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Abstract

Iron-based stainless steel alloys are among the principal candidate
materials for the first wall/blanket components of nuclear fusion reactors.
Recent evidence from irradiation tests in fission reactors suggests that
martensitic/ferritic alloys may offer a significant increase in lifetime in
comparison with the austenitic grades currently favoured. The first part of
this paper briefly describes the constitution of stainless iron alloys and
discusses the characteristic properties of alloys in the main ferritic,
martensitic and austenitic groups on the basis of their structural and
compositional differences. A comparison of published data on the mechanical,
thermal and irradiation properties of typical austenitic and
martensitic/ferritic steels shows that alloys in the latter groups have
certain advantages for fusion applications. The ferromagnetism exhibited by
martensitic and ferritic alloys has, however, been identified as a potentially
serious obstacle to their utilisation in magnetic confinement devices. The
paper describes measurements performed in other laboratories on the magnetic
properties of two representative martensitic alloys 12Cr-1Mo and 9Cr-2Mo.
These observations show that a modest bias magnetic field of magnitude 1 - 2
tesla induces a state of magnetic saturation in these materials. They would
thus behave as essentially paramagnetic materials having a relative
permeability close to unity when saturated by the toroidal field of a tokamak
reactor. The results of computations by the General Atomic research group to
assess the implications of such magnetic behaviour on reactor design and
operation are presented. The results so far indicate that the ferromagnetism
of martensitic/ferritic steels would not represent a major obstacle to their
utilisation as first wall or blanket materials.
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1. INTRODUCTION

blanket structure in a
number of functions.

isolating the

The first wall and

fusion reactor fulfils a
Firstly, it serves as a membrane
coolant at a pressure up to 50 bar from the low
pressure deuterium and tritium  fuel gases.
Secondly, it absorbs the energy released in the
fusion reaction, from whence it is removed as heat
for electrical power generation. In addition, the
blanket will contain breeder material from which
further supplies of tritium fuel are produced by
nuclear transmutation. The first wall in particular
will be subjected to intense particle and radiant
anergy fluxes, elevated temperatures and cyclic
thermal and mechanical stresses.

The service lifetime and reliability of the
first wall or blanmket is considered to be one of the
principal factors governing the commercial
development of fusion energy. The economic penalty
incurred through the loss of system availability

during replacement operations on first wall or
blanket components demands the employment of
structural materials offering a certain specified
service life under severe operating conditions.
Several categorles of metallic alloys are curre?tly
under consideration as candidate materials Ly,
These include austenitic stainless steels,

precipitation—hardened Fe-Ni-Cr alloys, alloys based
on titanium and refractory alloys. The results of
recent fission neutron irradiation experiments
indicate that a further group of alloys, namely
ferritic/martensitic stainless steels, may offer the
possibility of longer lifetimes on account of their
resistance to radiation damage.

stainless steels has hitherto been regarded as a
possible  barrier to their use 1n magnetic
confinement fusion devices and the main purpose of
this paper is to assess the probable impact of their
magnetic properties on reactor operation. The first
part of the paper provides a general introduction to
the different pgroups of stainless steels and
includes a brief description of particular
properties of martensitic steels relevant to their
potential use in fusion reactors. The second part,
based largely on the results of recent work by the
research group at the General Atomic Company,
discusses the implications of ferromagnetism in
martensitic stainless steels in relation to their
utilisation as first wall or blanket materials.

2. THE STRUCTURE AND CONSTITUTION OF STAINLESS
STEELS

Stainless steels are generally defined as
ferrous alloys containing a minimum of about 12%
sé\fggd.um in solid solution for corrosion resistance

+ Within this definition there exist four main
categories of stainless steels, namely the ferritie,
austenitic, martensitic and precipitation-hardenable
groups, based on compositional, microstructural and
crystallographic differences. Austenitic stainless
steels pgenerally contain more than 12% Cr whereas
ferritic or martensitic steels for application in
chemically nomaggressive environments can have less
than 12% Cr, e.g. 9% Cr-Mo steel. The fundamental
characteristics of these classes can be understood

with referenge. to the irom—chromium equilibrium
The ferromagnetism exhibited by martensitic phase diagram shown in Fig 1. .
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The most basic of the alloy phases are derived
from the allotropic Forms of pure iron. Below 910°C
iron has a body centred cubic (bec) structure known
as a ferrite. From about 1400°C to the melting
point at 1538°C the structure is again body centred
cubic and this allotrope is known as § ferrite.
The a and S ferrites have the same crystal lattice
and are physically indistinguishable. Between 910°C
and 1400°C the stable phase is y ferrite, also known
as austenite, with a face centred cubic (fcc)
structure. These phase relationships can be
summarised thus:

o > Y >+ §

3 = + liquid
910 1400

1538°

The ferromagnetism of iron occurs only within
the a phase, though it is a property only indirectly
related to the crystalline structure and disappears
at the Curie point of 770°C without any appreciable
change in structure. In some older literature iron
above the Curie point but below 910°C is referred to
as B ferrite. There 1is little justification for
this distinction, however, since a and B iron have
identical «crystal lattices, and it is now more
common to include both a and B forms under the name
of o ferrite.
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Fig.2 The v loop of the Fe—Cr phase diagram for nearly pure alloy
with additions of 0.004% C and 0.002% N by weight (from Ref.5).

The Y phase region in the iromrich portion of
the binary Fe-Cr equilibrium diagram is shown in
greater detail in Fig 2. Referring to the lower
part of the boundary it is evident that the addition
of chromium up to about 7% reduces the temperature

of the o to Yy transition point. Above 7% Cr the
temperature range over which austenite exists
decreases. until, above about 127 Cr, no
transformation occurs and a ferrite exists at all
temperatures. On account of this action, chromium
is sometimes referred to as a ferrite-forming
element, a property shared by other elements such as
molybdenum, silicon and aluminium. The presence of
certain other elements, notably nickel, manganese,
carbon and nitrogen, causes a broadening of the
austenite field and these are known as austenite-
forming elements. The effect of varying nickel and
chromium equivalents on the constitution of
stainless steels is often predicted by means of the
Schaeffler diagram, given in Fig 3. It should be
noted that this diagram describes the phase
constitution at ambient temperature following rapid
cooling from elevated temperatures.,  The Fe-Ni and
Fe-Ni-Cr equilibrium diagrams %) should be
consulted for the structures and constitutions at
high temperatures.
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Fig.3 Schaeffler diagram indicating the effect of nickel and chromium
equivalents on the constitution of stainless steels (from Ref.6).

2.1 Ferritic stainless steels

The ferritic stainless steels, containing 15—
30% Cr and essentially no nickel, are in principle
structurally simple. At normal temperature they
consist of a Fe-Cr solid solution having a bece o

ferrite structure and they remain essentially
ferritic up to the melting point. The wupper
chromium 1imit is arbitrary and 1s intended to
include all commercial Fe-Cr alloys. Carbon is

practically insoluble in the a matrix and most of
the element present occurs in the form of finely-
dispersed carbides. Thus binary Fe-Cr alloys free
from carbon are essentially stainless irons. Some
typical compositions are given in Table 1.

TABLE 1 Some typical ferritic stainless steel compositions
These alloys are body-centred cubic, ferromagnetic and not heat treatable ,
AISI nominal composition, % by weight T
type no* c Mn others
430 0.08 max 1.0 16-18
430F 0.12 max 1.25 16-18 0.6 Mo max
446 0.2 max 1.5 23-27 0.25 N max

*The ALSI classification system for stainless steels is described

in Appendix A.



As 1s evident from the binary phase diagram
(Fig. 1), alloys containing more than about 12%
chromium do not undergo any phase change up to the
melting point and cannot therefore be significantly
strengthened by heating them to high temperature and
then rapidly cooling. In practice, a limited degree
of strengthening and hardening can occur on heating
a ferritic' alloy above 850°C. This effect is mainly
due to grain growth and the presence of small
volumes of austenite which revert to martensite, a
form of a-iron, on cooling. Exploitation of these

processes for strengthening is generally
undesirable, however, because the alloys become
embrittled and their ductility and toughness at
normal temperature are severely reduced.

Precipitation of the chromium-rich ferrite phase can
occur in the ferritic stainless steels with chromium
contents in excess of about 14% at temperatures in
the range 300-500°cC, giving rise to,_the well-known
"475°C embrittlement” phenomenon . At higher
temperatures G&-phase precipit?%ion can also occur,
again leading to embrittlement:’~.

The ferritic grades can be cold-worked and

annealed. They are generally more corrosion
resistant than the martensitic grades but less so
than the austenitic alloys. In general, the

ferritic steels have strengths comparable with or
even higher than those of the austenitics at lower
temperatures though the ferritic steels rapidly lose
their strength and become appreciably more ductile
than the austenitics at temperatures above 500° -

600°C.  The ferritic steels exhibit the ductile-
brittle transition temperature phenomenon
characteristic of body centred cubic structures.

The metallurgical characteristics of the ferritic
steels, particularly the grain size and cleanliness,
are Iimportant in determining the ductile-brittle
transition temperature, resistance to fast fracture,
and high-temperature tensile and creep-rupture
properties.

2.2 Martensitic stainless steels

Martensite is a metastable phase formed f£from
austenite when the material is cooled sufficiently
rapidly to suppress the formation of pearlite (a
eutectold mixture of ferrite and cementite, Fe3C)
and other diffusion-controlled reactions and
consists of a supersaturated solid solution of
carbon in a irom. Though it has the same
composition as austenite the unit cell is deformed
by the high carbon content and is tetragonal instead
of body centred cubic. Martensite produced by
quenching simple iron-carbon solid solutions 1is
stable only below about 150°C and is rapidly formed
from quenched austenite at this temperature and
below. The temperature at which martensite begins
to form during the quenching of austenite is known
as the 'martensitic start temperature' Ms and
decreases 1in the following way with increasing
carbon content:

0.2 0.4 0.8 1.2
490 420 250 150

“C 0.02
HS(°C) 520

M; is also dependent on the alloy content and
the following empirical formula can be wused to

from the chemical composition, provided
initially dissolved in the

estimate M
all carbides are
austenite:

Ms(°C) = 561 - 474(%C) - 33(%Mn) - 17(%ZNi) - 17(%Cr)
- 21(%Mo)

The M_; temperature for the 127%Z Cr steels is thus
about 300°C.

The martensitic alloys were developed to

‘satisfy a need for stainless steels that could be

strengthened and hardened by heat treatment, This
aim is achieved through the addition of carbon to
the binary Fe-Cr system, thus producing an alloy
that responds to a quench temperature cycle. The
compositions of some typical martensitic alloys are
given in Table 2.

There are two

formation of a

requirements for the
stainless steel.

essential
martensitic

Firstly, there must be an austenite field in the
equilibrium diagram and, secondly, at least 12%
chromium must be present in solution in the

structure in order to develop high passivity.
Reference to Fig. 2, which shows the Y region of the
binary Fe-Cr system, indicates that the addition of
one or more austenitising elements is necessary to

extend the austenite field to chromium levels
sufficiently high to give good corrosion
resistance. TFigure 2 also reveals the existence of

a narrow transitional region between the Y loop and
the a field, representing the coexistence of both a
and Y phases.

The presence of austenitising elements, carbon
and nitrogen in particular, can greatly extend
the y loop toward higher Cr levels. The influence
of carbon, nitrogen and nickel in this respect is
illustrated by Figs. 4 and 5. The extent of the
two-phase (o + y) field has been omitted from these
diagrams.

Additions of carbon and nitrogen are seen to
cause a substantial expansion of the outer boundary
of the o + Y two—-phase region to higher Cr levels,
together with a shift of the extremity of this
region toward higher temperatures. At 0.2% carbon,
for example, the loop is expanded to 26% Cr and the
point of greatest expansion .is raised to about
1300%, as compared with 1075°¢c for a pure Fe-Cr
alloy. Nitrogen acts in a similar way; 0.25% N for
example moves the point of maximum width of the
mixed phase from 11.5% Cr for the pure alloy, to 28%
Cr and the corresponding temperature from 1075 to
1250%C. Carbon and nitrogen are incorporated into
the structure as interstitials, whereas heavier
elements such as nickel and manganese enter by
substitution. It is perhaps worth mentioning that,
while the proportion of carbon or nitrogen present
in the structure may seem very small, the content
expressed in terms of the atomic concentration is
about 5 times larger than that measured on the
percentage weight basis thus, for example, 0.2% C by
weight corresponds to an atomic concentration of
about 1%.

The possibility of utilising the martensite -
austenite phase change depends very much on the

TABLE 2 Some typical martensitic stainless steel compositions

These alloys are body-centred cubic, ferromagnetic and heat treatable

AISI nominal composition, % by weight

type no C Mn Cr Ni
403 0.15 max 1.0 11.5-13

410 0.15 max 1.0 11.5-13

420 0.15 max 1.0 12-14 1.2-2.5
431 0.2 max 1.0 15-17
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Fig.4 Diagram showing shifting of the (y + &)/a phase boundary in the Fe—Cr
system through increasing additions of carbon or nitrogen (from Ref.5).
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Fig.5 Diagram showing shifting of the (y + a)/a phase boundary in the
Fe—Cr system through increasing additions of nickel (from Ref.5).

chromium content and on the level of austenitising
elements. At) low Cr content a relatively Ilow
interstitial level suffices to give a two—phase
structure when heated to around 1100°C. With higher
proportions of Cr the two—phase structure can only
be attained at high interstitial levels. In
general, a Cr content exceeding about 13% no longer
allows an extensive a+y transformation on heating,
hence grain refinement and hardening by heat
treatment and quenching are not possible.

In addition to its effect in extending
the (a + y) field, carbon leads to the formation of
the complex carbides (Cr,Fe)7C3 and (Cr,Fe)23C6,
which precipitate mainly at the grain boundaries and
on lath boundaries during tempering. Quenching a
12% Cr steel containing 0.17%C from a temperature of
about 1100°C will result in the formation of
martensite. The carbon is retained in solution and
distorts the bece a-—ferrite cell to a body centred
tetragonal martensite cell. During subsequent
tempering, however, the excess carbon and nitrogen
are precipitated as a series of complex carbides and

nitrides which can  profoundly influence the
properties of the alloy. The martensite will
eventually vrevert to oferrite when the excess

interstitials have thus been removed. The tempering
processb carried out at temperatures in the region
of 650°C, removes the hardness and brittleness
characteristic of martensite and produces a softer
but tougher material.

The corrosion resistance of the martensitic
group is generally lower than that of the ferritic
and austenitic groups and the choice between
martensitic or ferritic alloys 1s usually based on
the Importance of corrosion resistance relative to
the strength, hardness and wear resistance
required. The properties of the 12% Cr martensitie
steels depend sensitively on the composition and
structure and references 8 and 9 should be consulted
for details of the structure-property relationships.

2.3 Austenitic stainless steels

The austenitic stainless alloys are formed by
the addition of a face centred cubic element such as
nickel or manganese to the Fe-Cr binary system. As
mentioned above, the addition of austenitising
elements such as nickel can result in a considerable
expansion of the Y phase and may tend to suppress
the formation of a ferrite. An austenite structure
stable at room temperature can be formed with a
minimum of 8% Ni present and the austenitic
stainless steels can be defined as those Fe-Cr
alloys containing sufficient alloy additions of
nickel or manganese and nitrogen to yield an
austenitic structure stable at room temperature.

A carbomfree alloy containing 18%Z Cr would
need about 127 Ni to form a fully austenitic
structure at the solution-treatment temperature of
about 1050°C. Carbon is a strong austenite former,
however, and an 18Cr-8Ni-0.1C alloy 1s fully
austenitic above 900°C, though the temperature, M,
at which martensite starts to form is only just
below room temperature and the austenite can
partially transform to martensite during cold
working or under refrigeration. In order to avoid
this effect the M, temperature can be depressed
through the addition of further alloying elements so
that a stable austenitic structure is retained after
cooling from the solution-treatment temperature to
room temperature.

The austenitic stainless steels represent the
largest group of stainless alloys in commercial use,
accounting for about 70%Z of the total. The
commonest omnes are Fe-Cr-Ni alloys of the AISI 300
series which occupy a dominant position by virtue of
their high corrosion resistance, easy fabricability



and the varied combinations of specific properties
given by different compositions within the group.
Some typical compositions are indicated in Table 3.
Since these alloys do not wundergo any phase
transformation during  heating they cannot be
hardened by heat treatment. They can, however, be
significantly strengthened and hardened by cold
working. The carbon content is held to a minimum
or, in the case of some grades such as 321 and 347,
is stabilised by the addition of niobium or titanium
to avoid intergranular corrosion and loss of
toughness caused by. carbide precipitation in the
grain boundaries following exposure to elevated
temperature.

The structure-property relationships for
austenitic stainless steels forms a subject too wide
to allow adequate  treatment here, since the emphasis
in this paper is on ferritic/martensit steels.
The reader is referred to the literature for a
discussion of this subject.

2.4 Precipitation—hardenable stainless steels

The fourth group of alloys comprises the
general - class known as precipitation—hardenable
stainless steels, in which the technique of age-
hardening or precipitation-hardening employed in
other alloy systems 1is applied to the irombased
corrosion-resistant alloys.

The precipitatiomhardenable group represents a
wide variety of alloy types with a diversity of
often quite complex hardening mechanisms. A
detailed discussion of this group of alloys would be
out of place here and the interested reader is
referred to the bibliography for further details.

2.5 Magnetic properties

In Fig.l the dotted line represents a third
transformation point in the Fe-Cr system, namely the
Curie point, above which iron is paramagnetic and
below which it is ferromagnetic. A review of the
basic terms and concepts employed in magnetism is
given in Appendix B. Paramagnetic iron has a
relative permeability practically equal to unity and
is commonly described as non—magnetic, whilst
ferromagnetic iron has a relative permeability much
greater than unity, the exact value depending on
composition, temperature, the magnitude of the
applied field and on the history of the specimen.
If the fec Y structure is maintained at lower
temperatures then the alloy will remain paramagnetic
or 'nonmagnetic'. Thus austenite is nonmagnetic at
room temperature whilst o ferrite, with bce
structure, 1s ferromagnetic. Some of the possible
implications of employing ferromagnetic stainless
alloys for the first wall or blanket in a magnetic
confinement nuclear fusion reactor are examined in
the following sections.

3. MARTENSITIC STAINLESS STEELS AS STRUCTURAL

‘reaction.

MATERIALS IN FUSION REACTORS

The first wall of a fusion reactor will be
exposed to neutrons, neutral atoms and ions of He, D
and T, and X radiation from the plasma. 0f the

energy released in the fusion reaction D + T + He +
n, 14.1 MeV is carried by the neutron and 3.5 MeV by
the alpha particle. An additional energy of about
2.4 MeV per fusion neutron 1is gained from
transmutations in the breeding material, giving a
total energy release of approximately 20 MeV per
fusion event. The power level of a reactor is
commonly expressed in terms of the rated wall

_ loading Pw’ defined as follows:

W +W +W)N
n a C

Pw B A

where W = neutron energy, l4.1 MeV

W = alpha particle energy, 3.5 MeV

wg = net energy gain in blanket = 2.4 MeV

N = number of D-T fusion events per second

A = area of first wall
Thus P_ represents the total power density at the
first wall. An alternative parameter employed by

some authors is the neutron wall loading P which
is related to - through the equation
WnN
1)n T A
Roughly 10% of the energy of the incident neutrons
is deposited in the first wall, the remainder being
absorbed by the blanket. In the absence of a
divertor the energy assoclated with the neutral
atoms, dions and photons 1is almost completely
intercepted. by the first wall.

= 0.7P
W

The target wall loadin% for an economic fusion
reactor dis about 10 m_—i _forresponding to a
neutron flux of 3 x 10 m “s ~. Assuming a duty
cycle 1in which first wall/blanket components are
utilised for 2 years at a load factor of 0.75 and
are then replaced, the corresponding eaiposure

equivalent would be in the region of 15 MWyrm =.

For acceptable thermal efficiency the blanket
will need to operate at a temperature in the region
400-500°C and may be- subject to substantial
temperature excursions over the operating cycle.
Severe fatigue problems can be expected as a result
of both thermal and mechanical cycling, particularly
in reactors operating in a pulsed mode. For
example, the duty cycle for reactors having a pulsed
buzn phase of duration 1000s would involve about 5 x
10" stress cycles, whilst that of continuous burn
such as STARFIRE, would entail about 500
stress cycles. The integrity of the first wall as a
vacuum boundary must be strictly maintained since
any leakage of coolant or breeder material into the
plasma chamber would lead to quenching of the fusion
Moreover, after a period of operation,
the first wall and blanket structure will be highly
radioactive. Replacement of these components will
therefore involve remote handling operations with
the reactor shut down and will entail a substantial
reduction of plant availability. The service life

reactors,

of such structures will thus exert a strong
influence on the economics of fusion power
generation.

The lifetime of first wall/blanket structures
will most probably be limited by the effects of

TABLE 3 Some typicai austenitic stainless steel compositions

These alloys are face-centred cubic, paramagnetic and not heat treatable

AISI nominal composition, % by weight

type no c Mn Cr Ni others

201 0.15 max 7.5 16-18 3.5-5.5 0.25 N max

301 0.15 max 2.0 16-18 6-8

304 0.08 max 2.0 18-20 8-12

316 0.08 max 2.0 16-18 10-14 2-3 Mo

347 0.08 max 2.0 17-19  9-13 (L0 x %C) Nb—Ti min




damage caused by the Thigh energy
The exposed materials will be subject to
irradiation swelling and creep, embrittlement and
loss of ductility and surface effects such as
sputtering and blistering. The radiation-induced
damage will be exacerbated by thermal and mechanical
cycling. The integrated neutron flux (termed the
fluence) does not provide an accurate indication of
the radiation damage because the latter is sensitive
to the energy spectrum of the neutrons. The mean
number of displacements suffered by a lattice atom
during a period of irradiation gives a more useful
measure of the integrated effect of the neutrom flux
since this parameter is less dependent on neutron
energy . This quantity is known as the number of
displacements per atom or dpa. About 150 dpa would
be expected for a stainless steel exposed to a
fusion neutron fluence corresponding te 1SMWyrm “-.

radiation
neutrons.

The neutrons can also cause nuclear
transmutations in the structural materials. The
nickel component in austenitic stainless steels, for

example, undergoes (n,Y) and (n,®) reactions with
thermalised neutrons:

Nigg +n+ M2y

Ni"“ + n + Fe + a

The helium and hydrogen formed in (n,a) and (n,p)
reactions may accumulate in bubbles on the grain
boundaries at high temperatures and strongly degrade

the mechanical properties  of the irradiated
material.

Since neutron sources providing an energy
spectrun and flux density pertinent to a fusion
reactor arve so far unavailable, the effects of
irradiation in the fusion environment can be
assessed only indirectly through simulation
experiments. Most tests to date have been performed

with the aid of fission reactors though some have

utilised ion beams from particle accelerators. Such
simulations suffer from the important limitation
that they do not adequately represent the much

higher rates of generation of hydrogen and helium
expected with fusion neutrons. ‘Thus irradiation in
a fission” reactor may typically produce a helium
concentration of order 10 appm, as compared with
1000 appm anticipated in a fusion reactor. Tests
under conditions more closely resembling the fusion
reactor environment will evidently be needed to
indicate the life expectancy of reactor components.

materials are
first wall
austenitic

Several classes of candidate
currently being considered for
structures(l'll). These include
stainless steels(lz), martensitic stainless
steels' 7" precipitatiomhardened Fe-Cr-Ni
alloys, refractory alloys based on titanium and
refractory alloys based on vanadium and niobium.
The results of fission reactor irradiation tests
suggest that the Fe-Cr martensitic stainless steels
might offer a significantly longer lifetime than
some of the alternative candidate materials and a

number of studies devoted to the assessment of
this cl ff 8f material have recently been
published -15), 0Of the candidate materials
mentioned above, only the martensitic stainless
steels show ferromagnetic behaviour and it will be
necessary to assess the implications of

incorporating ferromagnetic structural materials in
fusion reactors employing magnetic confinement.

The martensitic alloys under consideration fall
within the general group of ferritic steels
containing roughly 9 to 13% Cr, together with small
proportions of various strengthening elements such
as molybdenum. Such steels, pgenerally in the
normalised and tempered condition, are already
widely used in high temperature applications, where
they can compete favourably with austenitic alloys
at temperatures up to 600°C. The commercial Sandvik
alloy HT-9 with composition 12Cr-1Mo-0.3V may be
regarded as typical of this class. This and similar
alloys have been utilised for several years in such
applications as steam and gas urbines, jet engines,
steam pipes and boller tubes and are currently
being considered for future use in thermal and fast
reactors. For the purpose of their evaluation
studies ~15) (he General Atomic research group
selected the alloy HT-9 as representing a typical
martensitic alloy. It is in fact the only
commercial alloy among the group of six prime
candidate materials identified by the National FBR
Cladding/Duct  Materials  development  programme.
While newer alloys such as 9Cr—1Mo currently under
development may eventually prove superior, HT-9 has

the considerable  advantage of possessing a

relatively broad and expanding data base and a

history of commercial applications in arduous

environments.

4. SOME RELEVANT  PROPERTIES  OF MARTENSITIC
STAINLESS STEELS

4.1 Composition

The nominal composition of the representative
martensitic alloy HT-9 is given in Table 4.  The
composition of the austenitic alloy type 316 is also
included for comparison.

For extended high temperature service the alloy
is usually heat treated at 1050°C for half an hour,
air cooled, then tempered at 780°C. Tempering at
this relatively high temperature does not develop
maximum strength but ensures high stability of the
tempered martensite and of the strengthening carbide
precipitates for service temperatures up to about
600°C.

4.2 Mechanical Strength

The temperature variation of minimum ultimate
tensile strength is shown in Fig.6, taken £from
Ref.l5, for HT-9 and a number of other candidate
first wall materials including type 316 annealed
stainless steel and 20% cold-worked 316 stainless

steel. The short term strength of HT-9 evidently
decreases rapidly above 500°C. It is roughly
comparable with that of the austenitic stainless

steel type 316 at temperatures up to 600°C. The
long term strengths of HT-9 and 316 are compared in
Table 5, which shows the maximum allowable stress
intensities as defined by the ASME Boiler and
Pressure Vessel Code for elevated temperature design
of class 1 nuclear components.

In a fusion reactor with pulsed operation,
thermal stresses are liable to cause cyclic and
creep fatigue damage. The resistance to thermal

Table 4 - Nominal composition of representative alloy HT-9 and alloy 316

alloy| Fe Cr Ni Mo W v Si Mn c
HT-9 |85.25 11.5 0.5 1.0 0.5 0.3 0.25 0.5 0.20 weight
316 66.5 17 12 2.5 2.0 0.08 %
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Fig.6 Graph showing the minimum ultimate tensile strength of HT—9
and other candidate alloys as a function of temperature (from Ref.15).

stress 1is wusually represented by a parameter M,

defined by

- 20K(1 - v)

o
SE (watt.m )

M
= yield strength

thermal conductivity
Polsson's ratio

thermal expansion coefficient
Young's modulus

where

o
K
v
]
E

The resistance to thermal stress increases with
increasing M. The thermal stress resistance of HT-9
at 500°C is compared with that of alternative
materials in Table 6. The considerably higher

Table 6
Thermal stress resistance of some candidate alloys
at 500°C

Thermal stress resistance
Material M (kWm)
316 annealed 1.3
20% CW 316 4.9
HT-9 8.5
Ti-6A1-4V 10.2
Ti-6A1-ZSn-4Zr—2Mo 10.4
Inconel 718 10.7
V-20Ti 12.3
Nb-1Zr 19.8

Table 3

Allowable 300,000 hour design stresses,

Boiler and Pressure Vessel Code Case N47.

resistance of HT-9 in comparison with alloy 316, for

example, 1is largely attributable to the higher
thermal conductivity and lower thermal expansion
coefficient of HT-9. The Ti alloys and the

precipitation-strengthened Ni alloy Inconel 718 have
slightly higher thermal stress resistances than HT-

4.3 Radiation damage

advantages of the
steels 1s their relatively
high resistance to neutron radiation damage.
Information on creep, void swelling and
embrittlement in HT-9 has been gained during the
course of the fast breeder reactor programme in the
U.S.A. but has not yet been generally released. The
following description of radiation effects is b?sed
on a qualitative assessment by Rawls et al 15)
partly based on data from EBR-IIL. According to
these authors, HT-9 has a higher imreactor creep
resistance than the 20% cold-worked type 316
stainless steel (20%Z O4 316) to temperatures in
excess of 600°C. Void swelling in HT-9 appears to
be at least a factor of 10 less than that in 20% CW
316 and current data indicate swelling even lower

One of the
martensitic stainless

principal

than the 3.7%, 500°C peak swelling at 150 dpa
reported previously for HT-9 wunder irradiation
conditions simulated by heavy ion bombardment
(17).

A peak swelling of about 35% at( %%000 and 150
dpa 1s predicted for 20% CW 316 steel 142,

The resistance of ferritic and wmartensitic
alloys to radiationminduced void swelling has also
been demonstrated by recent fast react:{r ililésdiation
experiments 1in Britain and France 19- . In
particular, Little and coworkers have described
observations on several commercial alloys including
a 2.25Cr-1Mo low alloy steel, Fe-l4Cr-4Al alloy and
three 12% martensitic steels designated FI, 448
and CRM-12. These observations support the
proposition that ferritic/martensitic alloys as a

general class have favourable wvoid swelling
characteristics, and resistance to high temperature
irradiation (helium) embrittlement together with
good  mechanical properties and low neutron
absorption cross—sections relative to austenitic
stainless steels and alternative nickel-based
alloys.

Whilst the evaluations to date involve only low
helium levels and low helium/dpa ratios relative to
fusion neutron conditions, the retention of tensile
ductility by HT-9 appears to be superior to that of
20%2 Cd 316 (especlally when tested above the
irradiation temperature) and much greater than that
of the precipitationstrengthened nickel alloys up

to 600°C. Moreover, the microstructure of HT-9
appears to be stable wunder irradiation 1in the
pertinent temperature range. Ferritic and
martensitic steels exhibit the ductile-brittle
transition phenomenon typical of body centred cubic
metals. Such metals transform over a narrow

temperature range from a state in which failure
under tenslle stress occurs by brittle fracture, to
a condition of greater softness, in which the

Spr» based on the criteria of ASME
From Ref. 15.

Alloy Maximum allowable stress intensities, S (MPa)
209 400°  500°C 550°C 6008¢ 650°C

HT-9 227 196 110 62 32 14

316 138 110 108 87 50 31




material deforms plastically and failure occurs by
ductile fracture. The temperature at which this
change occurs is termed the ductile-brittle

transition temperature or DBTT. Irradiation has the
effect of raising the DBTT, the shift being closely
related to the degree of irradiation hardening. The
effect of fast reactor irradiation on the impact
resistance and fracture toughness of HT-9 alloy has
been inv st)i.gated by Smidt, Hawthorne and
Provenzano 26 : In these studies the alloy was
irzrgdiat%d in EBR-II at 419°C to a fluence of 1.l x
10 am - (E > 0.1MeV), corresponding to a damage
level of about 6 dpa. This irradiation was found to
- elevate the DBTT from the initial value of 5%C to
113°¢ and to increase the room temperature yield
strength from 653 MPa to 971 MPa. After irradiatio
the fracture toughness was measured ‘fa 170 MPam
well above the DBIT and 45 MPam below it.
Irradiation decreased the upper shelf energy (Charpy
V notch test) from 170J to 8B8J, observed at 150°C,
though the measured wvalue increased with test
temperature to L15J at 427°C. Temper embrittlement
at 538°C after 5000h aging was also reported.

In general the radiation embrittlement tends to
saturate with increasing neutron dose and it is
possible that the operating temperature of the first
wall and blanket would always be above the DBIT of
the ferritic/martensitic alloy. Care might be
needed, however, to avoid brittle failure 1if the
temperature fell below the DBIT, for example during
reactor shutdown.

4.4

Induced radiocactivity

A graphical comparison of the radioactivity
associated with type 316 steel and with alternative
materials is given in Fig 7. On the scale of this
graph the curve for alloy HT-9 lies very close to
that for the 316 steel. The activities plotted in
this graph are takgg from Ref. 28 and are b sgﬁ)d on
an exposure to IMWm “ wall loading for | year "

The effects of induced activity in
ferritic/martensitic steel blanket maEer}als have
also been considered by Rawls et al 15 ¢ These
authors adopted a blanket model consisting of a
first wall, a Li,0 breeding zone and a graphite
reflector. The breeding zome of thickness 0.25m,
comprised 10% mechanical structure, the remaining
volume being occupied by Li,0 with a packing density
of 80%. Calculations of the induced activity were
based on continuous operation for _6 years with a
neutron wall loading of | Mim~ 2"). The results
are given in Table 7 for both 316 and HT-9 steels.

Table 7
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Fig.7 Curves showing decay of radioactivity following shutdown for
several candidate first wall and blanket materials (from Ref.28).

It is evident that at shutdown the radicactivity
in the HT-9 alloy is about 10% lower than that in
the 316 alloy, whilst after 100 years it is less
than half that in 316.

Table 8, from Ref 15, gives the calculated
afterheat following shutdown. Initially, the
afterheat is about the same for both materials but
subsequently the HT-9 shows an appreciably lower
level. Thus HT-9 shows marginally less pronounced
post-irradiation activity than the austenitic alloy
316.

4.5 Weldability

The stainless steels in general demand care
during welding to ensure good service performance of

Radioactivity in 316 and HT-9 based blankets following 6 years of operation at

| Mim “ neutron wall loading
Time after 316 steel HT-9 steel
shutdown
curies per watt (thermal)

10 sec 1.31 1.17

1 day 7.8 x 107} 6.6 x 107L
1 month 6.6 x 107} 5.9 x 107+
1 year 3.7 x 107t 4.0 x 107}
100 years 4.3 x 1079 1.8 x 107°
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Table 8

Post-operation afterheat in 316 and HT-9 based blankets following 6 years of

operation at 1MWm

neutron wall loading.

316 steel HT-9 steel
Time after shutdown units: % of operating power
10 sec 1.4 1.3
1 day 1.5 x 1071 5.9 x 1072
1 month 1.3 x 107! 5.4 x 1072
1 year 4.7 x 1072 3.0 x 1072

the resulting weld. Ferritic steels are susceptible
to excessive grain growth and development of
brittleness; martensitic grades may suffer excessive
hardening, with the attendant risk of cracking,
whilst the austenitic grades have high thermal
expansion coefficients and are subject to carbide
precipitation. As a group, the auscenitic grades
are the most easily welded. With the martensitic
steels care is needed to avoid too much martemsitic
hardening during air cooling following the welding
operation. The resulting risk of cracking increases
with the carbon content, the hardness and the degree
of restraint. The potentially deleterious effects
of welding can, however, largely be overcome through
careful control of the welding conditions and
through the application of appropriate pre-weld and
post-weld heat treatments. Very few weld failures
have been experienced in fossil—fue{leg power
stations employing 9% and 127 Cr steels 16) and it
appears unlikely that the problems associated with
the welding of these alloys would prove a major
obstacle to their use.

4.6 Cost and availability

Comparative cost relations for various types
and forms of stainless steels are given in Ref.2,
though the actual prices quoted are somewhat out of

date. These show a variation, by roughly a factor
two, between the cheapest and most expensive
commercially-available grades. Also, the prices of

particular grades vary by about 30% depending on the
basic finished form and the batch size. Current
prices of some of the more common stalnless steels
are indicated in Table 9.

Owing to the high cost of nickel, the nickel-free
ferritic and martensitic grades tend to be cheaper
than the austenitic alloys with substantial nickel
contents. This advantage may be reduced by the
added cost of heat treatment required during the

Table 9 -

rolled 5 mm sheet, and of the major alloying elements.

Current 1980 prices of various stainless steels,

fabrication of components from. martenmsitic alloys
and, in the case of steels containing molybdenum, by
the present high cost of this element. The alloy
HT-9 is at present available ounly in a limited
variety of forms but the cost of the basic material

appears to be comparable to that of type 316
stainless steel.
In the case of intricate fabrications, such as

those likely to be required ia fusion applications,
the cost of the basic material is 1likely to
represent only a fraction of the cost of the
finished item. For structural components close to
the plasma the basic material cost is unlikely to be
a major factor in any choice between alternative
grades of stainless steel. It could, however, exert
a decisive influence on the choice of material for

peripheral structures, which require large

quantities of material but with less demanding

fabrication and special property requirements.
Chromium, a basic constituent of stainless

steels, is not a particularly abundant element and
it is possible that a global scarcity of this
element, perhaps accelerated by a high demand for

structural stainless alloy by the nuclear industry
around the year 2000, wmay impose an additional
constraint on the choilce of reactor blanket/first
wall materials. Were such a constraint to apply it
would favour the use of chromium—lean alloys such as
the martensitic grades or specially developed low—
chromium grades.

PROP ERTIES MARTENSITIC

5. THE MAGNETIC OF

STAINLESS STEELS

There appears to be little detailed information
on the magnetic properties of ferromagnetic
stainless steels, particularly in relation to their
dependence on factors such as temperature and
metallurgical and mechanical history. Measurements

in the form of cold-
The costs are in £/tonne.

Austenitic grades Ferritic grades Martensitic grades* Alloying elements
type cost type cost type cost
304 1075 409 1000 403 1000 Cr 450
304L 1850 430 1000 Ni 4,000
321 1850 434 1300 Mo 12,000
316 2350 444 1600
316L 2450

* The martensitic grades do not readily allow price comparison since they

are not normally produced in cold-rolled forms.
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on the alloy HT-9 have been reported H the research
group at the General Atomic Company 3"15), whilst
measurements on a 9% Cr 2% Mo alloy have been
performigo?y the above mentioned group and also by
Praeg . A brief review of ferromagnetism,
including definitions of some of the pertinent
terms, such as permeability, is given in Appendix B.

vl Measurements by the General Atomic Company

research group
The alloy HT-9 is a hard magnetic material

manifesting a large area within the hysteresis loop,
the shape of which varies with the magnitude of the
inducing magnetic field. The magnetic properties

also depend on the mechanical history of ¢the
material and are affected by heat treatment and
working. References 14 and 15 describe two sets of

In the first set, a hollow
cylinder of the alloy, having a length many times
the outer radius, was placed in a steady
longitudinal magnetic field. Two sets of colls were
wound around the cylinder and the ratio, r, of their

measurements on HT-9.

measured mutual inductance to the value calculated
for the same coil arrangement 1in vacuo was
determined at 200°C. The results are given in Table
L0.

It is seen that the ratio decreases from 23 at
zero bias field and approaches unity for bias fields
greater than about 800 kam L. Because the sample
only partly filled the solenoid and had an
unspecified geometry, the above observations must be
regarded as qualitative. They serve to show,
however, that a bias field of about 800 kAm !,
applied parallel to the excitation field, suffices
to saturate the material and reduce its effective
relative permeability to unity.

In the second experiment the alternmating field
permeability and the saturation flux density were
measured on a ring sample as a function of the
temperature and the bias field applied perpendicular
to the plane of the ring. A toroidal sample of the
alloy under investigation was wound with primary and
flux measurement windings and placed in the field of
a superconducting solenoid, which could provide a
bias field up to about 4 MAm-l, directed along the
major axis of the toroid. The field produced by the
current in. the primary winding was thus orthogonal
to the generally much stronger steady bias field.
This arrangement forms the basis of a standard
method of measuring both the saturation and Llow-
field magnetic properties ilz the same sample and has
been described by Graham 31 and by Z:I.jls'.t:ra(:1
In this configuration the toroidal field causes the
magnetisation vector to perform small oscillations
about the static field vector and it may be shown

Table 10

that the low-field AC permeability thus measured
approximates to (B, + BS)IBO, where B_ is the flux
density in the specimen due to the bias field alone
and Bs is the intrinsic flux density corresponding
to complete magnetic saturation.

As shown by the results in Table 11 the AC
permeability of HT-9 alloy decreased from a value of
76 at zero bias field to a value of about 1.2 for
bias fields in excess of 1.6 MAm™l.

Further experiments were conducted by the
General Atomic group to compare the magnetic
behaviour of two representative martensitic
stainless steels 9Cr-2Mo and 12Cr-1Mo (HT-9), under
simulated tokamak reactor conditions and to measure
the saturation flux density B_ as a function of
temperature. The observations were made on toroidal
samples in the way described above. In addition to
providing the magnetising field, the primary winding
served as a heater which could raise the temperature
of the sample to about 500°C. The hysteresis loops
were recorded oscillographically, using an
alternating field of frequency 60 Hz and maximum
amplitude 24 kAm'l. Further experimental details
are given in Ref. 15.

1.5

0.5

B (TESLA)

0.5

HT-8

1.5 L
10 5

10

H {kAm™)

Fig.8 Comparison of the hysteresis loops for HT—9 alloy at room
temperature and 500°C, according to Ref.15.

Ratio r of measured mutual inductance of the coils to calculated mutual
inductance without specimen as function of bias field at 200°C

Applied magnetic field (kAm 1)

0.0

48 80 240 800 2400

T

23

4.5 2.7 1.2 1.0 1.0

Table 11

AC permeability of HT-9 alloy at 315°C as a function of bias magnetic field

Bias magnetic field (Mﬁm—l) 0.024

0.24

relative permeability 76

73
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Figure 8 shows a comparison of the hysteresis
loops for HT-9 steel at room temperature and a
typical reactor operating temperature of 5009C. As
would be expected, the area of the loop and the
saturation flux density decrease with increasing
temperature. The loops for the two materials 12Cr-
1Mo and 9Cr-2Mo at 500°C are compared in Fig. 9,
which shows the 9% Cr alloy to have a saturation
flux density about 20%Z higher than that of the 12%

The influence of a steady bilas field on the
hysteresis loops of 12Cr—-1Mo alloy is illustrated by
Fig.10, from which it 1is seen that the loops
diminish in area and approach a straight line, the
slope of which decreases with increasing bias
field. The area enclosed by the B-H loop represents
the so-called hysteresis energy loss incurred in
taking wunit volume of the material through a
complete magnetisation cycle. The observations

Cr alloy. These results are summarised in Table 12.  presented in Fig. 10 thus permit an estimate of the
hysteresis energy loss in reactor structures
fabricated from HT-9 .alloy. This topic is discussed
further in section 6.5. Figure 1l shows values of
the saturation Induction for HT-9 alloy, calculated
from the apparent slope of the B vs H characteristic

9% Cr
12% Cr
1.0 -
2 12Cr1 Mo
0.5 T = 5009€
0

< S 0.0S6T | gjag

o 0 = / 04317

i} < 01877

= a0 £
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1.0
2 —
1 | | 1 ] 1 | ] | |
10 5 0 5 10 15 10 5 0 5 10 15
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Fig.9 Comparison of the hysteresis loops for 9% Cr and 12% Cr Fig.10 Results from Ref. 15 showing the variation of hysteresis
martensitic steels at a temperature of 500°C. loops with bias field for 12Cr 1Mo alloy at 500°C.
0.04
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Fig.11 Magnetic properties of HT—9 alloy in simulated tokamak environment (from Ref.15).

Table 12 Saturation induction as a function of temperature for alloys

12Cr—=1Mo and 9Cr-2Mo

temperature 25°% 500°¢C

alloy H (kAo 1) B (tesla) H (kAm ') B (tesla)
12Cr-1Mo 9.87 1.41 9,71 1.11
9Cxr—2Mo 10.6 .62 10.1 1.33
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by an iterative technique designed to correct for
the reduction of the bias field within the specimen
by demagnetisation. Rawls et al conclude that under

reactor conditions, involving a wall temperature
around 500°C and a steady toroidal field of about
4T, the saturation flux density of 9-12% Cr

martensitic stainless steels 1s approximately 1.l-
1.3 tesla. Thus the effective permeability (B0 +
BS)/B0 with respect to the poloidal field will be
less than Ll.33. The implications of wutilising
ferromagnetic first wall/blanket materials will be
considered in more detail in subsequent sections,
where it will be shown that the effects are
relatively minor and can probably be accommodated
within the reactor design.

5.2 Investigations by Praeg on 9% Cr steel
Praeg (30) at Argonne National laboratory has
measured the electrical resistivity and magnetic

properties of a 9% Cr ferromagnetic steel having the
following composition:

Fe
86.2

Cr
9.0

Mo
2.0

Mn
1.0

51 Nb v

(o P S
0.75 0.50 0.30 0.15 0.3

0.3

Observations were made both on rectangular specimens
measuring 12.3 x 12.3 x 25.4 mm and on a toroidal
sample. B-H curves for the rectangular specimens at
room temperature were obtained with a permeameter
employing a large electromagnet to generate magnetic
fields up to 1.3 MAm ‘. These curves are shown in
Figures 12 and 13.

(Figs 12 and 13 here)

In Fig. 12 the full curves correspond to a
magnetisation axis along the length of the specimen,
whilst the dashed curves refer to magnetisation
perpendicular to the longitudinal axis. The maximum
permeability p , defined here as the gradient of the
tangent from the origin to the knee of the curve, is
about 400 at B 1 tesla and at room temperature the
steel saturates magnetically below 2 tesla. The
difference between the solid and dashed curves in
Fig. 12, corresponding to the different orientations
of the specimen, is ascribed by Praeg to variations
in the length of the air gap relative to the length
of the specimen. It seems likely that
demagnetisation effects in the sample would also
play a significant part.

The toroidal specimen had an outside diameter
of 101.6 mm and a rectangular cross section of 11.1
x 1l.1 mm. A flux measurement coll consisting of
103 uniformly spaced turns of insulated nichrome
wire was wound over the torus and an excitation coil
of 354 turns was wound over the flux coil in three

B (TESLA)

B (TESLA)

L
-1000

1
500
H (kAm™)

A
-500

Fig.13 Curve showing DC saturation of the 9%Cr sample.

layers.
above its Curie temperature.
basic
supplied with current at

a sinusoidal

series resistor.
to B =
of the signal from the flux measurement coil.

A voltage

1000

Provision was made for heating the torus
For observation of the
B-H characteristics the excitation coil was
0.5 Hz,
monitored by means of the voltage developed across a
signal proportional
[Bdt, was obtained by electronic integration
The

magnetisation curve and hysteiesis loop for
magnetising field up to 4.4 kAm - are shown in Fig.
14.
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Fig.14 Magnetisation curve (solid line) and hysteresis loop
(broken line) for 9%Cr sample in toroidal form with alternating
inducing field of amplitude 4.4kAm™ and frequency 0.5Hz.

H (kAm™)
Fig.12 DC hysteresis loops for 9%Cr 2%Mo stainless steel sample for H< 10kAm™ (from Ref.30).
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showing the variation of relative
coercive force and induction with
temperature for a_ sinusoidal excitation field of
amplitude 4.4 kAm - and frequency 0.5 Hz are given
in Flg. 15. The Curie point of the sample is seen
to be at 705 °C and a maximum permeability u = 675

Graphs
permeability,

is attained at about 400°C. The measurements
yield u_ = 515 at 20°; a value somewhat higher
than themu ~ 400 obtained from the permeameter
measurement. The difference is attributed by Praeg

to the effect of air gaps which are unavoidable with
the permeameter and cause a shearing of the B-H
curve. The permeability at H 4.4 k Am !, denoted
by u 4.4 1 also shown 1in Fig. 15 as a function of
temperature.
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Fig.15 Temperature variations of the AC permeability, coercive force
and magnetic induction for 9%Cr steel with alternating inducing field
of amplitude 4.4kAm™ and frequency 0.5Hz, according to Ref.30).

The effect of excitation frequency on the
hysteresis loop of the toroidal sample is
illustrated by Fig. 16. It is evident that at 20°C
the loop broadens significantly between f = 0.05 Hz,

which represents a close approximation to the DC
case, and f 0.5 Hz, corresponding to the
excitation frequency for the measurements described
above. These results indicate a DC permeability of
about 870, about 70% larger than the value By = 515
measured at £ 0.5 Hz. The dependence of the
susceptibility on the measurement frequency is a
phenomenon well known in ferromagnetism, though it

Table 13
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Fig.16 Hysteresis loops for toroidal sample of
9%Cr steel for various frequencies at 20°C.
apparently lacks a simple explanation. The
variation of the magnetic properties with frequency
probably accounts for the somewhat higher

susceptibility values reported by Praeg for 9Cr—2Mo
steel in comparison with the values given by Rawls
et al, based on measurements at £ 60 Hz. However,
the two sets of measurements indicate comparable
values of the saturation flux density, which 1is the
magnetic parameter of principal interest in reactor
design.

INFLUENCE OF FERROMAGNETIC FIRST WALL MATERTAL
ON THE REACTOR SYSTEM

6.

6.1 Effect on toroidal field ripple

The influence of a ferromagnetic blanket on
toroidal field ripple has been estimated by Chen et
al through computations applied to three
conceptual tokamak reactor designs denoted by GA
TNS, ETF and STARFIRE. Some relevant design
parameters for these models are indicated in Table
13.

Since the ambient field exceeds 2 tesla (T) in
all three cases, the saturation polarisation in the
blanket material was taken as 1T, in accordance with

the experimental results described in section 5.
Fig.17 shows the outcome of the computations for
STARFIRE.

There the midplane toroidal field ripple is plotted
as a function of radius for the three cases of (1) a
nomr-magnetic blanket, (2) an asymmetric

ferromagnetic blanket, and (3) a ferromagnetic

Parameters employed for estimation of forces and field perturbations in the
three tokamak models GA TNS, ETF and STARFIRE.

Parameters GA TNS ETF STARFIRE

plasma major radius, R (m) 3.6 5.0 6.92
plasma current (MA) 11.4 5 13.5
number of toroidal field coils 12 12 12

total number of TF ampere turns(lOE’A-turns) 90 132 183
toroidal field on axis (T) 5 5.3 5.3
blanket thickness (m) 1 1 1.3
inner blanket inside radius (m) - 2.8 4.5
inner blanket outside radius (m) = 3.0 4.9
outer blanket inside radius {m) 4.6 7.1 8.4
outer blanket outside radius (m) 5.6 8.1 9.7
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Fig.17 Toroidal field ripple in STARFIRE showing the influence
of a ferromagnetic blanket both with and without penetrations.

blanket with 0.5 x 0.5m penetration. The
axisymmetric ferromagnetic blanket evidently causes
only a minor perturbation of the field ripple. In
the case with a penetration present the disturbance
is larger but still fairly modest over the plasma
region.

Chen et al (14) note that similar results were
obtained for GA TNS and ETF and conclude that, owing
to their state of magnetic saturation, the
ferromagnetic blankets have an effective relative
permeability close to 1 and do not lead to any
significant modification of the toroidal field
ripple.

6.2 Effect on poloidal field

Since the toroidal field will normally saturate
the blanket region, any ferromagnetic first wall or
blanket material will behave in the poloidal field
as 1f it had a relative permeability close to
unity. Disturbances in the poloidal field caused by
the presence of a ferromagnetic blanket were studied

by Rawls et al by comparing the poloidal field
distributions for a glven  poloidal current
both with and without the

distributc' i[gfl

blanket The results of the computation for
STARFIRE are given in Fig.18, which shows the field
perturbation as a function of position in the plasma
region. It 1is seen that poloidal fileld variations
up to about 3% can be expected to result from the
presence of the ferromagnetic blanket. According to
Ref.ll, this result should remain valid even 1f u is
as high as 1.5. A perturbation of this magnitude
should not cause major disturbance and could if
necessary be counteracted by appropriate programming
of the active control system for the poloidal field
coils.

6.3 Magnetic forces on the blanket

The effect of weak ferromagnetism in the first
wall material of a tokamak r?ftgtog has been studied
by the General Atomic group -15) with the aid of

STARFIRE
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PERTURBATION
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Fig.18 Poloidal field perturbation in STARFIRE
caused by a ferromagnetic blanket.

a computer program IRON developed for the solution
of nonlinear three dimensional magnetostatic field
problems. These workers also used an analytical
method based on an iInfinitely long cylinder model.
Table 14 indicates the magnitudes of the magnetic
forces and the equivalent pressures acting on the
blankets corresponding to the three conceptual
design models GA TNS, ETF and STARFIRE. The results
in the table were derived using the analytical
method, which gives wvalues about 20% higher than
those from the IRON program.

Figure 19
calculated equivalent
function of magnetisation

shows a number of analytically
magnetic pressures as a
multiplied by packing
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Fig.19 Magnetic loading on the ferromagnetic blankets
for the GA TNS, ETF and STARFIRE designs.



Table 14

Radial body forces and equivalent inward pressures calculated by Rawls et al for the three tokamak models GA INS,

ETF and STARFIRE at two values of M, the saturation magnetisation multiplied by the packing factor.

Design concept
GA INS ETF STARFIRE
major radius (m) 3.6 5.0 6.9
assumed field on axis (T) 5.3 5:3
inboard outboard inboard outboard inboard outboard
blanket inside radius (m) - 4.6 2.8 T2l 4.5 8.6
blanket cutside radius (m) - 5.6 3.0 8.1 4.9 9.7
imward pressure (atmospheres)
for M = 0.5T - 2.8 2.3 1.9 2.5 2.4
M= 1T - 6.4 5.1 4.4 5.5 5.3
body force (Mn m 3)
for M = 0.5T - 0.31 1.3 0.21 0.7 0.2
M= 1T - 0.7 2.7 0.46 1.5 0.44

factor. This product was chosen as the argument to
allow for the fact that only a small proportion of
the volume 1s occupied by magnetic material. The
calculations show that the static magnetic pressures
amount only to a few atmospheres. Since the
additional force on the blanket acts radially
inward, towards the major axis, the overall force is
a compressive one and it should be feasible to
design the blanket modules in such a way that a
self-supporting 'keystoned' structure results.
Moreover, the magnetic loading on the blanket of an
actual fusion reactor might be considerably lower
than that indicated by the calculated values, since
much of the volume at present assumed to be occupled
by ferromagnetic material would probably be taken up
by breeding material and coolant flow channels.

The authors of Ref.l> also conclude that the
presence of a ferromagnetic blanket would not
significantly affect the magnitude of transient
loads associated with plasma disruptions.

While the equivalent magnetic pressures appear
fairly modest, in comparison with atmospheric
pressure for example, they would, in the case of a
fusion reactor of economic size, act on large and
possibly extended structures. The significance of
the additional magnetic forces in relation to other
forces such as self-weight and thermal stresses
might therefore require a more detailed assessment
in the structural design of a reactor incorporating
ferromagnetic first wall or blanket materials.

6.4 Transient effects — electromagnetic shielding

In a tokamak device the first wall/blanket must
allow penetration of the field from the equilibrium
coils, which controls the shape and position of the
plasma. The electromagnetic shielding effects of
cylindrical structures can be calculated if their
electrical resistivity p and effective magnetic
permeabllity p are known.
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A rather general consideration-of the effects
of ferromagnetic blanket materials on tr?ngient flux
changes has been given by Rawls et al 13), These
authors consider the following processes as being

the most significant 'in relation to tokamak
operation:—
l. Ohmic heating by means of rapidly changing
currents in an ohmic-heating coil system.
2. Plasma control through controlled current
excursions in a set of field control coils.
3. Plasma interruption.
It is assumed that any metallic blanket
material, irrespective of its magnetic properties,
will need to be subdivided into electrically

insulated sections in order to permit ohmic heating
by means of an external ohmic-heating coil system.

‘In electrical power engineering the usual aim is to

subdivide the conducting material such that the
characteristic dimension of the subdivided
component, namely the dimension perpendicular to the
magnetic flux direction, is of the same order as the
skin depth at the operating frequency. The skin
depth & {.&ﬁiven by the following well-known rela-
tionship ™
5= (2ot
up Tf
[
where
electrical resistivity
magnetic permeability
permeability of free space
equivalent frequency

L = -]
woun

I

For HT-9 steel, which has a resistivity p =1 x
10_6 2m at 500°C, this equation indicates a skin
depth of about 0.3m, assuming a plasma interruption
time of lms and an effective relative permeability
of 1.2. For an austenitic stainless steel such as
316 the skin depth would be essentially the same
while for copper it would be about 7mm under the
same conditions. Rawls et al modelled the eddy
current effects in a cylindrical blanket by means of



each surface of the
blanket. The effect of any radial cuts in the
blanket could be accommodated by specifying a
negative number of turns for one of the coils. The
reduction of inductance through the skin effect was
estimated by integration of a simplified diffusion
equation describing the penetration of flux into a
magnetic material. These caleculations showed that
the inductance changes by only a few percent for a
ramp time of lms. The degree of disturbance depends
on the ratio of the cross sectional area of the
blanket and the poloidal field flux area within the
whole control field coil. A change of about 2% was
found for ETF and STARFIRE and about twice as much
for Ga TNS, which has half as much coll area.
Though the calculations of Rawls et al are only
approximate they clearly indicate that the fileld
perturbations and cime delays involved in
penetration of the blanket by control fields are
insignificant. Moreover, the magnitude of these
disturbances 1is roughly the same Ffor saturated
foerromagnetic materials as it would be for non
magnetic counductors.

two skin ceciis, one on

Praeg (30) has also considered the problem of
alectromagnectic shielding and has provided values of
the magnetic attenuation factor in convenient
graphical Fform as a function of the relevant
parameters.

6.5

Hysteresis snergy losses

Energy is dissipated as heat in the material
whenever a ferromagnetic material is taken round a
hysteresis cycle. This hysteresis loss 1s to be
distinguished from the ordinary eddy current losses
which may occur simultaneously. The energy
dissipated per unit volume in each cycle is given by
the area enclosed within the B vs H hysteresis loop:

W = §BdH

For periodically varying fields the hysteresis
loss 1is proportional to the frequency whereas the
eddy current losses, at least -for moderately low
frequencies, are rou%yly proportional to the square
of the frequency (37), Figure 20 shows a plot of
the hysteresis loss for HT-9 alloy at 500°C as a
function of the static bias field. These losses

were calculated from the hysteresis curves
determined by Rawls et al and shown in Fig. 10
of the present paper.
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Fig.20 Calculated magnetic hysteresis loss in HT—9 steel at 500°C as a
function of static bias field, based on the B—H loops reported by Rawls et al.
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The volume of ferromagnetic material in tne
blanket of a conceptual reacter such as CCTRII could
be about 800 m According to the graph in
Fig. 20, the hysteresis energy loss for_ this volume
of HT-9 alloy could be as high as 107 joules per
cycle in zero bias field, though it would be about
three orders of magnitude smaller in the saturating
toroidal field. Even in the case of zero field,
however, the energy 1loss per ° cycle through
hysteresis in a ferromagnetic blanket structure is
small in comparison with the estimated circulating

energy of around 6 GJ associated with neutral
injection, r%frigeration and the operation of
auxiliaries(35 .
7. CONCLUSTONS

A number of studies aimed at the assessment of
martensitic stainless steels as structural materials

in nuclear fusion reactors have recently been
published. These studies have included
considerations of the mechanical properties, the

effects of irradiation, neutron activation and the
implications of a ferromagnetic susceptibility. It
appears that certaln martensitic stainless steels
containing 9-12% Cr may offer the potential of a
longer lifetime than some of the present candidate

materials, -3 type 316 austenitic steel.
Considerations of induced radioactivity, afterheat
and future resource availability also appear to

favour alloys of the martensitic group in preference
to the austenitic grades.

The weak ferromagnetism exhibited by stainless

steels of the ferritic/martensitic groups has
hitherto been regarded as a potentially serious
drawback to their application in  magnetic

confinement fusion devices. The first wall/blanket
material in a tokamak device will be magnetically
saturated by the toroidal field, however, and the
studies performed by the General Atomic Group
indicate that its effect on the toroidal field
ripple, on transient field variations and on the
field-shaping coils will be insignificant. The
additional magnetic forces on the blanket are
directed toward the major axis and are equivalent to
a static pressure not exceeding a few atmospheres.
It seems likely that this additional pressure could
be accommodated within the mechanical design of a
reactor, though more detailed calculations applied
to specific models may be needed to confirm this
conclusion. The ferromagnetism of the martensitic
alloys is thus not expected to pose any serious
system design problems.

Further work will be needed to establish the
applicability of martensitic stainless steels as
structural materials in fusion reactors and the
following subject areas appear Co require further
study i~

1. Influence of the fusion reactor environment
on structural properties, in particular the
effect of neutron irradiation to the levels
of dpa and the ratios of hydrogen and
helium concentrations to dpa appropriate to
fusion reactor conditions.

Further investigation of the change of
fracture toughness act lower temperature
associated with the ductile-to-brittle
transition.
Weldability
particular

heat treatment,
development of repair procedures and
sensitivity of welding procedures
microstructure.

5

and fabricability in
the optimum pre- and postweld
susceptibility to cracking,
the
to
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Appendix A
The AISI classification system for stainless steels

The American Iron and Steel Institute (AISI)
jointly with the Society of Automotive Engineers
(SAE) has devised a widely recognised number code
for the classification and description of steel
alloys. For stainless steels the AISI system
employs a three-digit code in which the first digit

36. G.W.C. Kaye and T.H. laby, Tables of Physical
and Chemical Constants, 1l4th ed, Longman,
London, 1973

37. R.M. Bozorth, Ferromagnetism, Van Nostrand,
N.Y., 1959

of the nickel content has been replaced by manganese
and nitrogen whilst the 500 Series comprises steels
containing 4-6% Cr. The suffix letter L, e.g. type
304L, generally denotes a modification having low
carbon content, a low nitrogen content being
similarly indicated by the suffix LN.

Hardenability is not confined to alloys of the

defines a major series, the following two digits martensitic group since work hardening,
identify the particular grade and, where used, a precipitation hardening and sigma hardening can
letter suffix represents a modification of that occur in austenitic and ferritic alloys. Moreover,
grade. The major series are as follows: martensite, ferrite and austenite may be present to
200 Series Iron—chromium-nickel-manganese alloys — nonhardenable,
austenitic
300 Series Iromrchromium—nickel alloys — non—hardenable, austenitic
400 Series Iron-chromium alloys - hardenable or non-hardenable,
martensitic or ferritic, depending on carbon or nitrogen
content
500 Series Low-chromium iron alloys — heat resistant, nomstainless

The major categories comprise the 300 series
nickel-stabilised austenitic alloys and the 400
Series alloys which are either nickel free or have
nickel content below 2.5%. The 200 Series
represents austenitic alloys in which a proportion
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some extent in steels of all groups and, in
practice, these terms are often used in a rather
imprecise sense to distinguish between classes of
steels on the basis of their behaviour under heat
treatment.



Appendix B

A review of basic concepts and definitions
in ferromagnetism

So far as their magnetic properties at normal
temperatures are concerned nearly all materials can
be classified into two major groups. The members of
one group, made up of diamagnetic and paramagnetic
substances, are only weakly magnetic. In these
materials the intensity of magnetisation induced by
an applied field lies in the direction of the field
and is proportional to it. A wmedium of this kind
which is uniform and without intrinsic. directional
properties 1s said to be linear, homogeneous and
isotropic. For these materials the magnetic moment
per unit volume, J, and the magnetic induction B are
proporticnal to ' the applied field H. The
correlation between B and H can be expressed by the
equation

B = un H
o
in which u is a dimensionless factor of
proportionality known as the relative permeability
and 4 is a constant with numerical value 47 x 107

henriés.m ~, termed the permeability of free
space. The value of u varies with the material.
Paramagnetic and diamagnetic substances have

permeabilities which differ only slightly from unity
and these materials are more conveniently described

by the volume susceptibility k defined by the
relation
= +
W= (1 +x)
or, alternatively, by the mass susceptibility ¥,

equal to the volume susceptibility divided by the

Table 15

density of the material, p

X"y
In SI units the magnetic properties are described in
terms of the magnetic field strength H (ampere per
metre), flux density B (tesla, T) and magnetic
polarisation J, with the corresponding relations:

B=u H
v+
=1 (1 +x)
The relative pePfmeability p u/n_ is  the
permeability of the material relafive td that of
free space.

The other group, comprising the ferromagnetic

materials, principally irom, nickel, cobalt and
related alloys, dis strongly magnetic and non
linear. The magnetic behaviour of members of this

group 1is, moreover, dependent on the mechanical,
thermal and magnetic history of the sample. The
relation between B and H is not a simple one but is
double-valued and the relative permeability, which
is generally much larger than unity, is no longer a

constant but depends on H and on the previous
magnetic history of the specimen. Some typical
values of diamagnetic and paramagnetic
susceptibilities and ferromagnetic permeabilities

are give? in Table 15, based on data taken from Kaye
and Laby 36)

The behaviour of a ferromagnet is wusually
described by dits B wvs H and wuvs H curves.
Considering an initially unmagnetised sample in the
form of a torus, which eliminates demagnetisation
effects, the magnetisation induced by an applied
field along the minor axis of the toroid is obtained

Susceptibilities of some common diamagnetic and paramagnetic
substances and permeabilities of some typical ferromagnetic materials

SUSCEPTIBILITY per kg at 20°C

SUBSTANCE -
(values to be multiplied by 1079)
Diamagnetic materials
Hydrogen = 2.5
Copper - 0.107
Lead - 0.15
Water - 0.90
Sodium chloride - 0.64
Paramagnetic materials
Oxygen + 134
Aluminium + 0.82
Sodium + 0.75
CusS0, .5H,0 & P
MnSO, . 4H20 + B1:2

Ferromagnetic materials

Armco iron (99% Fe)

Silicon-iron, dynamo grade

Mumetal

Type A Mn-Zn ferrite

18-8B stainless steel, austenitised
18-8 stainless, 20% cold reduction
Hadfields Mn steel

Clyde alloy non-magnetic steel

Relative permeability Up

Initial Maximum
250 7000
1000 6000
v 5 x 10* A 108
A 1000 A 3000
1.005 - 1.03

1.4

1.03

1.003
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by plotting the intensity of magunetisation M or the
magnetic induction B against the field strength H.
The material initially follows a curve similar to
the solid line oa in Fig. 21.
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Fig.21 B versus H for a typical ferromagnetic material.

The slope of the tangent to the curve oa at the
origin is known as the initial permeability, u_. As
H 1is increased indefinitely the intensié‘y of
magnetisation M and the intrinsic induction (B - H)
of the specimen approach a definite limit B_ which
represents a state of magnetic saturation. The
induction B increases indefinitely, however, owing
to the increasing contribution of H teo the flux
density. On reducing the applied field the curve ab
is obtained. With zero field at point b, the sample
still retains a substantial residual induction ob
(i1f the field has been sufficient to attain
saturation this is referred to as the retentivity)
which provides a measure of its ability to retain
magnetism when not subjected to adverse treatment.
Application of an increasing field in the reverse
direction results in the curve becd. At point c¢ the
demagnetising field of magnitude oc causes complete
loss of the magnetisation previously acquired in the
field at point a. The field oc 1is termed the
coercive force (or coercivity, if the saturation
induction was attained) and represents the ability
to retain magnetism in spite of adverse treatment.
Reduction of the field gives the branch de, while
reversing and increasing it again gives ea. The
magnetisation always lags behind the applied field -
an effect known as hysteresis. The hysteresis loop
should be symmetrical about o although several
complete cycles may be needed to establish a steady
cyclic state. With ferromagnetic materials the
permeability can be defined and measured in various
ways. The initial permeability p, has already been
defined. The maximum permeabilil:ylu is the highest
value of normal permeability obtained by varying the

Interconversion of units

amplitude of H and corresponds to the gradient of
the straight line from the origin to the knee of the
magnetisation curve.

Suppose the specimen is being taken through a
magnetisation cycle and that a point 1s reached on
oa oOr ea. If, instead of proceeding to higher
fields, H is reduced by a small amount AH, then the
magnetisation will fall by a small amount AM and the
induction by AB. If these increments are small
enough they are reversible and unaccompanied by
hysteresis. In this case the ratio AB/AH is known
as the reversible permeability at the point P.

If the specimen is subjected to a steady field
upon which an alternating field is superimposed,
then an unsymmetrical hysteresis cycle will be
described. The ratio of the difference between the
extreme values of B and the difference between the
extreme values of H 1s termed the incremental

permeability p, = BA/H . This parameter reduces to
the reversible permeabflity as HA + 0.

Hysteresis energy loss

It is readily shown 37 that the area enclosed
by the hysteresis loop is proportional to the energy
dissipated in taking unit volume of the material
through a complete cycle, i.e.

Hl

W = $HAM
H
1

fHdB

per unit volume

This energy loss should be distinguished from the
ordinary eddy current losses that occur in
conducting ferromagnetic materials subjected to
time-varying fields. A relationship sometimes
useful for estimating the hysteresis loss was
discovered empirically by Steinmetz:
W= an
max

where n is a constant depending on the material and
known as the Steinmetz coefficient, and n is a

constant of approximate value 1.6.

Effect of eddy currents

Changes of magnetic flux within a conducting

medium give rise to electromotive forces and
associated electrical currents within the
material. These eddy currents depend on the
geometry of the material, on its resistivity and
permeability and on the rate of change of the
flux. The eddy currents flow in such a direction as

to oppose the change in flux and thus exert a
shielding effect which prevents immediate
penetration of the field into the interior of the
material. Thus the magnetic induction toward the
interior will generally be lower than and will lag
behind the value at the surface. The effects
associated with eddy current; have been descr{b%sl
quantitatively by Bozorth (37 and by Smythe 3

and these references should be
fuller discussion of the subject.

consulted for a

rationalised Mks SI

cgs system
Field strength H 41 = 0.01256
1000
oersted
Magnetic induction
or flux density B 104 gauss

1 1

= 1 ampere-turn m - = 1 ampere m_

= 1 weber w2 = 1 Tesl-a
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