation 
steels are better than those of the conventional steels. 

The amount of data available for reduced-activation steels 
either in the unirradiated or irradiated condition is not as 
extensive as for the conventional steels, since many of the 
conventional steels are used for elevated-temperature appli- 
cations to 550 to 600~ in the power-generation and petro- 
chemical industries. As a result, the metallurgical character- 
istics and mechanical and physical properties of the 
conventional steels are reasonably well understood, and com- 
prehensive mechanical properties compilations are available. 

Fusion applications require information on some mechan- 
ical properties that differ from those normally measured 
(e.g., thermal fatigue). However, from the wealth of data 
available, indications are that a range of ferritic/martensitic 
steels have properties that make them viable candidates for 
fusion applications to 550 to 600~ The maximum operating 
temperature will be determined by the creep properties and, 
under some circumstances, by the compatibility with the op- 
erating media (i.e., water, liquid lithium, liquid Pb-Li eutec- 
tic, etc.) of the fusion power plant. The major difference in 
the fission and fusion environments and the environments of 
most other applications is the neutron flux of the nuclear ap- 
plications. Fast fission and fusion applications differ in this 
respect--a much higher-energy neutron flux is produced by 
fusion neutrons. 

1 

Chapter 2 provides some information on fission and fu- 
sion systems for which the high-chromium ferritic/marten- 
sitic steels are to be used. In fast reactors, ferritic/martensitic 
steels are considered primarily in the fuel subassembly as 
fuel pin cladding and wrapper material. The use of these 
steels as structural materials for a fusion reactor first wall 
and blanket structure provides a much bigger challenge, and 
considerable work on determining a range of properties has 
been carried out for this application. Much of the work on ir- 
radiated steels for both fast fission and fusion applications 
has been on steels irradiated in fast reactors. Because in re- 
cent years the development of fast fission reactors has been 
de-emphasized while work on the fusion application contin- 
ued, much of the emphasis of the discussion in this book is 
on the fusion application. However, most of the information 
obtained in the fusion program applies for fast fission appli- 
cations, because most neutron irradiations were carried out 
in fission reactors, and mostly in fast reactors. 

This book will show that fission and fusion reactors pre- 
sent a difficult challenge for the materials community, but it 
will also demonstrate that considerable progress has been 
made. The following two sections of this chapter will provide 
a brief introduction to some of the ways ferritic/martensitic 
steels will help meet the challenge. 

ADVANTAGES AND LIMITATIONS OF 
MARTENSITIC STEELS FOR FUSION 

Austenitic stainless steels were the first structural materials 
considered for both fast fission and fusion applications. To 
reach higher operating temperatures (>-700~ in a fusion 
plant, superalloys and refractory metal (Nb, Mo, V, and Ti) 
alloys were considered. Ferritic/martensitic steels were not 
considered originally for fission because of elevated-temper- 
ature strength and coolant compatibility considerations. 
They were not considered originally for fusion because of the 
fear of possible complications caused by the interaction of a 
ferromagnetic material within the high magnetic fields in a 
fusion plant. The steels were considered only after prelimi- 
nary calculations [3-5] indicated that possible problems 
caused by a ferromagnetic material can be handled in the re- 
actor design. 

Two types of problems are of concern with the use of a 
ferromagnetic material in the high magnetic field of a fusion 
reactor: (1) the effect of the field perturbation caused by the 
ferromagnetic material on the plasma, and (2) the magneto- 
static forces on the ferromagnetic structure due to the mag- 

Copyright* 2001 by ASTM International www.astm.org 
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2 HIGH-CHROMIUM FERRITIC AND MARTENSITIC STEELS FOR NUCLEAR APPLICATIONS 

netic field. Early calculations [3-5] indicated that the field 
pertubations were small and confined to the end region and 
on the same order of magnitude as the field ripples produced 
by the central cell magnets. Based on the calculations of the 
magnetostatic forces on a ferritic steel pipe in the magnetic 
field of the machine, the stresses were found to be small but 
not negligible, and it was concluded that they must be incor- 
porated in the stress analysis of the design [3-5]. Similar re- 
sults have been obtained by later calculations [6-10]. It must 
be emphasized that the favorable conclusions on the ferro- 
magnetic interactions were reached from simplified calcula- 
tions (e.g., the calculation of stresses on a coolant pipe, etc.). 
No comprehensive analysis of ferromagnetic effects for the 
blanket structure and primary coolant circuit has been at- 
tempted, although such studies are presently in progress in 
Japan [9]. Experimental work is also in progress in Japan, 
where a ferritic steel liner is being installed in a small toka- 
mak vessel [10]. 

As a result of work during the last 20 years or so, most of 
the refractory metals have been eliminated for use as the 
structural material of the first wall and blanket structures 
because of inadequate physical or mechanical properties or 
because they did not meet the reduced-activation criteria 
to be discussed below. Austenitic stainless steels are 
considered unsuitable for a fusion power plant because of 
high swelling rates and high thermal stresses caused by the 
low thermal conductivity and high thermal expansion 
coefficient. Austenitic stainless steels are still considered as 
the structural material for experimental fusion machines, 
such as the International Thermonuclear Test Reactor 
(ITER). At present, there are only three materials considered 
viable candidates for structural components for a fusion 
power plant: vanadium alloys, SiC/SiC composites, and 
ferritic/martensitic steels. 

Martensitic steels containing 9-12% Cr with about 1% Mo, 
0. I-0.2% C and combinations of small amounts of V, W, Nb, 
etc., have the strength, including elevated-temperature 
strength, and thermal properties (conductivity and expan- 
sion coefficient) that result in excellent resistance to thermal 
stresses [ 1 ]. Creep strength of these types of steels is adequate 
to 550 to 600~ and they have been used at these tempera- 
tures in the power-generation and chemical and petrochemi- 
cal industries. 

Because of the widespread use in industrial applications, 
the technology for production and fabrication of all types of 
product forms exists [11]. All conventional melting practices 
as well as various special melting techniques, including elec- 
tron-beam, electroslag, and vacuum melting, have been used 
to produce the steels. The steels are hot and cold workable by 
all methods. Forgings up to 70 tons have been produced, and 
the steels can be rolled to thin sheet and strip. Standard heat 
treatment facilities are adequate for the normalizing and 
tempering or quenching and tempering conditions that the 
steels require before use. 

Any structural material used for fabrication of a fusion 
power plant would have to receive the appropriate code ap- 
proval for the country in which the plant was constructed 
(i.e., ASME Boiler and Pressure Vessel Code, etc.). Conven- 
tional ferritic/martensitic steels of the type being considered 
for fusion have been approved for design by code bodies in 
the USA, Europe, and Japan. In the USA, modified 9Cr-lMo 

(nominally Fe-9Cr-IMo-0.25V-0.06Nb-0.1C) and 2�88 
(nominally Fe-2.25Cr- 1Mo-0.1 C) steels are included in the 
ASME Boiler and Pressure Vessel Code Section VIII for 
petrochemical and chemical pressure vessels and in Section 
III for nuclear pressure vessels, including high-temperature 
liquid metal fast fission reactor systems, as described in 
ASME Code Case N-47. 

Welding will be required in the fabrication of a fusion 
power plant, and ferritic/martensitic steels are readily weld- 
able. However, stringent procedures are required to obtain 
quality welds with maximum properties. For the 9-12% Cr 
steels, a preheat of 150 to 450~ [ 12-14] is generally required. 
In some cases, interpass temperature control can be used to 
prevent transformation to untempered martensite. Finally, a 
post-weld heat treatment (PWHT) is required as soon as pos- 
sible after welding to temper the martensite in the high- 
chromium (5 to 12%) steels. (Low-chromium steels, e.g., 
21/4Cr-lMo, are weldable with fewer restrictions.) Welding 
will be discussed in detail in Chapter 7. 

A fusion power plant will require field erection, which 
means that for a 9-12% Cr structural steel the preheat and 
PWHT will be performed in the field. The technology of field 
fabrication is well developed [15]. Pressure vessels for nu- 
clear and petrochemical applications have been buik in com- 
pliance with the ASME Code. Examples of large structures 
that have been fabricated in the field include: (1) nuclear con- 
tainment vessels 46 m in diameter, over 73 m high, weighing 
over 6350 tons with the entire structure given a PWHT in the 
field; (2) 91-m-high heavy water columns up to 8.5-m diame- 
ter (1900 metric tons) with the entire structure given a field 
PWHT; and (3) coal-conversion vessels 59-m high with unit 
weights of 760 metric tons and wall thicknesses up to 89 mm 
[15]. Therefore, the technology for field fabrication of a steel 
fusion structure will not have to be developed. 

Of the three materials presently considered for fusion ap- 
plications, ferritic steels have the advantage for the construc- 
tion of the massive structure of a fusion power plant based on 
past experience. For both vanadium and SiC/SiC composites, 
the techniques for constructing such a structure (joining, 
etc.) must still be developed. In addition, these materials have 
numerous problems that must be solved before the feasibility 
of their use can be proved. Besides the problem of a ferro- 
magnetic material in high magnetic fields discussed above, 
the most serious problem faced by ferritic/martensitic steels 
is the effect of neutron irradiation on the fracture behavior, 
which will be discussed in detail in later chapters. 

LOW- AND R E D U C E D - A C T I V A T I O N  
C O N S I D E R A T I O N S  

The safety of a fusion power plant depends on (I) the struc- 
tural integrity of the plant and the probability of its failure, 
(2) the radioactive decay heat generated in the absence of 
coolant, and (3) the paths for dispersion of radioactivity to 
the plant surroundings during an accident. The ideal struc- 
tural material for accident conditions, as well as normal 
operations, would be a "low-activation" material, that is, one 
that would not activate (would not become radioactive), 
would activate to a benign level, or, alternatively, one that 
would quickly decay (within minutes or hours) to a benign 
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CHAPTER 1: INTRODUCTION 3 

level after activation [16]. A low-activation material would 
negate the consequences of a loss of coolant accident or any 
other incident that could cause an accidental release of ra- 
dioactive debris. Such a material would also allow for 
"hands-on" maintenance of the plant, instead of the much 
more complicated and expensive remote maintenance re- 
quired with a radioactive plant. 

At present, no "low-activation" structural materials as de- 
fined above exist. A recent study (discussed in detail in 
Chapter 2) [17] indicates that the activation of SiC, which 
has often been labeled "low activation," is considerably 
lower than a V-SCr-5Ti alloy and OPTIFER, a Cr-W fer- 
ritic/martensitic steel developed for "reduced activation" in 
the European Union. Indeed, according to the study [17], 
the activity of SiC about 100 y after shutdown is higher than 
that of V-5Cr-5Ti and OPTIFER. Therefore, safety will need 
to be engineered into a fusion structure constructed from a 
vanadium alloy, a SiC/SiC composite, or a reduced-activa- 
tion ferritic steel. 

Environmental effects will be produced from the disposal 
of fusion reactor components when they are replaced during 
operation or following the decommissioning of the plant 
[16]. This radioactive waste will have to be disposed of in a 
safe manner harmless to the environment. Depending on the 
elements present, the decay of induced radioactivity in a con- 
ventional ferritic/martensitic steel can take thousands of 
years. Such highly radioactive nuclear waste is disposed of by 
deep geological storage. To improve this situation, programs 
in Europe, Japan, the Soviet Union, and the USA were started 
in the mid-1980s to develop "low-activation" or "reduced-ac- 
tivation" ferritic steels [18-26] with the objective of shallow 
land burial or recycle of the material after its service lifetime 
and after some suitable "cooling-off" (radioactivity decay) pe- 
riod, usually assumed to be 100 years. In the USA, a Depart- 
ment of Energy Panel used U.S. Nuclear Regulatory Com- 
mission 10 CFR Part 61 guidelines to suggest that wastes at 
least meet the criteria for shallow land burial [16]. The 10 
CFR Part 61 guidelines were set up for storage and disposal 
of low-level nuclear wastes from fission reactors, and it is not 
known how they might apply to fusion wastes generated 
many years in the future. 

It should be noted that the term "low activation" is 
often used interchangeably with "reduced activation" to 
describe the vanadium alloys, SiC/SiC composites, and 
ferritic/martensitic steels developed to ease radioactive 
disposal, even though they do not meet the criteria for low 
activation as described above (i.e., a material that does not 
activate or activates to a very low level). As presently defined, 
a reduced- or low-activation steel is one that will be disposed 
of by shallow land burial (according to the 10CFR Part 61 
guidelines). As an alternative, recycling has been suggested 
[18]. The composition of such a steel needs to be adjusted to 
contain only elements that form radioactive products that 
decay rapidly (in tens or hundreds of years rather than 
thousands of years) to low levels. Calculations were made to 
determine which elements must be replaced in conventional 
Cr-Mo steels to obtain a rapid decay of induced radioactivity 
levels after irradiation in a fusion reactor [16]. Such 
calculations indicated that the common alloying elements 
used in steels that must be eliminated or minimized include 
Mo, Nb, Ni, Cu, and N [16]. 

As discussed in Chapter 2, reduced-activation ferritic 
steels were developed [18-30] by replacing molybdenum in 
conventional Cr-Mo steels by tungsten and/or vanadium, 
and by replacing niobium by tantalum. Alloy development 
studies have shown that reduced-activation steels can be 
produced that offer the promise of fast-induced radioactiv- 
ity decay and whose properties compare favorably with the 
conventional candidate materials. Final radioactivity levels 
for such a "reduced-activation" or "low-activation" steel is 
calculated to be over two orders-of-magnitude lower than 
for conventional Cr-Mo steels after a "cooling-off" period. It 
may be possible to recycle such a steel or to dispose of it by 
shallow land burial, instead of the much more expensive 
deep geological disposal, thus providing a substantial eco- 
nomic benefit for fusion power. Even if deep geological 
burial is necessary, reduced-activation steels would be of 
benefit because of reduced personnel exposure during the 
waste-disposal process. 

In the development work on the reduced-activation mate- 
rials, steels have been produced without adding any of the re- 
stricted elements (i.e., Nb, Ni, Mo, N) to demonstrate that the 
mechanical and physical properties of the steels would be as 
good or better than the properties of the conventional steels 
[22-30]. In those instances where special effort was made to 
lower tile restricted elements, emphasis was focused mainly 
on eliminating niobium because of the very low concentra- 
tions (< 1 wppm) of that element that will be required to meet 
criteria for shallow land burial or recycling [31 ]. Besides the 
elements Mo, Nb, Ni, Cu, and N, other elements (e.g., Co, Bi, 
Cd, Ag, etc.) that could appear as tramp impurities must be 
restricted to extremely low levels if the goals of shallow land 
burial or recycling are to be achieved [32-34]. 

This chapter introduced some important considerations 
for the conventional high-chromium ferritic/martensitic 
steels in relation to the nuclear applications for which they 
are being considered. It also introduced the new steels being 
developed to better adapt this type of steel to that application. 
In the following chapters, these and other aspects of the 
steels will be examined in detail. 
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Development of High (7-I 2%) 
Chromium Martensitic Steels 

The development of 9-12% chromium steels is reported to 
have originated in 1912 with the manufacture  of a 12% 
Cr:2-5% Mo steel for steam turbine blades by Krupp and 
Mannesmann in Germany [1,2]. However, in 1912-13 Brear- 
ley in the U.K., while attempting to develop high-temperature 
steels for gun barrels, accidentally discovered that marten- 
sitic steels containing 13% Cr and 0.2% C did not rust [3]; the 
stainless characteristics of high-chromium steels were also 
recognized by Haynes in the USA and by Strauss and Maurer 
in Germany at about the same time. The high-chromium, 
high-carbon martensitic steels were hard and had a sharp 
cutting edge and were subsequently developed commercially 
for applications such as cutlery knives and tableware in com- 
petition with austenitic stainless steels as well as for razors, 
scalpel blades, and heat-resisting tools and bearings [4]. 

The 9 and 12% Cr transformable steels with lower carbon 
(0.1% max) contents and additions of Mo, W, V, Nb, N and 
other elements, possessing higher creep-rupture strengths 
combined with good oxidation and corrosion resistance at 
elevated temperatures,  have subsequently been developed. 
These steels have been used or considered for use in petro- 
chemical  and chemical  plants, gas turbine engineering, 
aircraft and aerospace industries, electrical power plants, 
and as nuclear fission and fusion reactor components. The 
steel compositions are given in Tables 2.1 and 2.2.* 

The petrochemical and chemical processing industries uti- 
lize the steels in the form of thin tubular products in hydro- 
gen desulfurization systems and in plants for the combustion 
of oil and the containment of various chemical products. The 
9Cr-lMo (T9) type of steel [5], possessing fairly moderate 
creep-rupture strength, was initially developed in the 1930s 
for such applications. However, the principal uses of the 
high-chromium martensitic steels are currently for compo- 
nents in gas turbines and in the boilers and turbines in steam 
power plants. The development and usage of the 9-12% Cr 
steels for these applications, as well as the 7-12% Cr steels for 
core components in fast breeder reactors and as potential 
first wall and breeder blanket structural materials in fusion 
reactor systems, are surveyed in this chapter. 

* The steels in Tables 2.1 and 2.2 are designated according to their 
principal alloying elements (Cr, Mo, W, V, Nb, etc.) contents; for ex- 
ample, 9Cr-IMoVNb is the designation for the modified 9Cr-lMo 
steel, which contains (by weight) 9% Cr, 1% Mo, and lesser amounts 
of V and Nb. Trade names (e.g., Firth Vickers FV448, Nippon Steel 
NSCR9, Sandvik Steel HT9, etc.) and/or related specification codes 
(AISI, ASME, Werkstoff, DIN, etc.) are also given where appropriate, 
while the newer steels are indicated by the designations assigned by 
their developers. 

GAS T U R B I N E S  

The simple 12Cr and the 9 and 12Cr-Mo steels in the hard- 
ened-and-tempered condition have been used widely at mod- 
erate stresses and temperatures in the chemical and power 
plant industries. However, the introduction of gas turbine en- 
gines of the jet and prop-jet types for powering military and 
civil aircraft during and in the years immediately following 
the Second World War, and subsequently in land-based, ma- 
fine, and aerospace power installations, led to the require- 
ment  for steels possessing good corrosion resistance and su- 
perior mechanical  propert ies at high temperatures.  This 
provided the impetus for the progressive development and uti- 
lization of several high-chromium martensitic steels, ranging 
from the plain 12Cr through the 12Cr-MoVNb (high-carbon 
FV448 and H46), 12Cr-NiMoV (M152), and 12Cr-MoV 
(FV607) to the 12Cr-MoVNbWCo (FV535 and H53) grades, 
with enhanced tensile proof and ultimate stresses and creep- 
rupture strengths at temperatures up to 550~ and times of 
-< 104 h for gas turbine disks (diameters and thicknesses typi- 
cally 1600 to 1950 and 240 to 550 mm, respectively), com- 
pressor wheels, blades, bolts and/or sheet structures [6-10]. A 
super-clean 12Cr-2.6Ni-2MoVNbN steel has been developed 
for heavy duty gas turbine applications in Japan [ 11 ], and the 
12Cr-MoVNbW (COST Steel "E') is being evaluated as a po- 
tential disk material in Europe [12]. Recent developments in 
electro slag refining (ESR) involving high nitrogen pressures 
(pressurized ESR) have also enabled 12Cr steels with nitrogen 
levels as high as 0.3% to be produced [13]. These steels have 
been considered for use as disk materials in gas turbines; they 
possess high tensile strength and ductility, improved tough- 
ness, and promising short-term (10 000 h) creep-rupture 
strength up to 600~ [14]. 

STEAM POWER PLANTS 

5 

The majority of large fossil-fired power plants were operated 
at sub-critical steam conditions (pressures -<22 MPa) prior to 
about 1990; the main steam temperature was standardized at 
540~ worldwide, although 565~ was the standard for coal- 
fired plants in Europe, particularly in the U.K., with the steam 
pressure being typically 18 MPa. However, the need to develop 
fossil-fired power plants with reduced generating costs and 
acid rain and greenhouse gas productions was widely recog- 
nized in the late 1970s and early 1980s and subsequently led to 
the design and construction of supercritical or ultrasupercrit- 
ical ( u s e )  and combined cycle power plants with improved 

Copyright* 2001 by ASTM International www.astm.org 
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6 HIGH-CHROMIUM FERRITIC AND MARTENSITIC STEELS FOR NUCLEAR APPLICATIONS 

TABLE 2.1--Compositions of commercial and developmental 9% Cr martensitic steels. 

Country 
Steel Type Designation Of 

Ori~lin C 
9Cr-lMo 9Cr -1Mo* UK 0.10 

T9 Japan <-0.15 

EM10* France 0.10 
9Cr-2Mo HCM9M* Japan 0.07 

NSCR9* Japan 0.08 
EM12 Belgium/ 0.08- 

France 0.12 
JFMS* Japan 0.05 

9Cr-MoVNb Tempaloy F-9 Japan 0.04- 
0 .08  

T91 USA 0.08- 
0.12 

9Cr-MoVNbW COST 'B'* Europe 0.17 
E911" Europe 0.10 
TFI* Japan 0.12 

TB9 (NF616) Japan 0.07- 
(T92) 0.13 

*typical composition 

Analysis (wt. %) 
Si Mn Cr Ni Mo V Nb 

0.70 0.50 9.5 0.20 1.0 
0.25- 0.30- 8.0- 0.90- 
1.00 0.60 10.0 1.10 
0.30 0.50 9.0 0.20 1.0 
0.30 0.45 9.0 2.0 
0.25 0.50 9.0 0.10 1.6 0.15 0.05 
0.30- 0.90- 9.0- 1.9-2.1 0.25- 0.35- 
0.50 1.20 10.0 0.35 0.45 
0.67 0.58 9.6 0.94 2.3 0.12 0.06 
0.25- 0.40- 8.0-9.5 0.90- 0.15- 0.20- 
1.00 0.80 1.1 0.45 0.60 

0.20- 0.30- 8.0-9.5 <0.40 0.85- 0.18- 0.06- 
0.50 0.60 1.05 0.25 0.10 
0.10 0,10 9.5 0.10 1.5 0.25 0.05 
0.20 0.40 9.0 0.20 1.0 0.20 0.08 
0.20 0,50 9.0 0.80 0.60 0.26 0.06 

_<0.05 0.30- 8.5-9.5 _<0.40 0.30- 0.15- 0.04- 
0.60 0.60 0.25 0.09 

W N B 

0.030 0.003 

<_0.005 

0.030- 
0.070 
0.005 0.010 

1.0 0.070 
1.6 0.050 0.003 

1.5-2.0 0.050- 0.001- 
0.070 0.006 

A 2200 mm 

TUBE : 

H E A D E R  t 
R O T O R  

up t o 4 O t  
T U R B I N E  CASING 

u p t o  60 t 

FIG. 2.1--Comparison of section dimensions of steam plant components [15]. 

thermal efficiencies. The requirement for operation with ad- 
vanced (higher temperature and pressure) steam cycles in turn 
resulted in the establishment of a number of coordinated re- 
search and development activities in Japan [spearheaded 
since 1980 by The Electric Power Development Company Lim- 
ited (EPDC)], the USA [the Electrical Power Research Institute 
(EPRI) Project RP 1403 initiated in 1985], and in Europe [Co- 
operation in Science and Technology (COST) 501 Programme 
initiated in the early 1980s]. These studies have focused on the 
development of highly alloyed 9-12Cr steels for boiler (super- 
heater and reheater tubing and large-diameter, thick-walled 
pipes for steam lines and headers) and turbine (rotors, casings 
and valves, blades, bolts, etc.) components for operation at in- 
let steam temperatures up to 620 or 630~ and pressures of 30 
to 34 MPa, with further developments for applications up to 
650~ The requirements of the materials for the steam tur- 
bine components differ from those of boilers in that they must 
be met with very large section sizes; the relative dimensions of 
boiler tubes, headers, turbine rotors, and turbine rotor inner 
casings are indicated in Fig. 2.1 [15]. 

The general requirements of the steels may be summarized 
as follows [16]: 

�9 Ease of fabrication of large forged and cast components 
and of weldability for tubes and pipes. 

�9 Through hardening and uniformity of mechanical proper- 
ties in rotor forgings with diameters up to and in excess of 
1.2 m. 

�9 High creep and rupture strengths at temperatures of 
600~ a creep-rupture strength of 100 MPa at 600~ and 
105 h has been the target for turbine components. 

�9 High toughness and resistance to both embrittlement 
and softening during long-term service at elevated temper- 
atures. 

�9 Resistance to steam oxidation and also to fireside corro- 
sion in the case of boiler tubes. 

The respective programs have been described and the in- 
formation and data generated reported in technical publica- 
tions and proceedings of many international conferences 
held during the past 15 to 20 years [17-37]. 
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CHAPTER 2: DEVELOPMENT OF HIGH (7-12%) CHROMIUM MARTENSITIC STEELS 7 

B o i l e r  Components 

The compositions of newly developed higher-strength fer- 
ritic/martensitic steels are included in Tables 2.1 and 2.2, and 
the progress in their development for boiler applications is 
depicted in Fig. 2.2 [38]. It should be emphasized that there 
are considerable uncertainties in predicting the long-term 
creep-rupture strengths of the steels by extrapolation of 
short-term data usually obtained by testing in air. The com- 
plications arise as a consequence of scatter in the experi- 
mental  data, microstructural  changes that  occur during 
testing and affect the deformation and fracture, and oxida- 
tion, which reduces the effective load-bearing cross-section. 
These effects and the various extrapolation procedures 
employed have been described elsewhere [39,40]. Neverthe- 
less, progressive improvements in creep resistance have been 
achieved by close control of the major and minor alloying el- 
ement concentrations so as to: (a) optimize the constitution 

and 8-ferrite content by additions of the austenite-stabilizing 
elements Cu and Co, (b) maximize the solid solution 
strengthening by W, Mo, and N, (c) stabilize the martensite 
dislocation structure and the M23C6 type precipitates by B ad- 
ditions, and (d) enhance the precipitation strengthening by 
the formation of fine particles of VN and Nb(CN), which are 
highly resistant to coarsening. 

Many different steels, including 0.SCr-MoV, 1.0Cr-0.5 Mo 
(Tl l ) ,  2.25Cr-lMo (P/T 22), and 9-12Cr, have been used 
worldwide for boiler tubing and steam piping in thermal  
power plants. The high-chromium steels have superior  
strength and oxidation resistance compared to the low-alloy 
steels. Furthermore, the 12Cr steels have better oxidation re- 
sistance than the 9Cr materials, and higher-strength versions 
of the former are therefore more suitable for use in the high- 
temperature parts of superheaters, which are susceptible to 
heavy corrosion and also, in some cases, for reheater tubing 
[41]. The temperature of the steam piping does not exceed 

35 MPa 

105 h Creep-Rupture Strength at 600~ 

60 MPa 100 MPa 140 MPa 180 MPa 
i 

+Mo 

[HCM9M] 

-C+V 
+ Mo + Nb 

I 9Cr-IMo I = 
[ASME T9| 

~[  9Cr-2MoVNb J 
[EM12] 

i 
I+V+Nb 

V, Nb optimized -Mo + W r- 
[Tempaloy F-9] [ASME 1"91] | 1.8WVNb , 

[NF616; ASME 
T92] 

+Mo 

~ ! "---~112Cr-O.5Mo I 
[AISI 410] i 

+Mo 
+V 

+Cr 

,. ,r +W+CO 

t 12Cr~O'5M~ "~l 12Cr-WCo- 
"~l 1.8WVNb NiVNb 

[TB12] [NF12] 

12Cr-1MoVI 
[HT91; DIN 

X20CrMoV12 1 ] 

+w 
i 

, - C + N b + W  -Mo+W+Cu +Co 
112Cr-1MoVW~-- - - ~  12Cr-lMo- 1"~12Cr--0.5Mo- I " " ~  12Cr-WCo- 

[HT9;DIN | lWVNbl , I ~wNbcu / /  VNb 
X20CrMoVWl 2 1 ] [HCM12] [HCM12A; [SAVE12] 
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FIG. 2.2nDevelopment of 9-12% chromium ferritic/martensitic steels [38]. 
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that of the steam, and the oxidation resistance of the 9Cr 
steels is satisfactory for these components; however, a steel 
with high yield and creep-rupture strengths is advantageous 
for application as thick-walled (typically ~230 mm) steam 
pipes as thinner sections can be used and thermal stress and 
fatigue loading are thereby minimized. 

The X20CrMoV 12 1 (HT91) [42] steel has been utilized 
widely for superheater tubes, steam pipes, and thick-section 
boiler headers at steam pressures up to 25 MPa and temper- 
atures of 540 and 560~ in European power plants; there is 
also extensive service experience on the duplex (tempered 
martensite plus ~-ferrite) 9Cr-2Mo (HCM 9M) steel [43,44] 
for similar applications at temperatures up to about 593~ in 
Japan and the 9Cr-2MoVNb (EM12) steel for superheaters at 
temperatures up to 600~ in France [45]. The modified 9Cr- 
1Mo steel (T/P/F 9l) [46,47], in which the V and Nb contents 
have been optimized, is being increasingly used throughout 
the world for superheater tubing, headers, and piping with 
conventional steam conditions and also for advanced plants 
with steam inlet temperatures up to 593~ This steel can be 
readily fabricated and welded and has a favorable combina- 
tion of properties (high yield and creep-rupture strengths and 
allowable stresses) against which those of newer steels have 
to be judged. The T/P91 steel has thus been the basis for the 
further development in Japan of advanced grades, such as the 
9Cr-MoVNbW (NF616; TB9; P92) [48,49], 12Cr-MoVNbW 
(HCM 12) [50,51], and the 12Cr-MoVNbWCu (HeM 12A) 
[52-54] steels for USC applications as large-diameter, thick- 
walled pipes [NF616 (T92)and HCM 12A (T122)] [55] and su- 
perheater  and reheater  tubes (HeM 12), while the 9Cr- 
MoVNbWN (E911) [56,57] steel, first evaluated as a rotor 
steel, is in an advanced stage of development as a tube and 
pipe material in Europe. The predicted l0 s h/600~ creep- 
rupture strength of the E911 steel is slightly lower (105 MPa 
[39] and 108 MPa [58]) than that of the NF616 (P92) steel 
(112 to 130 MPa [39,48,58,59]) but superior to that of the 
modified 9Cr-lMo (Pgl) steel (94 [58] and 87 MPa [60]). Two 
new 12Cr-MoVNbWCo boiler steels (NF12 [38,61,62] and 
SAVE 12 [38, 63]) with l0 s h/600~ creep-rupture strength of 

180 MPa have been laboratory tested in Japan; the SAVE 12 
steel has small additions of Ta and Nd, which are reputed to 
enhance the creep-rupture strength in the 600 to 650~ tem- 
perature range [63]. 

Other developments being pursued include the elimination 
of welding in the production of complex-shaped boiler com- 
ponents by manufacturing the header and nozzle as one unit 
by hot isostatic pressing (HIPping) of E911 steel powders 
[57]. 

Turbine Components 

The designations and compositions of the steels utilized for 
s team turbine components  together with the newer high- 
chromium martensit ic steels developed for these applica- 
tions are also included in Tables 2.1 and 2.2. 

Rotors  

1.0Cr-MoV, 3.5Ni-CrMo(V) and conventional 12Cr steels 
have been used for turbine rotor forgings in subcritical plants 
as they have adequate creep-rupture strength, thermal-  
fatigue resistance, hardenability, and toughness for opera- 

tion with s team inlet tempera tures  up to 540 to 565~ 
Tungsten-containing 12Cr steels, such as AISI 422, GE, and 
the modified GE steel, possessing improved properties com- 
pared to the 1.0Cr-MoV steel, were developed for turbine ro- 
tors in the USA in the 1950s and 1960s, and the GE steel has 
been used successfully in supercritical plants with a steam 
temperature of 565~ for more than 25 years [64]. However, 
the creep-rupture properties of these steels are inadequate 
for operation in supercritical and USC plants operating at 
595 to 650~ Also, the 12Cr steels developed in the late 1940s 
and 1950s for gas turbine applications were not considered 
suitable for large rotor forgings and other s team turbine 
components as they were susceptible to segregation, had rel- 
atively poor forgeability and weldability as well as fracture 
toughness, and were microstructurally unstable [65]. Thus, 
while the steels had high creep-rupture strengths at ->->550~ 
for times of ~ 104 h appropriate to jet engines, their rupture 
strengths decreased rapidly at the times of --~ l0 s h required 
for steam turbines. 

The development of ferritic/martensitic rotor steels with 
improved creep-rupture strengths at >-565~ was initiated 
in Japan in the 1950s; the development was focused on 
the 12Cr-MoV type, and a 12Cr-MoVNbB steel (TAF) 
[19,26,66] was used for the manufacture of small rotor for- 
gings. Subsequent investigations during the 1970s led to 
the development of the 12Cr-MoVNb (TRll00;  TMK1 
[19,26,66,67] and TOS 101 [68,69]) and 12Cr-MoVNbWN 
(TR1150, TMK2 [19,26,66,67] and TOS 107 [68,69]) steels de- 
signed for use at 593 and 620~ respectively, and the more 
highly alloyed 12Cr-MoVNbW (TR1200 [19,26]) and 12Cr- 
MoVNbWCoB (HR1200 [61,70] and TOS 110 [68,69]) steels 
aimed at inlet steam temperatures ->630~ the TMK1 and 
TMK2 steels have been used for the manufacture of turbine 
rotor forgings for Japanese supercritical steam power plants 
operating at ->593~ [67]. 

Several new turbine rotor  steels [9.SCr-MoVNbB (Steel 
"B"), 10.5Cr-MoVNbWN (Steel "E') and 10.2Cr-MoVNbN 
(Steel "F")] have also been developed as part  of the European 
COST 501 program [65,71]. The steels have been used for the 
manufacture of prototype rotor forgings and sectioned for 
characterization studies and short- and long-term mechani- 
cal property investigations, while Steel "F" rotors have been 
manufactured and operated at high steam temperatures and 
pressures in Danish power plants. 

The high-pressure/low-pressure combination (HLP) rotor 
shafts are used widely in the steam turbine side of the com- 
bined-cycle power plants. The increases in power generation 
capacity of the combined-cycle plants necessitate an increase 
in the size of the HLP turbines, and their diameters may well 
approach 2000 m m  in the near  future. Several 2.0-2.5Cr- 
MoNiV steels have been successfully developed for such large 
turbines [72]. However, further increases in section size will 
result in higher stresses and the need for greater toughness in 
the center portions, which cannot be met  with the low-alloy 
steels. High-purity 9Cr-MoVNiNbN steels have therefore 
been evaluated as potential rotor forging materials in large 
HLP turbines [73]. 

Attempts have been made to enhance the creep resistance 
of the 10-12Cr rotor steels by the direct addition of thermally 
stable carbides [(W,Ti)C and (W,Nb)C] to the melt  under  
nonoxidizing conditions; the objective is to produce a fine 
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CHAPTER 2: DEVELOPMENT OF HIGH (7-12%) CHROMIUM MARTENSITIC STEELS 11 

dispersion of precipitates in the matrix so as to reinforce that 
produced by the normal solid-state heat treatments. 

Casings and Valve Bodies 
Modified 9Cr-lMo steels with increased nitrogen contents 
(G-X12CrMoVNb 9 1 [64,71] and G-X12CrMoVNbN 10 1 1 
based on COST Steel "E"[ 15,71]) in the form of large castings 
have been used in Europe for valve chests and casings of HP 
and intermediate pressure (IP) turbines with main and re- 
heat temperatures of 580 to 600~ these replace the previous 
standard conditions of 540 to 565~ using low-alloy (1.0Cr- 
MoV, 1.25Cr-0.5Mo, and 2.25Cr-1Mo) steel castings [15,64]. 
The production and properties of the modified 9Cr-lMo steel 
(F91) in the form of a thick (400 to 500 mm) forging for 
turbine valves have also been investigated [75]. Other steels 
developed in Japan for casings and valve bodies include 9Cr- 
MoVNbW (TF1) [26] and 12Cr-MoVNb (TOS 301) [69]; the 
use of the 9Cr-MoVNbW [NF616 (T/P 92)] steel in the cast 
form has also been considered [76], while the 12Cr-MoV- 
NbW (TOS 302) and 12Cr-MoVNbWCo (TOS 303) cast steels 
have been proposed for operation at steam temperatures of 
600 and 630~ respectively [69]. 

Turbine Blades 
A variety of 12Cr-MoV (Lapelloy), 12Cr-MoVNbW (AL 419 
and AISI 422) [1], and 12Cr-MoVNb (H46 [6], FV448 [7] and 
X19CrMoVNbN) steels have been used extensively for steam 
turbine blades, but they have insufficient creep-rupture 
strengths at temperatures above 550~ for application in 
USC power plants. The 12Cr-MoVNbWNB (TF2) steel [26] 
has been developed in Japan for use at higher temperatures, 
but a Ni-Cr-Co superalloy [Refractaloy 26: 0.08% C (max), 
35-39% Ni, 16-20% Cr, 18-22% Co, 2.5-3.5% Mo, 2.5-3.5% 
Ti, 0.25% A1 (max), balance Fe] has been employed success- 
fully at temperatures above 570~ in the USA [64]. 

Bolts 
The bolts used in modern steam turbines range in length 
from 300 to 1000 mm and in diameter from 40 to 150 mm. 
They operate at temperatures in the creep range and are 
often slackened and retightened after service periods of 30 to 
80 000 h for maintenance purposes. The requirements of the 
bolt materials include high tensile yield and creep relaxation 
strengths and high fracture toughness, adequate ductility to 
avoid creep crack formation, and resistance to stress corro- 
sion cracking in the steam environment [71,77-79]. High- 
chromium martensitic steels such as the 12Cr-MoNiV 
(x12erNiMo 12 i), 12Cr-MoV (X22CrMoV 12 1), and l lCr- 
MoVNbN (X19CrMoVNb 11 1) grades have been favored in 
Europe for bolts in steam turbines operating at temperatures 
in the range 450 to 565~ [71,78-80]. Other steels considered 
for bolting include 12Cr-MoNiV (M152) and 12Cr-MoVNb- 
WCu (FV535), while the 12Cr-MoVNb (H46) and 12Cr- 
MoVW (AISI 422) steels have been employed widely in the 
USA [64], and the 12Cr-MoVNbW (TF3) is favored in Japan 
[66]. However, tests have been carried out as part of the 
COST 501 and EPRI RP 1403 projects [71,78,79] on the 
higher creep-rupture strength 9-10Cr-MoVNb(W)N(B) steels, 
including the TAF, P91, and the COST rotor steels, to qualify 
them as bolt materials in thermal power stations operating at 
600~ The results of 1000 h screening tests showed that the 

relaxation behavior of these newer steels are comparable or 
inferior to those of the 11Cr-MoVNbN (Xl9CrMoVNb 11 1) 
steel despite their superior creep-rupture strengths and duc- 
tilities at 550 to 600~ [79]. The high-chromium martensitic 
steels are, consequently, only considered for use as turbine 
bolts up to a maximum temperature of 550 to 560~ with 
nickel-base alloys such as Nimonic 80A [0.10% C (max), 
18-21% Cr, 3.0% Fe (max), 2.0% Co (max), 1.8-2.7% Ti, 
1.0-1.8% A1, balance Nil and Refractaloy 26 favored for 
higher-temperature applications [64,81]. 

FAST B R E E D E R  R E A C T O R S  

Nuclear Fission 

The only fissionable material that occurs naturally is ura- 
nium with an atomic weight of 235, that is, 23SU; natural ura- 
nium contains 0.7% 235U, the remainder being mainly 238U. 
An example of one of the many possible fission reactions 
when an atom of 235U absorbs a neutron (n) is: 

235U92 + In 0 --~ 948r38 + 14~ + 2 in0 + ~-160 MeV (2.1) 

The two fission fragments (948r and 14~ are highly ra- 
dioactive and share the kinetic energy of about 160 MeV, 
which is available principally as heat. Each neutron created 
by the fission has an average kinetic energy of about 2 MeV 
(corresponding to a speed of 2 • 107 m/s). Some of these fis- 
sion or fast neutrons are lost by being absorbed in materials 
other than the 235U atoms and by escaping from the fuel, but 
the chain reaction can be maintained in fuel highly enriched 
in the fissile isotopes in fast reactors provided sufficient neu- 
trons remain to produce as many new fissions in the next 
generation as there were in the first. However, in thermal re- 
actors, the fast neutrons are slowed down to thermal energies 
(about 0.025 eV at ambient temperature, corresponding to a 
speed of 2 • 103 m/s) by repeated collisions with the low 
atomic weight atoms of a moderator, such as light water 
(H20), heavy water (D20), graphite (C), and beryllia (BeO). 
The slow or thermal neutrons are capable of sustaining the 
chain reaction in natural uranium fuel or fuel only slightly 
enriched with respect to the fissile 235U isotope. 

The fission and thermal neutrons may also breed pluto- 
nium from the nonfissionable 23SU isotope, as follows: 

238U92 ~- in 0 ---). 239U92 + '~/ (2.2) 

239U92 ---) 239Np93 -F ~ 1 (2.3) 

239Np93 ----~239pu94 + ~ 1 (2.4) 

The 239pu fissions readily and can be used together with 23SU 
to fuel both fast and thermal reactors. 

Radiation Damage 

The components located in or near the reactor core are bom- 
barded with neutrons having a spectrum of energies mainly 
in the range above about 10 keV in fast reactors and range 
from approximately 2 MeV down to 0.025 eV in thermal re- 
actors. As described in more detail in Chapter 8, radiation 
damage is produced in nonfissile materials used for fuel ele- 
ment cladding and core structural components as a result of: 
(a) the displacement of atoms from their equilibrium lattice 
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12 HIGH-CHROMIUM FERRITIC AND MARTENSITIC STEELS FOR NUCLEAR APPLICATIONS 

positions by energetic neutron-atom collisions and the for- 
mation of Frenkel defects (vacancies and interstitials), and 
(b) the creation of solid and gaseous impurity atoms by (nil), 
(n,a), and (n,p) transmutation reactions. The damage in fer- 
rous and nonferrous metals and alloys is manifested as void 
formation and swelling, microchemical and microstructural 
changes, irradiation or in-reactor creep, radiation hardening 
and embrittlement, and reductions in fracture toughness and 
fatigue endurance. These effects are discussed in Chapters 9 
to 17 in respect of the high-chromium ferritic/martensitic 
steels. 

Reactor Components and Materials 
The 12Cr (AISI 403) and wrought 9Cr-lMo steels have been 
used for the pressure tube end fittings in the Canadian 
CANDU reactors [82] and in the evaporators and parts of the 
superheaters  in the UK Advanced Gas-Cooled Reactors 
(AGRs) [83], respectively. The high-chromium martensitic 
steels have found few other applications in thermal reactors, 
their main development having been directed towards fast 
breeder reactor usage. 

Several prototype sodium-cooled fast breeder reactors  
have been constructed and operated as fuel element sub- 
assembly test facilities and also to establish the viability of 
commercial  fast reactor core component  designs under fully 
representative conditions without compromising the main 
objective of demonstrating that they could reliably generate 
electricity for the national grids. These reactors include the 
Dounreay Fast Reactor (DFR) and Prototype Fast Reactor 
[PFR] (UK), RAPSODIE, PHI~NIX and Super-PHI~NIX 
(France), KNK-2 (Germany), EBR-II and the Fast Flux Test 
Facility [FFTF] (USA), BN5 (10), BOR60, BN350 and BN600 
(Russia), JOYO and MONJU (Japan) and FBTR (India); how- 
ever, many of these reactors have now ceased operation. 

The 9Cr-lMo steel has been utilized as internal sleeves for 
the repair of leaks in the welds between the 2.25Cr-lMoNb 
steel steam tubes and 2.25Cr-lMo steel tube plates in the 
evaporator units and also for the replacement superheater 
and reheater tube bundles in PFR [83,84]. However, the suc- 
cessful operation of fast reactors is also dependent on the 
performance of the materials used in the construction of the 
fuel and breeding blanket assemblies. Thus, the subassembly 
fuel pin cladding and wrappers (or ducts) in a commercial 
fast reactor have to endure prolonged service at elevated tem- 
peratures and a maximum displacement per a tom (dpa) dose 
of 150 to 200 dpa (see Chapter 8) if the fuel is to achieve an 
economic target burn-up of 15 to 20% of the heavy atoms. 

The prototype fast breeder reactors usually commenced 
operat ion with conventional austenitic steels as the core 
component  structural materials. However, these steels exhi- 
bited significant irradiation-induced void swelling and irra- 
diation creep that could lead to dimensional instability and 
core distortion [85]. These problems may be exemplified by 
reference to the PFR [600 MW(th), 250 MW(e)] fuel element 
subassembly shown in Fig. 2.3 [85,86]. PFR employed a nom- 
inally free-standing core design in which 78 subassemblies 
were cantilevered from the bottom core support structure. 
Each subassembly consisted of 325 or 265 fuel pins with out- 
side diameters of 5.84 and 6.60 mm, respectively, containing 
a stack of mixed-oxide (UO2:PuO2) annular pellets; the pins 

Lilting Lugs 

Z 
urst Pin Detection Equipment 

~ Mix~/Br~,~ler Pin 

~ Fuel Pin 

Leaning Pad 

i 
.Fuel Element Core Gag Assembly 

sFilter 
~Spike Banding Bar 
1Spike Bottom Beadng Cup 
.-Ball Joint 

FIG. 2.3--PFR standard core sub- 
assembly [86,87]. 

were held in grids spaced at intervals along their length and 
enclosed within a hexagonal wrapper approximately 2.75 m 
long, 142 m m  across the flats, and 3 mm wall thickness. The 
wrapper served to channel the sodium coolant flow (inlet and 
outlet temperatures of 400 and 560~ respectively) over the 
fuel pin bundles and provided the structural strength and 
stiffness of the assemblies. The design temperature ranges 
for the wrapper and cladding (mid-wall) for the fuel element 
subassemblies in PFR (Row 1) were 420 to 550~ and 430 to 
700~ respectively. 

The void swelling produced both axial and radial expan- 
sion of the cladding and wrapper so that, in the extreme, the 
coolant flow between the pins would be reduced, resulting in 
increases in temperature and possible failure, together with 
difficulties in removal or insertion during refueling unless 
sufficient clearance was allowed. In addition, differential 
void swelling due to gradients in neutron flux and tempera- 
ture across a subassembly caused wrapper  bowing, while the 
wrapper faces dilated (or bulged) due to irradiation creep un- 
der the influence of the internal coolant pressure. The sub- 
assembly bowing, dilatation and length, illustrated in Fig. 
2.4, were important  in determining the design, operation, 
and burn-up limits for the fuel elements. However, irradia- 
tion creep could be beneficial in certain circumstances by 
reducing interaction loads between neighboring subassem- 
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blies in the free-standing PFR core design or between the 
subassemblies and the core restraint structure in constrained 
core designs, such as those adopted for FFTF, PHI~NIX, and 
BN-350. 

It became essential, therefore, to select or develop wrapper 
materials exhibiting consistently low void swelling and irra- 
diation creep rates that were not excessively high if the burn- 
up targets in the fuel were to be achieved [85]. Furthermore, 
the fuel pin cladding had to retain sufficient "in-reactor" 
creep strength and ductility to avoid premature failure under 
the stresses imposed by fission product gas release and fuel- 
clad mechanical interaction. 

These requirements led to extensive post-irradiation exam- 
ination and test programs on the subassembly components, 
as well as on specimens irradiated in rigs in experimental fast 
reactors, such as DFR, RAPSODIE, EBR II, FFTF, BR-10, 
BOR-60, and JOYO, and in the prototypes being undertaken 
in Europe [86-90], the USA [91,92], Russia [93,94], and 
Japan [95]. The data obtained in these studies enabled com- 
ponent material design rules to be formulated and materials 
with progressively increased resistance to void swelling, such 
as cold-worked unstabilized (based on Type 316: 0.08% C 
max.; 16.0-18.0% Cr; 10.0-14.0% Ni; 2.0-3.0% Mo) and Ti- or 

UnL rrodL at ed I rrod~ at ed 

FIG. 2.4---Fast reactor core fuel element subassembly bow- 
ing, dilatation, and length increase resulting from irradiation. 

Nb-stabilized austenitic steels, precipitation-hardened inter- 
mediate  nickel-base alloys and the h igh-chromium fer- 
ritic/martensitic steels, to be identified. 

Many wrought ferritic/martensitic steels have been em- 
ployed or considered for application as wrappers (ducts) and, 
to a lesser extent, cladding in the core fuel element sub- 
assemblies in sodium-cooled fast reactors in Europe, the 
USA, Russia, and Japan [87-99]. They include (see Tables 2.1 
and 2.2): plain 12Cr (FI) in the U.K. and a fully ferritic, non- 
transformable 17Cr (F17) in France, 9Cr-lMo (EM10) and 
duplex 9Cr-2Mo (EM12) in France, 12Cr-IMoV (FV607 and 
CRM12) in the U.K., 1.4923 in Germany and EP450 in Rus- 
sia), 9Cr-IMoVNb [modified 9Cr-lMo (T91) in the USA and 
France], 12Cr-MoVNb (FV448 in the U.K. and 1.4914 in Ger- 
many), 12Cr-IMoVW (HTg) in the USA, and 12Cr-MoVNbW 
(PNC-FMS) in Japan. 

The heat treatments specified for the 9-12% Cr ferritic- 
martensitic steels for nonnuclear conventional engineering 
applications are aimed at maximizing the tensile proof and 
creep-rupture strengths. However, a high thermal  creep 
strength has not been a primary requirement for the wrappers, 
as the operating temperatures are below or at the lower end of 
the creep range for these materials and the components are 
not highly stressed during normal operation. A reduced creep 
strength was therefore acceptable, provided that increased 
fracture toughness and good high-temperature ductility, cou- 
pled with adequate formability and weldability, could be 
achieved. Consequently, extensive studies, involving modifica- 
tions of the compositions and initial heat treatments, were 
carried out to develop the optimum combination of properties 
for some of the steels intended for use as wrappers [89,98,99]. 

Significant increases in toughness [low impact ductile-brit- 
tle transit ion tempera ture  (DBTT) and high upper  shelf 
energy (USE)], albeit with large reductions in creep-rupture 
strengths, have been effected by: (a) avoiding the formation 
of 8-ferrite and ensuring fully martensitic structures in the 
12% Cr steels by close control of the nickel and chromium 
equivalent element concentrations; the single phase 9Cr-lMo 
(EM10) steel has also been preferred to the previously con- 
sidered duplex 9Cr-2Mo (EM12) steel [89]; (b) specifying a 
low nitrogen content (0.01% max) for the 1.4914 steel [99], al- 
though this benefit was not maintained after reactor expo- 
sure [89]; and (c) optimizing the austenitizing and tempering 
treatments to refine the prior austenite grain size and reduce 
the strength of the matrix of the 12% Cr [98] and 9% Cr [89] 
steels. For example, a reduction in the sub-size Charpy V- 
notch impact DBTT of the FV448 steel from - 1 0  to -50~ 
was effected by changing from the manufacturer 's  recom- 
mended [1020~ h, air cool (AC) plus 700~ h, AC] to the 
high toughness wrapper (1100~ h, AC plus 750~ h, AC) 
heat t reatment for the FV448 steel [89,98]; there was an as- 
sociated decrease in the creep-rupture strength (550~ 104 h) 
from approximately 260 to 200 MPa [98]. The applications of 
the high-chromium martensitic steels in fast reactor driver 
fuel element subassemblies are summarized in Table 2.3. 

The high-chromium ferritic/martensitic steels have shown 
excellent dimensional stability (void swelling ~0.5%) at high 
displacement doses [132 dpa for an FV448 steel wrapper in 
PFR and 142 and 115 dpa for EMI0 and 1.4914 steel wrap- 
pers, respectively, in PHI~NIX] based on length and across- 
flats measurements  on irradiated wrappers  and density 
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14 HIGH-CHROMIUM FERRITIC AND MARTENSITIC STEELS FOR NUCLEAR APPLICATIONS 

TABLE 2.3--Application of high chromium ferritic/martensitic steels for driver subassembly structural components in 
sodium-cooled fast breeder reactors. 

Reactor Country Cladding Steel/Alloy ~ Wrapper Steep Reference 
PFR U.K. STA Nimonic PE 16 FV448 87, 90 

PHI~IX France CW 15Cr-5NiTiMoB EM10 87, 90 

PHI~NIX Germany CW and CWA 1.4970 1.4914 b 87, 90 
(DEBENE) Mod. b 96, 97 

FFTF U.S.A. HT9 HT9 91, 92 

BN-350 Russia CW CHS-68 EP450 93, 94 
BN-600 

Long life cores Japan PNC-FMS PNC-FMS 95 
(proposed) 

a Solution treated and aged (STA) Nimonic PEI6: 17% Cr, 43% Ni, 3% Mo, 2.5% Ti + A1, balance Fe. 
Cold worked (CW) and co]d worked and aged (CWA) 1.4970 austenitic steel and modified versions: 15% Cr, 15% Ni, 1.2% Mo, 0.40% Ti, 
0.005% B. 
Cold worked (CW) CHS-68 austenitic steel: 15.0, 16.5% Cr, 14.0-15.5% Ni, 1.9-2.5% Mo, 0.2-0.3% Ti, 0.001-0.005% B. 
The following are ferritic/martensitic steels: 
HT9: 12% Cr, 0.6% Ni, 1% Mo, 0.30% V, 0.5% W. 
PNC-FMS: 11% Cr, 0.4% Ni, 0.5% Mo, 2.0% W, 0.2% V, 0.05% Nb, 0.05% N. 
FV448: 10.7% Cr, 0.65% Ni, 0.60% Mo, 0.15% V, 0.25% Nb. 
EM10: 9% Cr, 0.20% Ni, 1.0% Mo. 
1.4914: 10.5% Cr, 0.85% Ni, 0.55% Mo, 0.25% V, 0.20% Nb, <-0.010% N, <-0.0015% B. 
EP450: 11.0-13.5% Cr, 0.05-0.30% Ni, 1.2-1.8% Mo, 0.3-0.6% Nb, 0.1-0.3%V, 0.004% B. 
b Experimental subassemblies. 

d e t e r m i n a t i o n s  on  s p e c i m e n s  m a c h i n e d  f rom i r r a d i a t e d  
wrappers  or  exposed in i r r ad ia t ion  rigs [90]. In  addi t ion,  20 
subassembl ies  consis t ing of STA Nimonic  PE16 clad pins in  
FV448 steel wrappe r s  loaded in the  PFR core in the late 1980s 
reached  15 at% burn -up  and  110 dpa,  while  one subassembly  
successful ly  achieved 19 at% burn -up  and  155 dpa  by the 
t ime  the reac tor  was  finally shut  down in 1994 [87]. Also, 
c o l d - w o r k e d  (CW) 15Cr:15NiTiMoB aus t en i t i c  s teel  c l ad  
pins  in EM10 steel wrappers  reached  burn-ups  of  abou t  17 
a t% and  146 d p a  in PHI~NIX [90], whi le  the  EP-450 fer- 
r i t ic /mar tens i t ic  steel c lad pins  in EP-450 wrappe r s  achieved 
burn-ups  of  12 at% with  an  associa ted  d i sp lacement  dose of 
45 dpa  in BN-350 and  15 at% and  144 dpa  in BOR-60 [93,94]. 

A ma jo r  l imi ta t ion  of the  h igh-chromium ferr i t ic /marten-  
sitic steels, in c o m m o n  with  o ther  body-centered-cubic  (bcc) 
steels, is that  they exhibit  a duct i le-bri t t le  t rans i t ion  t empera-  
ture (DBTT) in which  the energy of  f racture increases  wi th  in- 
creasing t empera tu re  on pass ing th rough  the t ransi t ion,  fol- 
l owed  by  an  uppe r - she l f  r eg ion  of  re la t ive ly  c o n s t a n t  or  
slightly decreas ing high fracture energies.  The steels also suf- 
fer r ad ia t ion  embr i t t l emen t  in tha t  the DBTT increases  and 
the upper-shel f  energy (USE) is r educed  by neu t ron  i r radia-  
t ion; these  changes  c o r r e s p o n d  to a r educ t i on  in f rac ture  
toughness  in fracture mechanics  terminology,  wi th  decreased  
res is tance to c rack  in i t ia t ion in the  t rans i t ion  region and  duc-  
t i le crack growth  f rom preexis t ing flaws in the upper-shel f  re- 
gion. However,  it  has  been es tabl ished that  the DBTTs of  the 
i r rad ia ted  h igh -ch romium steels are  not  marked ly  dependen t  
on  the steel type and  d i sp lacement  dose (10 to 100 dpa)  in the 
wr a ppe r  opera t ing  t empera tu re  range of 400 to 560~ the ir- 
r ad ia t ion- induced  shifts being relat ively small  [90]. These ef- 
fects will be discussed in detail  in Chapters  14 and  15. 

Oxide Dispersion-Strengthened Steels 

The h igh -ch romium fer r i t ic /mar tens i t ic  steels have l imi ted  
t h e r m a l  c r e e p - r u p t u r e  s t r eng ths  at  t e m p e r a t u r e s  above  
550~ and  were, for  this  reason,  cons idered  unl ikely  to mee t  

the  target  burn-ups  for c ladding  opera t ing  at  t empera tu re s  
up  to 670 o r  700~ in c o m m e r c i a l  fast  r eac to r s .  Conse-  
quently,  the deve lopmen t  of  oxide d i spe r s ion- s t r eng thened  
(ODS) steels possess ing h igher  s t rengths  at  e levated and  am- 
b ient  t empera tu re s  for fuel e lement  c ladding  and  o ther  ap-  
p l ica t ions  has  been pu r sued  in Europe ,  the USA, Japan,  and  
Russ ia  [88,100-107]. The steels ini t ial ly inves t iga ted  had  fer- 
r i t ic mat r ices  conta in ing  13% Cr and  1.5% Mo [88,100-102] 
and  11-13% Cr and  3% W [ 106] wi th  t i tan ia  (Ti203) and/or  yt- 
t r i a  (Y203) d i spers ions .  The c o m m e r c i a l  m a n u f a c t u r e  in- 
volved the mechan ica l  a l loying of rap id ly  sol idif ied al loy and  
u l t ra  fine oxide powders ,  fol lowed by  conso l ida t ion  by  hot  
extrusion,  rol l ing,  or  hot  i sos ta t ic  press ing (HIPping) .  The 
ex t ruded  and  HIPped  p roduc t s  genera l ly  have a very fine 
gra in  size (< l&m) ,  and  the uniaxia l  c reep- rupture  s t rengths  
and  duct i l i t ies  are enhanced  if the mat r ix  gra ins  have a high 
aspec t  r a t io  (gra in  l e n g t h : d i a m e t e r  ->15) [108]. The large  
c o l u m n a r  s t ruc ture  is usual ly  ob ta ined  by  zone anneal ing,  
which  also p roduces  a s t rong texture  due to secondary  re- 
crys ta l l iza t ion (also referred to as exaggera ted  gra in  growth)  
[ 109-113]. However ,  an  equiaxed gra in  s t ructure  is requi red  
for  the  fuel e lement  c ladding  appl ica t ion  so as to ob ta in  good 
biaxial  creep s t rengths  and  duct i l i t ies  in the tubes  [114]. 

FUSION REACTORS 

Nuclear Fusion 

Considerable  effort is being expended  wor ldwide  to develop 
fusion as a long- term energy source.  The mos t  sui table  fusion 
reac t ion  occurs  be tween  the nuclei  of the two heavy isotopes  
of  h y d r o g e n - - d e u t e r i u m  (D) and  t r i t ium (T) - - to  form a he- 
l ium nucleus  and  the release of  a neu t ron  and  energy: 

2DI + 3T1 -4 4He2 (3.5 MeV) + in0 (14.1 MeV) (2.5) 

The fuel changes  f rom a gas to a p l a s m a  at  a t empe ra tu r e  be- 
low the ->-100 mi l l ion  degrees celsius requi red  for  the  D-T fu- 
s ion react ion,  and  the hot  p l a sma  has to be magnet ica l ly  con- 
f ined wi th in  a v a c u u m  vessel and  i so la ted  f rom the vessel 

 

Copyright by ASTM Int'l (all rights reserved); Fri Dec 18 21:25:08 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 2: DEVELOPMENT OF HIGH (7-12%) CHROMIUM MARTENSITIC STEELS 15 

walls. The most  promising magnetic confinement systems 
are toroidal (ring shaped), and the most advanced of these is 
the tokamak reactor. However, inertially confined fusion sys- 
tems, in which the energy is produced by the repeated igni- 
tion of D-T pellets, have also been studied. 

The deuterium fuel is abundant  and can be readily ex- 
tracted from seawater. Tritium does not occur naturally; rel- 
atively small amounts of tri t ium can be obtained as a by- 
product from heavy water thermal reactors, such as CANDU, 
but sufficient quantities to fuel the fusion reactor may be 
bred from lithium in the blanket surrounding the vacuum 
vessel in a tokamak reactor. Natural lithium contains 7.3 and 
92.7% of the isotopes 6Li and 7Li, respectively, and the prin- 
cipal tritium breeding reactions are as follows: 

6Li3 + ~n0 --4 3T 1 + 4He2 + 4.8 MeV (2.6) 

7Li3 + in0 ~ 3T 1 + 4He2 + in 0 - 2.9 MeV (2.7) 

A tritium breeding ratio greater than unity is possible with 
natural lithium, as the breeding reaction with VLi releases a 
neutron capable of inducing the tritium breeding reaction 
with 6Li. The primary neutron required for tritium breeding 
is obtained from the D-T reaction so that the consumables 
are deuterium and lithium, and the overall fusion breeding 
process may be represented by: 

2D1 + 6Li3 -~ 2 4He2 + 22.4 MeV (2.8) 

Reactor Systems and Components 

A schematic  of a commercial  D-T tokamak fusion power 
reactor (CFPR) is shown in Fig. 2.5. Many small and large 
[Joint European Torus (JET) in the U.K. [115], Tokamak Fu- 
sion Test Reactor (TFTR) in the USA [116] and JAERI Toka- 
mak-60 (JT-60) in Japan [117]] experimental tokamaks have 
been constructed and operated. The principal objectives of 
these tokamaks have been to achieve plasma fusion physics 
conditions approaching breakeven (that is, net energy pro- 
duction) and to evaluate the behavior of various material 
components; however, D-T experiments have only been per- 
formed in JET [ 118] and TFTR. 

A team was established in 1983 to define the Next Euro- 
pean Torus (NET), envisaged as one of the main steps be- 
tween JET and CFPR, and to initiate the technological de- 
velopments necessary for its design and construction as well 
as those required in the longer term for a fusion power 
demonstration reactor (DEMO). The evolution of the NET 
objectives, schedule, parameters,  and operation scenarios 
has been fully documented [119] and the selection of struc- 
tural materials for the components exposed to the most 
onerous operating conditions [first wall, impurity control 
systems (limiter and divertor), and tritium breeding blan- 
ket] and associated test programs described [120-122]. The 
NET project was superseded in the mid-to-late 1980s by the 
International Thermonuclear Experimental Reactor (ITER) 
project involving the USA, Japan, the former USSR, and Eu- 
rope [123,124]. 

The plasma-facing components in D-T tokamak reactors 
are subjected during service to: 

�9 Mechanical and electromagnetic loadings and alternating 
thermal stresses induced by the surface and volumetric 
heating and pulsed nature of the operation. 

�9 Irradiation with high-energy (14.1 MeV) fusion neutrons 
producing displaced a toms and helium, hydrogen, and 
solid transmutation products, leading to changes in bulk 
properties. 

�9 Bombardment  with ions and energetic neutral atoms from 
the plasma, resulting in surface (physical and chemical 
sputtering) and near-surface (gas bubble formation and 
blistering) damage. The damage is exacerbated in the event 
of plasma instabilities (disruptions) and by run-away and 
arcing effects; however, the metallic first wall has to be 
protected against these surface effects by graphite, beryl- 
lium, or other materials in the form of tiles or deposits. 

The Fe-Cr-Ni and Fe-Cr-Mn austenitic and the Cr-Mo fer- 
ritic/martensitic steels, other metallic (vanadium, niobium, 
molybdenum, titanium, tantalum, etc.,) base alloys, and 
SiC/SiC composites have been considered as potential struc- 
tural materials for the first wall and tritium breeding blanket 
components in the magnetically (D-T tokamak) [120-122, 
125-135] and inertially [ 136-138] confined fusion reactor sys- 
tems and included in the various national and community fu- 
sion materials research and development programs. The high- 
chromium (9-12%) steels initially included in these programs 
were essentially those being evaluated and developed for fuel 
element subassembly wrapper and cladding applications in 
the fast fission reactors. They included HT9 and the modified 
9Cr- 1Mo (T/P91) in the USA, JFMS (Japanese Ferritic Marten- 
sitic Steel) in Japan, a 12Cr- 1.6Mo (1KH 12M2S2) steel in Rus- 
sia, and FV448, 1.4914, EMI2, and other grades in Europe 
[ 12 t, 127]. Type 316L (0.03% C; 17.0% Cr; 12.5% Ni; 2.5% Mo) 
austenitic steel and the fully martensitic MANET I followed by 
MANET II steels (based on the 1.4914 and FV448 specifica- 
t i o n s - s e e  Table 2.2) were originally chosen as alternative 
first wall and breeder structural component  materials for 
NET with a first wall target fluence of 2.8 MWy m -2 [120,121 ]. 
The composition (except for increased B, N, and Zr concen- 
trations) and properties of the MANET I steel were generally 
comparable to those of the standard 1.4914 steel, while the 
MANET II steel, with reduced C, A1, and Zr contents, exhib- 
ited superior toughness properties and creep characteristics 
[139]. The martensitic steels, in addition to being more resis- 
tant to irradiation-induced void swelling, creep, and high- 
temperature helium embritt lement than the austenitic steels, 
have greater resistance to thermal stress development and fa- 
tigue because of their higher thermal conductivities and lower 
thermal expansion coefficients [ 121 ]. 

The ITER D-T tokamak device (illustrated in Fig. 2.6) is 
characterized by a low operating temperature (I 50 to 250~ 
a moderate neutron (first) wall loading of 0.5-1.0 MW m -2, 
an integrated (first) wall loading of 0.3 MWy m -2 (corre- 
sponding to a maximum displacement dose of about 3 dpa 
and helium and hydrogen gas production of 30 to 40 and 
160 to 170 appm, respectively, in steel), a strongly pulsed op- 
erational mode (pulses of 1000 s duration with a total of 
3 to 4 • 10 4 c y c l e s ) ,  and with no requirement for tri t ium 
breeding [124]. Type 316LN austenitic steel (0.03% C max, 
17.0-18.0% Cr, 12.0-12.5% Ni, 2.30-2.70% Mo, 0.06-0.08% 
N, 0.001-0.002% B, 0.30% Cu max, 0.25% Co max, 
0.15%Nb+Ta+Ti max), which has been used as a fuel ele- 
ment cladding material in fast fission reactors, is deemed to 
be suitable for fulfilling the moderate demands of the water- 
cooled first wall in ITER. 
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FIG. 2.5DSchematic of a fusion power reactor. 

Tritium Breeding Blanket Concepts 

Considerable design and associated research and develop- 
ment effort has also been devoted in Europe to the DEMO fu- 
sion power reactor-relevant solid ceramic and liquid metal 
tritium breeding modules to be tested and irradiated in ITER 
[140]. The various blanket concepts include: 

1. Solid breeder blankets based on the use of lithiated 
ceramics, such as the oxide (Li20), aluminate (Li4AIO2), or- 
thosilicate (Li4SiO4), and metazirconate (Li2ZrO3), cooled 

with high-temperature, high-pressure water [141] or high- 
pressure helium [142,143] and incorporating beryllium as a 
neutron multiplier to achieve a tritium breeding ratio in ex- 
cess of unity. The two helium-cooled blanket configurations, 
in which helium is also used to purge the tritium from the 
breeding material, differ in the following respects: (a) The 
breeder inside tube (BIT) design [142] uses lithium alumi- 
nate or metazirconate in the form of annular pellets con- 
tained in tubes surrounded by beryllium blocks, the coolant 
being outside the tubes, (b) The ortho-silicate breeder and 
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FIG. 2.6raThe ITER device--schematic. 

beryllium neutron multiplier are in the form of pebbles lo- 
cated between diffusion-bonded (welded) plates containing 
channels for two independent cooling systems in the breeder 
outside tube (BOT) [143] concept. 

The outboard blanket segment (of which there are 48 in to- 
tal) in the BOT design is shown in Fig. 2.7, and an isometric 
view of a poloidal portion of the outboard blanket segment 
around the torus equatorial plane is presented in Fig. 2.8 
[143]. 

2. Liquid metal blankets utilizing the lithium-lead eutectic 
(LilTPb83) both as breeder and coolant [144] and a water- 
cooled Li17Pb23 design [145]. The liquid metal velocity in the 
self-cooled concept is high (<1 m/s) and a major issue here is 
the magnetohydrodynamic (MHD) pressure drop in the mag- 
netic field and the resulting high mechanical stresses pro- 
duced in the ducts; however, the pressure drop can be re- 
duced by about three orders of magnitude by using an oxide 
insulator coating on the channel walls to prevent current flow 
in the structural material. The liquid metal is semi-stagnant 
(velocity <0.01 m/s) in the water-cooled concept. 

Further  development is now restricted to the helium- 
cooled solid ceramic BOT [143] and water-cooled Li17Pb83 
[145] concepts, with a high-chromium martensitic steel pro- 
posed as the structural material. An average neutron wall 
loading of 2.2 MWm -2 and a continuous operational mode 
have been specified for the DEMO reactor; the envisaged op- 
erating temperature range and target fluence for the steel 
structure in the helium-cooled solid ceramic blanket sectors 
are 200 to 550~ and 5 MWy m -z, with a corresponding max- 
imum displaced a tom dose of approximately 70 dpa and 
helium and hydrogen gas generations by (n,a) and (n,p) 
reactions of about 700 and 3500 appm, respectively [140]. 

FIG. 2.7~Outboard blanket segment in the Breeder 
Outside Tube (BOT) concept [143]. 
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FIG. 2.8--isometric view of a poioidal portion of the outboard blanket segment 
around the torus equatorial plane in the breeder outside tube (BOT) concept [143]. 

Liquid lithium has not been considered as a tritium breed- 
ing material in the European fusion reactor breeder blanket 
development, primarily because of its high reactivity with 
water, and its use has only been entertained for self-cooled 
fusion reactor designs in the USA [146]. A high-chromium 
martensitic steel was initially perceived as the structural ma- 
terial in the American liquid lithium blanket designs, but a 
vanadium alloy is now favored [147]. The use of a vanadium 
alloy structural material with liquid lithium for cooling and 
tritium breeding was also considered previously for an en- 
hanced performance phase (EPP) in ITER [ 123]. 

Reduced-Activation Steels  

There is no highly radioactive product in fusion as in fission. 
However, the fast and thermal neutrons in fission reactors 
and the high-energy (14.1 MeV) fusion neutrons can be ab- 
sorbed by the nonfissile core component  and structural  
materials in the respective systems, in some instances caus- 
ing transmutation of the absorbing atoms and generating ra- 
dioactive isotopes of the same or neighboring elements. 
These activated atoms decay back to stable isotopes, usually 
accompanied by the emission of ~ or ~/radiation. Depending 
on the element, the emission may continue long after the ir- 
radiation has ceased, and the activations have major radio- 
logical implications with respect to the safe and routine op- 
eration and decommissioning of the plant and disposal of the 
radioactive material wastes. 

The fusion reactor materials programs in Europe, the USA, 
Japan, and Russia have thus included the development o f  
ferritic/martensitic and austenitic steels with enhanced ra- 
dioactive decay characteristics, the objectives being to maxi- 
mize the safety advantages of fusion and enable material and 
component  maintenance, waste management,  and recycling 
scenarios to be established [148-150]. The principal ap- 
proaches adopted in this development are: (a) the replace- 
ment  of the radiologically undesirable Mo, Nb, and Ni in the 
existing commercial  steels by elements such as W, V, Mn, Ta, 
and Ti, which have equivalent or similar effects on the con- 
stitution and structures, and (b) the removal of the impurities 
that adversely influence the induced activities and dose rates 
when present in low concentrations in the steels. Isotopic tail- 
oring, involving the removal of the undesirable isotopes in 
the major and minor alloying elements in the steels, appears 
feasible [151 ] but has not been actively pursued for a number  
of technical reasons, and the approach is less economic than 
that of elemental tailoring [ 152]. 

Relevant parameters  and simplified radiological criteria 
for the respective scenarios have been proposed and are re- 
produced in Table 2.4 [148]. 

The inventory codes and cross-section and decay libraries 
developed in Europe,  the USA, and Japan for predicting 
the radionuclide inventories of materials exposed in fusion 
reactor systems have been summarized [148]. FISPACT is 
an advanced inventory code for fusion applications and is 
available as part of the European Activation System, desig- 
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