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Abstract
Martensitic stainless steels have been developed for both in-core

applications in advanced liquid metal fast breeder reactors (LMFBR) and for first
wall and structural materials applications for commercial fusion reactors. It
can now be shown that these steels can be expected to maintain properties to
levels as high as 175 or 200 dpa, respectively. The 12Cr-lMo-0.5W-0.2C alloy HT-
9 has been extensively tested for LMFBR applications and shown to resist
radiation damage, providing a creep and swelling resistant alternative to
austenitic steels. Degradation of fracture toughness and Charpy impact
properties have been observed, but properties are sufficient to provide reliable
service. In comparison, alloys with lower chromium contents are found to
decarburize in contact with liquid sodium and are therefore not recommended.
Tungsten stabilized martensitic stainless steels have appropriate properties for
fusion applications. Radioactivity levels are benign less than 500 years after
service, radiation damage resistance is excellent, including impact properties,
and swelling is modest. This report describes the history of the development
effort.

1. INTRODUCTION

A nuclear energy option has only been available to mankind for one
generation; therefore, materials development for nuclear energy applications has
been a modern effort. Nuclear energy involves large investments of resources for
individual plants and is politically controlled for nuclear non-proliferation
reasons, thereby assuring major government involvement, so that sufficient
funding has been available to optimize the materials used in these systems within
large research and development programs. Many programs have been operated to
develop new or improve materials for nuclear reactor systems. The objective of
this paper is to describe two of those programs that have been concerned with
ferrous metallurgy. The author has been directly involved with both liquid metal
fast breeder reactor cladding and duct materials development, and fusion reactor
structural materials development. The progress made in both programs is directly
pertinent to materials selection for an advanced fast reactor core structure.
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2. REACTOR SYSTEMS

The nuclear reactor systems that have been developed based on fission
technology can be classified as a function of cooling system parameters.
Coolants have included water, liquid metal, and gas as heat transfer media so
that restrictions on operating temperatures were 100 to 250°C, 350 to 700°C, and
up to 900°C, respectively. Consequently, ferrous metals were often the materials
of choice for water and liquid metal technology, but nickel-based metals and high
temperature materials were often required for high temperature gas-cooled
reactors. Fusion reactor systems cannot be classified so straightforwardly.
System designs are not yet well defined, but several design studies have
recommended ferrous metals for structural components based on either water or
liquid metal coolant systems, so ferrous metals are also being developed for
fusion applications. To provide the basis for discussion of the ferrous alloy
development programs associated with the nuclear reactor systems, the reactor
systems will first be described with particular emphasis on application of
ferrous metallurgy.

2.1 Liquid metal-cooled systems

Several liquid metal-cooled reactors (LMRs) have been built primarily as
breeder reactor prototypes, but no commercial design is yet in full-scale
production. Reactor systems are generally sodium cooled and use stainless steel
fuel cladding, piping, and welded reactor pressure vessels. Some components are
fabricated from high nickel alloys for neutronic considerations. However, early
operation showed that austenitic stainless steels were susceptible to a form of
radiation damage called swelling that resulted in gross dimensional instability
in in-core structural components that could limit the life of those components.

2.2 Fusion Reactors

Control of a fusion reaction for power generation is not yet possible.
Several design concepts have been proposed, but the physics of controlled fusion
power have yet to be demonstrated. Most systems involve control of a high
temperature plasma using magnetic fields, so that designs have generally required
a structural barrier or first wall to contain the plasma under high vacuum
conditions. Most designs have considered either austenitic or martensitic steels
for first wall applications, although alternate materials such as vanadium alloys
and silicon carbide composites are also under consideration. Materials
development for fusion systems has been a world-wide effort. It has been noted
that one inherent advantage of fusion in comparison with fission is the
relatively short radioactive lifetimes of the reaction products, and the effort
has shifted to develop low activation structural materials so that, after reactor
decommissioning, waste storage is minimized, and the reactor and its site can be
returned to other uses.
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3. VOID SWELLING RESISTANCE

Prior to 1974, the undisputed materials choice for LMR structural
components was AISI 316, an austenitic stainless steel in the 17% Cr range with
13% Ni and 2% Mo. The choice was based on good high temperature properties,
excellent corrosion resistance and ease of fabrication and welding. That choice
was first challenged following the observation that AISI 316 developed cavities
during neutron irradiation, indicating a volumetric expansion of the material,
now called swelling [1]. Swelling and its associated phenomenon, irradiation
creep, proved to be the life-limiting factors in the application of AISI 316 for
LMR fuel cladding. The discovery that cold working to the level of about 20%
delayed the development of swelling [2] allowed interim use of AISI 316. In
about 1974, efforts began around the world to find a replacement alloy in order
to permit optimization of fast breeder reactor systems [3].

These programs took as their missions the testing of alternative alloys for
fast breeder reactor structural applications. The major goal was to reduce the
tendency for irradiation induced swelling, but, at the same time, other materials
properties such as creep, rupture strength, and postirradiation tensile strength
were measured. A wide range of alloys was investigated including austenitic,
ferritic and martensitic steels, nickel-based superalloys, and molybdenum- and
niobium-based alloys. The primary candidates were titanium-stabilized austenitic
steels and precipitation-strengthened superalloys. Martensitic steels were
included initially as a low priority option based on observations of swelling
inhibition in the ferrite phase of a ferritic/austenitic dual phase steel [4].
The original observation is reproduced in Figure 1. As it became apparent that
titanium stabilization only delayed the onset of swelling [5-7] and precipitation
strengthening led to severe postirradiation embrittlement [8-9], the suitability
of ferritic/martensitic alloys became more apparent.

Ferritic/martensitic alloys are now finding expanded application in fast
breeder reactor systems as substitutes for austenitic steels. Two martensitic
alloys are of greatest interest in the United States. Sandvik HT-9 is a 12% Cr,
1% Mo, 0.2% C alloy containing intentional additions of W and V. ASTM
designation T91 is a modified 9% Cr alloy with 1% Mo, 0.1% C, 0.25% V, 0.1% Nb,
0.05% N. More complete compositional information is given in Table 1. Both
alloys were developed for high temperature applications where the corrosion
resistance inherent in austenitic stainless steels was not required. The high
temperature mechanical properties of these alloys are similar, with the higher
carbon and chromium additions of HT-9 balanced by careful control of vanadium,
niobium, and carbon additions in T91. However, T91 has inherently better
resistance to irradiation embrittlement at about 350°C [10], whereas HT-9 has
better corrosion and swelling resistance and provides better resistance to
irradiation embrittlement at 60°C [11].

The most significant consequence of these alloy development programs has
been the application of HT-9 to most of the internal components in the U.S.
experimental liquid metal-cooled test reactor, Fast Flux Test Facility (FFTF)
located in Richland, WA [14], and the expected application of similar steels in
European plants [15]. For FFTF, both fuel cladding and duct work which contains
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the cl added fuel have been
manufactured from HT-9 by cold tube
drawing operations. As the duct
geometry requires a hexagonal cross
section, manufacture required
development of hexagonal drawing
operations for a martensitic steel
with a ductile-brittle transition
temperature (DBTT) at about room
temperature. The transition from
austenitic to martensitic stainless
steel has dictated reduced operating
temperatures in FFTF and consequential
lowering of the power of the reactor
from 400 to 300 MW in return for more
efficient fuel cycle performance.

More recently, independent
design efforts for the Power Reactor
Inherently Safe Module (PRISM) and
Sodium Advanced Fast Reactor (SAFR)
systems have also recommended the use
of HT-9 for in-core structural
components [16,17]. In both cases,
HT-9 was chosen for in-core structural
applications to improve fuel cycle
economy. Fuel recycling is

Figure 1. Voids in IN-744, a duplex
austenite/ferrite alloy showing that
void swelling is limited to face
centered cubic (F) grains, as
originally published by Harkness,
Kestel and Okamota in Reference 4.

anticipated only every 4 years to doses
or 170 dpa for PRISM and 3.5 x 1023 n
are not expected to remain serviceable to such high doses.

as high as 3.4 x 10
2 or 175 dpa for SAFR.

23 n/cnf (E>0.1MeV)
Austenitic steels

Table 1. Chemical Analysis of Martensitic Steels Used for Nuclear Systems in the
United States.

Element

Carbon
Chromium
Molybdenum
Manganese
Silicon
Nickel
Tungsten
Vanadium
Niobium
Phosphorus
Sulfur
Aluminum
Nitrogen

Content,
HT-9 [12]

0.20
11.5
1.0
0.6
0.4
0.5
0.5
0.3
not spec.
0.030 max
0.020 max
not spec.
not spec.

wt%
T91 [13]

0.08-0.12
8.00-9.50
0.85-1.05
0.30-0.60
0.20-0.50
0.40 max
not spec.
0.18-0.25
0.06-0.10
0.020 max
0.010 max
0.04 max
0.030-0.070
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4. MATERIALS DEVELOPMENT FOR FUSION

Concurrent with LMR materials development, an effort has evolved to develop
materials for fusion reactor applications. There are similarities between the
irradiation environments of a fusion first wall and fast reactor in-core
components. As a result, development of fusion first wall materials has closely
parallelled the LMR effort. Materials development for fusion was initiated in
the U.S. in 1978, with similar efforts in Europe and Japan. As originally
defined for the U.S. program, materials development concentrated on four classes
of materials: austenitic alloys, higher strength Fe-Ni-Cr alloys,
refractory/reactive alloys, and innovative concepts [18]. However, in part based
on the encouraging results being obtained by the fast reactor effort, a fifth
class of ferritic steels was added by late 1979 [19].

Over the last fifteen years, the attractiveness of ferritic steels for
first wall applications has steadily increased. A major concern, the effect of
extremely high electromagnetic fields on a ferromagnetic structure, was
alleviated when it was realized that a ferromagnetic material would behave
paramagnetically in an extremely strong electromagnetic field [20-21]. The
status of martensitic steels for fusion applications can best be measured based
on the recommendations of fusion design studies. The five most recent design
studies all seriously consider HT-9 [22-26], ranking it second in comparison
either with an austenitic steel or with a vanadium alloy for water-cooled Tokamak
designs and, in the case of Tandem Mirror designs, ranking HT-9 first [24] or on
a par with a vanadium alloy [25]. These design studies are particularly notable
because, for the water-cooled designs (a very inefficient concept), martensitic
steels must be operated at temperatures where very little data is available and
where the material is not expected to behave well, whereas higher temperature
designs will be more efficient and operate in a regime where martensitic steels
can be expected to out-perform austenitic steels.

Therefore, martensitic steels have become or are becoming the materials of
choice for high neutron damage irradiation environments. In order to reach this
status, it has been necessary to compile materials property data bases, including
irradiation response. This has been done both for LMRs [27] and for fusion
systems [28] applications.

4.1 Low Activation Structural Materials

Laboratories in Japan, Europe, the USSR, and the U.S. are each designing,
fabricating, and testing low activation alloys for fusion reactor structural
materials that would satisfy regulations for near surface disposal of radioactive
waste. A call for development of such alloys in the U.S. originated with the
U.S. Department of Energy (DOE) Panel on Low Activation. Materials for Fusion
Applications [29]. The panel noted that "lower activation materials for fusion
reactors are technically possible, may be important to the public acceptance of
fusion energy, and should be a main goal of the fusion program." The element
additions that must be carefully controlled are Cu, Ni, Mo, Nb, and N, with Nb
representing the most severe restriction [30-34]. For near surface disposal of
ferritic or martensitic steels, only minor changes in composition appear to be
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required, whereas for austenitic steels, a substitute for nickel must be found.
Alternately, isotopic tailoring could provide equivalent performance. For
example, HT-9, a 12Cr martensitic steel under study for fusion applications,
could be made acceptable if Mo additions were isotopically tailored to remove the
unwanted isotope 2Mo [35].

The alloy compositions being considered for low activation ferritic or
martensitic steels are based on two commercially important alloy classes:
2-1/4O steels and the super 9 to 12Cr steels. The former is in fact a bainitic
class and the latter a martensitic class. Both of these steels contain Mo at
levels of about 1%. Therefore, design of low activation alternatives requires
substitution for Mo. Leading candidates are W and V, with consideration given
for using Ta as a substitute for Nb. In order to obtain a fully martensitic 12Cr
steel without additions of Ni, austenite stabilizing additions must be included.
Thus far, Mn and C have been considered. Therefore, three classes of low
activation ferritic/martensitic alloys are possible: low chromium bainitic
alloys, 7 to 9Cr martensitic alloys, and 12Cr stabilized martensitic alloys. The
alloy compositions which have been considered have been published elsewhere [36].
The 7 to 9Cr alloy class and the 12Cr alloy class are about equal in size and the
smallest group is the 2Cr range. In each class, each of the alloying approaches
have been tried: W substituted for Mo, V substituted for Mo, and small additions
of Ta substituted for Nb (except for Ta additions to 2Cr alloys). However, in
many cases, the higher Cr alloys were found to be duplex martensitic/delta
ferritic and therefore further changes in compositional specification were
needed.

Therefore, a broad range of low activation ferritic alloys are possible.
Low activation bainitic alloys in the Fe-2Cr composition range, martensitic
alloys in the Fe-7 to 9Cr range and stabilized martensitic alloys in the Fe-12Cr
range have been successfully fabricated and are undergoing testing on an
international level. However, it is found that irradiation significantly
degrades the properties of bainitic and stabilized martensitic alloys [36].
Bainitic alloys develop severe hardening due to irradiation-induced precipitation
at temperatures below 450°C [36-38] and extreme softening due to carbide
coarsening at temperatures above 500°C [36]. Stabilized martensitic alloys which
rely on manganese additions to provide a fully martensitic microstructure are
embrittled at grain boundaries following irradiation, leading to severe
degradation of impact properties. Furthermore, in a fusion environment,
transmutation of manganese from iron will occur, producing about l%Mn following
irradiation to 200 dpa [39]. The most promising composition regime appears to
be the 7 to 9Cr range with tungsten additions in the 2% range, where high
temperature mechanical properties and microstructural stability are retained [36]
and impact properties are relatively unaffected by irradiation [36,40,41]. The
higher void swelling behavior observed in these alloys is not expected to be a
major problem, as demonstrated by recent results to doses of 200 dpa [42-44].

4.2 Issues remaining

Issues remaining before martensitic steel is acceptable for fusion
applications are 1) an engineering data base is needed and 2) it must be
determined if the consequences of helium generation will be significant.
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An international effort has been instituted under International Energy
Agency (IEA) auspices to develop an engineering data base for low activation
martensitic steels [45]. The IEA Working Group on Ferritic/Martensitic Steels
has held a series of meetings to collaborate on testing two 5 ton heats of F82H,
a 1 ton heat of JLF-1 and smaller experimental heats similar in composition to
JLF-1. The steels were manufactured in Japan and have been made available for
international testing. Testing will include material characterization, base
property mechanical testing, weld property mechanical testing and the effect of
irradiation on mechanical properties. The working group includes representatives
from Japan, the European Community, Switzerland and the United States.

Helium will be generated in a fusion machine at a rate which is difficult
to simulate with presently available irradiation techniques. A data base has
been generated using alloys HT-9 and T91 with intentional nickel additions in
order to provide suitable helium levels using a mixed spectrum reactor [46]. The
data are presented in Figure 2 showing behavior following irradiation at 50, 300
and 400°C. When interpreted from the point of view of a helium effect, this data
base demonstrates, for irradiation at 400°C, that a shift in ductile to brittle
transition temperature (DBTT) using Charpy impact testing is on the order of
350°C at helium levels of 400 appm and indicates for levels expected in a fusion
device (on the order of 1000 appm He), that the shift in DBTT will be greater
than 500°C [47]. If helium has such a strong effect, ferritic alloys cannot be
used for fusion applications. However, it is possible to interpret the available
data base from a different point of view, that of precipitation hardening due to
the presence of nickel [47]. Experiments are in progress intended to provide
more understanding on this problem and recent results confirm precipitation
hardening due to the presence of nickel [48,49]. However, the effect of helium
on mechanical properties is a difficult problem to verify because no facility now
exists providing fusion neutrons to adequate doses. The answer to this question
may have to await the availability of a 14 MeV neutron source.
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Figure 2. Interpretation of the Ductile-to-Brittle-Transition-Temperature
results as a helium effect, for Martensitic steels containing nickel
irradiated in HFIR, from reference 47, for irradiation at a) 50°C, b)
300°C and c) 390-400°C.
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5. CONCLUSIONS

Martensitic stainless steels have been developed for both in-core
applications in advanced liquid metal fast breeder reactors and for first wall
and structural materials applications for commercial fusion reactors.

HT-9 has been extensively tested for LMFBR applications and shown to resist
radiation damage, providing a creep and swelling resistant alternative to
austenitic steels. Degradation of fracture toughness and Charpy impact
properties have been observed, but properties are sufficient to provide reliable
service. In comparison, alloys with lower chromium contents are found to
decarburize in contact with liquid sodium and are therefore not recommended.

Tungsten stabilized martensitic stainless steels have appropriate
properties for fusion applications. Radioactivity levels are benign less than
500 years after service, radiation damage resistance is excellent, including
impact properties, and swelling is modest.

It can now be shown that these steels can be expected to maintain
properties to levels as high as 175 dpa for LMFBR applications or 200 dpa for
fusion applications. Efforts on fusion materials development continue in order
to provide an engineering data base and to resolve issues concerning helium
embrittlement.

These development efforts indicate that use of a tungsten stabilized
martensitic steel can be expected to provide an optimum structural material for
an advanced fast reactor providing that swelling and liquid metal compatibility
are satisfactory.
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