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ABSTRACT

The selection of structural materials for large superconducting
magnets for lokamak-type fusion reactors is considered.

The important

criteria are working stress, radiation resistance, electromagnetic interaction, and general feasibility.

The most advantageous materials appear

to be face-centered-cubic alloys in the Fe-Ni-Cr system, but hlgh-aodulus
composites may be necessary where severe pulsed magnetic fields are
present.

Special-purpose structural materials are considered briefly.

v

INTRODUCTION

The purpose of chis paper is Co discuss the problems confronting
the designer when he seleccs structural materials for superconducting
magnets for tokamak controlled thermonuclear reactors.

Structural

materials are those whose principal function in the magnet is transmission
of mechanical loads.

They are necessary because in the large magnets

presently envisioned for the Experimental Power Reactor 1 ' 3 and later
devices, the body forces are larger than the conductor alone can withstand.

Even if catastrophic structural failure should noc occur,

deflection could cause a large enough strain in the conductor to degrade
its electrical properties.
The important criteria for material choice, which will be discussed
first, are allowable working scress, radiation resistance, electromagnetic
interaction, and general feasibility.

The working stress will be deter-

mined by the elastic stiffness, the yield stress, and the nocch toughness.
Electromagnetic interaction is determined by such qualities as magnetic
susceptibility and electrical resistivity.

Feasibility is a general term

which here includes such considerations as availabilicy, ease of fabrication, engineering experience, and installed cost.
One can conceive of an ideal material, in which the values of all
the parameters are very high or very low, as appropriate.

The fact that

such a material does not exist, of course, raises the question of whecher
one might be developed.

This does noc sees* to be possible within the

schedule now set forch for che end devices; the most innovation we can
permit ourselves is refinement and adaptation of existing alloys and
material systems.

In some cases, in fact, time and effort are better

spent characterizing existing materials or solving specific problems than
attempcing to develop better materials, ac least in the near term.

The

existing materials which seem most likely to be usable for large superconducting magnets mav be grouped as austfmitic stainless steels, ironand nickel-base superalloys, and polymer- and metal-matrix advanced
composites.

The alloy systems need characterization and research on

specific points, while the advanced composites probably call for more
fundamental work.

These systems are discussed below and their advantages,

1
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disadvantages, and unanswered questions are contrasted.

A few systems

which have been used or suggested for magnets but seem inappropriate to
large, high performance magnets are also discussed, including aluminum
alloys, ferritic steels, and glass reinforced composites.
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CRITERIA FOR CHOICE

We may evaluate each structural material candidate in terms of four
general sets of properties:

the allowable working stress, the radiation

resistance, the electromagnetic interaction, and the feasibility of the
material.

There is no single figure of merit which can be U6ed to combine

all the possible criteria for the choice, but we can indicate whether
large or small values of each parameter are preferable and possibly suggest limit values beyond which the material is unacceptable.

The relative

importance of different material properties will vary sharply among different coil systems, and it may be that the optimum structural material
for one service is entirely unsuited to another.

WORKING STRESSES
The allowable working stresses will be largely determined by the
mechanical properties of the material and by the accuracy with which we
can predict them.

In general, each of several different properties will

limit the allowable stress in a given situation; the working stress is
then the lowest of these limits.

We should properly speak of stress field

rather than stress, as some triaxiality of stress will exist at each point
in the magnet and must be considered in evaluating materials.
The fact that the electrical performance of superconductors is
degraded by even small amounts of strain limits the alienable deflection
of the coil when energized.

The amount of elastic coil deflection is an

inverse function of the stiffness, measured essentially by the Young's
and shear moduli, of the structural material.

It will be necessary to

choose some finite conductor strain which does not degrade electrical
properties excessively; in principle, zero deflection would call for an
infinite amount of any real structural material.

Assuming that strain

A

in che conductor and the structure are equal* and that stiffness provided
by che conductor is negligible, we may write:
°T.S

E

"

T,S e c '

(1)

where
o^. g » tangential stress in the structure,
Ej. <. » Young's modulus of the structural material in the
*
tangential direction of the coil,
and
cc
E_
l ,5>

» allowable longitudinal strain in the conductor.

the Young's modulus of the structural material in the tangential

direction of the magnet, is a measurable material property which will be
discussed shortly.

The allowable conductor strain, c c , is very ouch a

matter of judgment; current research in a number of laboratories should
provide useful data.
4

induced degradation*

At present it appears that, considering fatigue
as well as single cycle behavior, the total working

strain of NbTi-based conductors will be in the range 0.15-0.20Z and that
of Nb^Sn-based conductors, which are less well characterized in this
reupect, will be Q.15Z or possibly less.

It is emphasized that these

numbers are advanced here only for the sake of discussing structural
materials.

The upper bound stress in the structure placed by an elastic-

strain limit will be directly proportional to the Young's modulus in the
tangential direction.

For this reason a high Young's modulus in at least

one direction is required; for some structural materials elastic deflection
actually determines the working stress.

Because the loads are not

tangential everywhere in the coil, the transverse Young's moduli arc also
important.

In a structural metal all Young's moduli are nearly equal,

It is not obvious that they must be equal. It would be easy to design a
magnet in which the strain in the conductor exceeded that of the structure,
but wa would have no purpose in doing this unless the allowable working
strain of the conductor exceeds that of the structure. This would occur
only in the case of a low-yield-stress structural material and would imply
a large amount of structure. It may be possible to design such a cable
that the individual strands experience a lower strain than the cable as a
whole. In the absence of other limitations, this might allow a higher
strain in the structure and therefore a higher working stress than predicted by Eq. (1).
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but In a composite r.hey can be very different (an order oi magnitude) and
can be tailored to some extent to suit the designer.

Therefore, one can

trade oxf one modulus against another in composites and caution is appropriate in comparing moduli between metals and composites.

In summary, one

materials induced failure mode of the structure is excessive elastic deformation and ensuing conductor strain; to prevent this, we want the stiffness
of the structural material to be as high as possible.
A second structural failure is permanent deformation caused by plastic
yielding of the structural material.

The relevant material property in

this case is the yield stress, often called the yield strength.

In a

face-centered-cubic metal like those being considered fo" tokamak coil
structures, the yield stress is not a sharp point on the stress-strain
curve and is defined as the stress at some stated plastic strain, usually
0.22

Therefore, some permanent deformation has already occurred at

stresses below the yield.

Yield stress is still useful for comparison of

metals' resistance to plastic deformation.

Fiber composites tend not to

have a yield stress as the term is used here; rather than yielding, they
generally beh&ve brittlely — that is, rupture with little prior plastic
deformation.

This is analogous to the yield stress in metals, except

that metals (at least those under consideration here) yield at one stress
and bres'ic at a higher — sonetimes much higher — one, called the ultimate
stress.

This ability of metals to deform before breaking, called

ductility, is useful to designers and will be discussed below.

Yield

behavior, like elastic deflection, is sensitive to all the stresses acting
on the member, not just the maximun stress.

The way in which the stresses

in different directions interact will vary with the material, especially
between composites and aetals.

In the absence of any other changes, a

higher yield stress will be preferable.

In a tokamak coil, it is a

second limit on the allowable structural working stress.

The working

stress, multiplied by some appropriate safety factor, must not exceed the
yield stress.
A third failure mode which places a limit on structural operating
stress is failure by propagation of a crack.

Cracks may propagate in the

presence of a constant stress, a time-varying stress (fatigue), or a

6

shock load.

The resistance of a material to such failure is called its

fracture toughness.

Of a number of ways of measuring and quantifying

toughness, none is wholly satisfactory.

The conventional measure of

toughness is the energy absorbed in breaking when a notched sample of
specified geometry is struck by a pendulum (such as the Charpy and Izod
tests of ASTM D256 and E23).

While impact-break tests are simple and

comparatively inexpensive, they are extremely difficult to relate to
design; much experience with a particular alloy is necessary before
impact-break values can be related to service behavior.
tend to be unsuited to novel material systems.

Therefore they

Also, the adiabatic

temperature rise during the impact can be large enough, owing to Che small
values of specific heats at liquid helium temperatures, to raise questions
of whut was really tested and what the results would have been had the
metal been continuously at 4.2 K.

A number of more sophisticated and more

thoroughly controlled crack propagation tests have been devised to avoid
the disadvantages of the Charpy and Izud tests.

Of these, the one most

used for metals at LHe temperatures is the compact tension test described
in ASTK E 3 9 9 , which measures the crack opening displacement of a precrackcd notched specimen as load in applied perpendicular to the plane
of the crack.

The data thus obtained make it possible to predict the

behavior of a preexisting small crack in a structure.

E399, however,

presumes that the plastic zone at the crack tip is insignificantly small.
This is generally not the case 5 in the tough alloys considered for
cryogenic service, and various means reviewed elsewhere 5 * 6 have been used
to predict the behavior of. cracks in such materials using substantially
the same test.

The

(J) parameter, a critical stress intensity for

crack initiation derived from crack tip energy considerations, will be
used here as it is fairly easy to relate to elastic fracture analysis and
a comparatively large amount of data is expressed in K I c (J).

Unfor-

tunately, this work has been done at 4 K for homogeneous materials only
and extension to composites will be difficult.

Such concepts as "critical

crack length" will probably have to undergo extensive revision.

For now,

impact tests may be used to rank composites, but few of these have been
performed at 4 K, and temperature extrapolations are of limited
reliability.7

7

It is evident that high toughness is a good thing.
we have only a limited amount of it available at 4 K.

Unfortunately,
A number of metals

with reasonable toughness at room temperature, such as the carbon steels,
are very brittle at cryogenic temperatures.

In metals, testing and

analysis are beginning tc be sophisticated enough to predict a reasonable
working stress from design parameters, material properties, and knowledge
of the largest pre-existing crack not detectable by nondestructive examination.

Much thought and experimentation will be required before composites

are even that far along.

In the meantime, some sort of fracture toughness

test will be necessary for any composite system used in working coilsA crack which does not propagate to failure in a single load cycle
may nevertheless do so in fatigue (repeated loading and unloading).
EPR pulsing every two minutes for five years will see about 1.3

x

An

10 6

charge-discharge cycles in the pulse coils, and as many small cycles in
the: T? coils superimposed on a few large charging cycles.

The trends in

fatigue testing are similar to those in other toughness measurement:
toward more complex and better characterised tests.

The E399 CT specimen

mentioned above has also come into use for fatigue tests which relate crack
da
growth per cycle,

to the change in the stress intensity during a cycle.

Fatigue data at 4 K is as yet limited in metals and almost nonexistent in
composites.

These tests are expensive to run at any temperature because

of the equipment occupied, and even more so at cryogenic temperatures
because of the amount of cryogen consumed.

While the newer fracture

mechanics techniques reduce the time somewhat, conventional techniques
are still valuable.
exists

7

In advanced composites, what little information

gives cause for optimism, but many more measurements are necessary

before such materials can be used confidently, especially for pulse
coils (where their high electrical resistivity makes them especially valuable).

Crack propagation, from either one or many cycles, is likely to

place an upper limit on structural stresses which is of the same magnitude
as the elastic deflection and plastic yield induced limits.

Only a care-

ful analysis of each situation can identify which of the three is controlling.
A number of material properties do not set absolute limits on working
stress but do affect the relationship between it and elastic stiffness,

8

yield stress, and toughness.

Included in this category would be such

things as anisotropy, ductility, and conventionality.
Anisotropy is the variation of material properties with direction.
In an annealed metal, it is negligible; the properties are substantially
the same in any direction.

In a composite, all the mechanical properties

are highly directional and the designer has a challenge.

He is probably

used to working in isotropic materials and must be careful to examine
his assumptions during the design process.

At the same time, the

properties in one direction of a composite can often be traded off
against those in another, especially the other in-plane direction.

The

designer thus has an option of choosing material properties in accordance
with the directionality of load.

Anisotropy is thus neither inherently

desirable nor undesirable, but it does provide one more design variable
which must be considered.
Ductility, defined as "the ability of a material to deform plastically
without fracturing,"8 is the quality that makes a material forgiving of
local overstresses.

It is typically measured as the elongation to fracture

in a standard tensile test.

A ductile material will locally deform but

maintains its load bearing ability, whereas a nonductile material breaks
or crushes.

Nonductile materials therefore require more care on the

designer's part in predicting transfer of load between the material and
its surroundings.

While not all ductile metals are tough, there is a good

correlation within a given alloy system, and all the metals commonly used
or considered for cryogenic structural service are reasonably ductile.
Composites, by contrast, have very limited ductility.

They fracture with

little or no plastic deformation and local loads must be calculated very
carefully.
"Conventionality," in this context, is used to describe the collective
body of engineering experience in using a material at 4 K.

Stainless steel

304, which has been used in a great many cryogenic structures, would be
a conventional material in this sense; boron-reinforced aluminum, to choose
one of many possibilities, would be unconventional.
extreme cases.

These are, of course,

Obviously there may be no reasonably well known material

suitable for some structural applications in tokamak coils.

In this case

9

a comparatively new material must be used, and extra efforts at characterization must be made.

Here we see the advantage of an older material:

lot-to-lot variations are quantified, fabrication and joining methods are
better developed, and smaller safety factors can generally be applied.

A

better-known but slightly inferior material could in fact be more highly
stressed than a stronger material which requires larger safety margins
because of its novelty.

Past experience at temperatures above 4 K should

certainly be considered, but with due regard for possible variations in
behavior.

More conventional materials also tend to be available with

shorter lead times and in more product forms.

Of course, a new material

will not be introduced unless it has some demonstrable advantage over
existing ones, so that the desire for well-known materials will almost
always involve a trade-off against mechanical properties and a choice
can be made only with reference to a particular situation.
To summarize, then, one criterion for choosing among structural
materials for tokamak magnets is the working stress field each will
allow.

This working stress will be determined by 1) elastic stiffness,

2) yield stress, and 3) toughness, in both single- and multiple-cycle
loading, as measured at 4 K.

To arrive at an allowable stress, these

must be modified appropriately according to the anisotropy, ductility, and
conventionality of each material.
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RADIATION RESISTANCE

A power producing tokamak is a nuclear reactor and its components will
be exposed to energetic radiation.

While only a small fraction of the

radiation emitted by the plasma will pass the blanket and shield and be
absorbed in the magnet* that fraction is large enough to demand consideration of both its heat deposition and its effect on material properties.

The radiation flux will vary depending on which place in which

magnet is considered, but for our purposes we need consider only the point
of maximum flux in each magnet system.

The toroidal field and poloidal

field systems must be considered separately since their material requirements are different in some other respects (such as eddy currents, discussed later) and different compromises may be appropriate.

The descrip-

tion of the radiation field can only be approximate because the flux at
the first wall will depend on plasma parameters as yet unknown and
because the relation between first-wall flux and that at the magnets is
impossible to calculate exactly.

In addition, cutouts in the shield for

various access ports cause local "hot spots" that can be averaged into
the overall heat load but cause greater materials degradation locally.
Added to uncertainty in the amount of radiation at any particular
point is uncertainty about radiation effects on materials.

While some

stainless steels have been studied extensively, the experiments were
conducted at temperatures (350-800°C) appropriate to fission reactors
and CTR first walls rather than to superconducting magnets.

The temper-

ature is important because the enhanced transport at high temperatures
promotes both annealing and void coalescence; these are negligible at
4 K.
In the toroidal field coils the maximum radiation exposure will occur
at the inside of the coil structure near an access port.

Neglecting the

port, the flux for an 800 MW (th) reactor at the inside of the TF coils is
estimated9 at 9.6 x 109 n-cm~ 2 sec~ l (E > 0 . 1 MeV) and 2.5 x 10 1 C n-cm~ 2 sec _1
(all energies).

Corresponding figures for the outside of the TF coils (the

inside of the PF coils) are 1.9 x 10 7 n-cm"*2sec-1 and 5.0 x 10 7 n-cm~ 2 sec -1
respectively.

These fluxes correspond to fluences, over 20 years, of

12

6 x 10 1 8 n-cm~ 2 , 1.6 x 10 1 9 n-cnT 2 , 1.2 x 10 1 6 n-cn" 2 , and
3.2 x 10 1 6 n-cm~ 2 , respectively, if no allowance is made for duty cycle.
It appears at present that if the radiation flux is low enough to hold
damage to insulation, damage to conductor, and heat input within bounds,
then damage to a metal structural material should not be a problem.
Superconducting poloidal field coils (which are presumed to be on
the inside of the torus, shielded by the TF coils) may call for a
different assessment because they are pulsed and eddy currents must be
held down.

The use of graphite-** or boron-reinforced epoxies here, which

is attractive in other respects, would require testing to verify the
suitability of both fiber and matrix for radiation service.

Other

problems that occur will be dealt with below when specific materials are
discussed.

It appears that radiation will not present major problems in

either coil system structure, but this question is not as well defined
as some others and needs more thought and study3

13

ELECTROMAGNET1C INTERACTION

For our purposes, "electromagnetic interaction" comprises interactions between a structural material and the electrical and magnetic
fields present in a magnet system.

They may produce field disturbances

(spatial or temporal}, forces on the structure, reaction forces in the
conductor, and energy loss and heat deposition due to various hysteretic
effects.

The magnitude of each effect will be a function of the amount

and geometry of structural materials, their material properties, and the
fields and their changes with respect to space and time.

Design is

simplified if each interaction is zero, but there may oe circumstances
in which a designer can make use of a specific interaction.
To consider the effect of material properties. It
with constant and time-varying magnetic fields separately.

useful to deal
We will deal

here only with field effects related to structural materials and not,
e.g., with pulse losses in the conductor.
According to their behavior in a magnetic field metals are classified
as diamagnetic, paramagnetic, or ferromagnetic.

The internal magneti-

zation of a diamagnetic metal is proportional to the applied field but
much smaller and of opposite sense.
nonuniform field.

Such a material is repelled by a

Pure copper is diamagnetic but erace impurities can

change its behavior.

Paramagnetic metals display an internal magneti-

zation which is proportional to but much less than the external field.
Such metals are attracted toward higher field regions of nonuniform
fields.

Most common metals and alloys, except steels, are paramagnetic;

the lower alloy austenitic stainless steels are paramagnetic so long as
they entirely retain the face-centered-cubic crystal structure.

Ferro-

magnetic metals' magnetization initially increases sharply with field
but then saturates at a magnetization substantially above that of paramagnetic metals.

Sore of this magnetization remains when the external

field is removed, so that ttime-varying external fields cause a hysteresis
loop and energy deposition,.

Of the pure metals, iron, cobalt, nickel,

and gadolinium are ferromagnetic.

Ferromagnetic metals experience a

second order phase transit!,on and become paramagnetic above a temperature
known as the Curie temperature (after Pierre Curie) which may be either

1A

above or below room temperature.

Some commercial nickel-base alloys are

paramagnetic at room temperature but ferromagnetic at cryogenic temperatures.

Other terminology is somerimes used to describe the magnetic

behavior of materials.

"Ferrimagnetism," "antiferromagnetism," and

"superparaaagnetism" refer to various sets of properties intermediate
between paramagnetism and ferromagnetism.

Ferromagnetlsm is so much

stronger an interaction, especially at weak fields, than para- or diamagnetism that ferromagnetic alloys are sometimes described as simply
"magnetic" and others as "nonmagnetic."
The designer's task would he simpler if the structural materials
were all paramagnetic or truly nonmagnetic rather than ferromagnetic.
At present it appears that this is possible, but at the cost of fairly
severe compromises elsewhere in the design.

The question of the constant-

field magnetic interaction between the structural material and the rest of
the magnet and the plasma deserves careful, quantitative analysis.
most obvious forms of this interaction are:

The

1) perturbation of the

magnetic field to the detriment of plasma confinement; 2) perturbation
of the field inside the coil, increasing the field at the conductor;
3) self-forces on the structure, with corresponding reaction forces on
the conductor; and 4) energy deposition due to hysteresis.

Uhile it

appears that a ferromagnetic structure may not greatly hurt plasma
containment, 13 the other effects seem not to have been investigated.
The analysis might be done analytically, but is by no means trivial.
The possibility of nonuniformly distributed ferromagnetic material (weld
ferrite, for example) exacerbates the problem.

For the present, para-

magnetic alloys are preferred over ferromagnetic ones.
The problems presented by time-varying magnetic fields are somewhat
different.

Transient versions of the effects noted above do occur, but

in addition to these the designer must account for eddy currents induced
by the changing field.

These are not a function of the magnetic nature

of the structure but rather of its electrical conductivity.

Since they

occur at 4 K and must be removed by the magnet refrigeration system, they
must be minimized.

It has been estimated3 that stainless steel structure

in the poloidal coils could contribute St. much eddy current heating as
the conductor losses, but the amount of heating in the structure is
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extremely sensitive to the particular coil design and operating cycle.
The much higher electrical resistivity of organic-matrix composites
could be very useful here, as the eddy current losses scale directly as
the electrical conductivity.
A structural material may experience electric as well as magnetic
fields, especially in the poloidal coils.

Toroidal coils have their

largest voltages, very roughly 2 kV, only under abnormal conditions
(such as q»o nc hes),whereas poloidal coils routinely experience voltages
of about 35 kV.

An insulation system capable of withstanding such

potentials will be hard enough to develop that a nonconductive structure
would be most welcome.

The stainless steel conduit structure as used

in the ORNL EPR Reference Design TF coils3 has the characteristic that
all electrical insulation isolates the conductor from ground and thus
resists the full coil potential, if the structure is electrically conductive.

FEASIBILITY
Feasibility is a general word used here to mean the readiness of a
material for use in nonexperimental, cost effective, engineering design.
It comprises such things as availability, ease of fabrication, engineering
experience, and cost as installed.

It is evident that these are inter-

related and that each will affect the others, but it is useful to discuss
them individually.
Availability as a concept is readily understood, but actually predicting the availability of a specific material in a specific form over
a period of decades is extremely difficult.

Materials become more or

less available as a function of technological development, exhaustion of
resources, economics, politics, and many other factors.

Technological

development may introduce or make obsolescent either specific materials
or whole classes while the other factors tend to operate on classes
rather than individual materials.
Development may introduce either new materials or new ways of
handling an existing material so as to make it more useful.
materials may disappear as better ones supersede them.

Older

All these effects
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ccur on time scales of years or decades.
materials can both stimulate solutions

A particular application for
Its specific problems and

adapt solutions developed for others' problems.

The smaller the field

(in terms of resources available for materials), the more it must rely
on adaptation.

Presently it appears that the CTR magnet program will not

be able to develop any major new structural materials systems to suit its
needs because of lack of both time and resources, unless it becomes
evident that all existing materials are inadequate.

It is the more neces-

sary, therefore, to study the ways in which existing materials can be
adapted.

These might include, for example, the welding of the newer

austenitic stainless steels for cryogenic service or the selection of
cryogenic epoxies for use in epoxy-matrix composites.

The adaptations

will be largely the qualification for cryogenic service of materials and
techniques developed for higher temperature.
is important:

The word "qualification"

it means not merely selection of the optimum material for

a purpose, but also sufficient study to identify and quantify all its
limitations and accurately predict its behavior in a design.

It does

not appear likely that any of the materials now considered for CTR
magnets will become technically obsolete.

The areas in which useful

new materials seem most likely to be developed are the manganesecontaining austenitic stainless steels and the high-modulus (graphiteand boron-based) composites.
The exhaustion of raw materials Is a question which has led to much
discussion and much less agreement.11
alloying elements for steels.

A particular area of concern is

The most important to us are chromium,

manganese, and nickel, all of which occur at low average concentrations
in the earth's crust.

The presently workable sources are few in number

and thus subject to political interruption.

As leaner ores are worked,

the cost (i.e. commitment of resources) increases and the raw materials
cost can rise considerably for a steel containing 26-45% Cr,. Mn, and Ni.
Substitutes containing more readily obtainable elements (aluminum, carbon,
and boron, for example) would ease worries about availability of
structural materials, especially for commercial reactors.
Almost any raw material is available if sufficient resources are
committed to its production. 12

When the cost of extraction exceeds the
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incremental value of the end product, however, that material is no
longer available for that end product.

The availability of a raw

material will depend, therefore, not only on the cost of extraction,
but also on the value of the end product.
Because some materials occur in a limited number of areas, their
supply may be interrupted or reduced because of decisions made in the
realm of national and international politics.
example is petroleum.

The most striking recent

For fusion reactors, the raw material through

which politics interacts with materials most strongly is probably
chromium.

Other metals, such as nickel, manganese, and aluminum, are

imported in comparable proportions (70% or more of annual U.S. consumption) 13 but either come from politically more stable sources or
have U.S. sources which seem readily usable in the long term.

The

particular concern about chromium is that the principal sources are the
U.S.S.R. and the Republic of South Africa (and historically Southern
Rhodesia); either international conflicts or internal U.S. political
decisions could cut off these sources.

In general, the composites

should be less sensitive to politics, except that an increase in international tension would increase the demand for advanced composites for
aerospace hardware.
While technology is available today for metallic structures,
advanced fiber-reinforced composites still require development before
use in tokamak magnets.

Conversely, in the long term the composites

appear to be less susceptible to resource exhaustion and political
interruption.

It is axiomatic that an unproved material should not be

used in a large, expensive structure; nevertheless, if possible we
should avoid building early magnets with a material which will not be
used in later ones.
A second aspect of the feasibility of a material is its ease of
fabrication— that is, the readiness with which it may be formed into a
structure of suitable size and shape.

The order in which we rank

materials may depend a good deal on what that size and shape are.
Furthermore, the design itself will be conditioned by the material the
designer expects to use.

In this situation, it is almost impossible to

compare materials' ease of fabrication except very qualitatively, and
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with reference to a particular design.

We should, however, be careful

not to commit ourselves implicitly to a particular material by way of
design unless we are certain that material is adequate in every respect.
The value of engineering experience with u material in a given
environment is obvious.

Ue would like to use older, better known materials

as long as they will serve.

Conversely, the need for experience may

actually call for the use of new materials; if later, larger projects
require an advanced material, we should begin using it as soon as feasible
in order to build up some design experience.
To the extent that any single figure of merit may be used to choose
one material over others, that figure of merit is cost for the complete
structure, in place.

Cost will be a function, in particular, of cost

per kilogram, amount required (set by such things as density and working
stress), and fabrication cost.

Obviously we are neglecting materials

which are entirely unsuitable on technical grounds.

Compromises else-

where in the reactor which are forced by the choice of structural
material should also be regarded as material costs.
To summarize, the choice among candidate structural materials for
superconducting magnets will be made on the basis of mechanical properties,
radiation resistance, electromagnetic interaction, and feasibility.
With these in mind, we will discuss the materials which are considered.
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CANDIDATE MATERIALS

Quite often, a group of materials with similar composition and
structure offer similar advantages and disadvantages.

We will therefore

discuss the characteristics of each class and then relate these to
particular materials.

The four most promising classes are austenitic

stainless steels, iron- and nickel-base superalloys, organic-matrix
advanced composites, and metal-matrix advanced composites; after
dealing with these we will review some of the material groups which
presently seem less worth pursuing.

AUSTENITIC STAINLESS STEEL
The austenitic stainless steels are face-centered-cubic alloys of
iror. with chromium, nickel, and other elements.

The alloy content

(total of all element? except Fe) is seldom less than 25 wt% and may
approach 50 wtZ.

They have been used for cryogenic structures for many

years and are generally the first choice for structures below liquid
nitrogen temperature (77 K).
The austenitic stainless steels have a number of advantages over the
other materials proposed for superconducting magnet service.

They are

the least expensive of the leading candidate systems in terms of material
cost per kilogram.

Also, because they have been in use longer than the

materials discussed below, more is known about production, design, and
fabrication techniques.

The stainless steels are ductile and reasonably

tough at all temperatures, and have a high elastic modulus — 200 GPa or
30 x 106 psi.

Like most of the materials a designer is accustomed to,

they are substantially isotropic; that is, their mechanical properties
are not functions of direction.

No heat treatment other than a solution

anneal is required to develop optimum mechanical properties; this
considerably simplifies the welding of large structures.

Stainless

steels are not degraded by radiation of the doses which other coil
considerations set as maxima.
At room temperature, annealed stainless steels are paramagnetic.
When cold-worked or cooled to cryogenic temperatures, however, they
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tend to transform martensitically to a ferromagnetic body-centeredcubic structure.11*

The likelihood, critical temperature, and extent

of such a transformation are very strong functions of chemical composition and therefore vary considerably15 among different heats of
what is nominally the sam? alloy.
zation difficult.

This variability makes characteri-

There is not space here to discuss martensitic

transformations and the interested reader is referred to Reed and
Breedis.1*4

Ue note in passing that the transformation affects magnetic

properties and causes a dimensional change but, contrary to expectations,
appears not necessarily to reduce toughness. 19
While martensitic transformations are the major problem with
austenitic steels in cryogenic service, others may be adduced.

Some

of the structurally stable steels, such as AISI 310 and 310S, go
through a ferrimagnetic transition at low temperatures16 which is also
dependent on exact composition.

These stable alloys tend also to be

harder to weld into large, complicated structures.

Austenite which is

stable at low temperatures is also stable at elevated temperatures,
making the ferrite which is beneficial to sound welds difficult to
produce.

Another problem, present in any iron-containing alloy, is an

(n, y) nuclear reaction experienced by iron which is responsible for
most of the gamma flux in the coil.
'Vi
are electrically conductive [p

The austenitic stainless steels

600nft-m (60uQ-cm) at 4 K] and thus are

subject to eddy currents in a changing magnetic field.

These currents

appear to be minor in the toroidal-fieId coils but may disqualify any
metallic material for use as structure in the poloidal coils.
We are dealing here with an entire class of alloys; some of them
are certainly better than others for any particular application.

The

three which presently appear to be the best compromises for tokamak
coil structures, especially toroidal-field coils, are 21-6-9, AISI 310S,
and AISI 304/304L.
Alloy 21-6-9 was developed by Armco Steel Corporation; they now
call their version "Nitronic 40."

The nominal chemical composition is

21 wt% Cr, 6 wt% Ni, 9 wt% Hn, 0.3 wt% N, < 0.04 wt% C, balance Fe.
nitrogen acts as an interstitial strengthening agent, resulting in

The
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exceptional strength in the annealed condition.

[The measured tensile

yield strenth at 4 K is about 1200 MPa (175 ksi).] 17

This strength

comes at the sacrifice of some notch toughness as compared with steels
310S and 3 0 4 . 1 8 - 2 0

Problems have also been reported 21 in welding 21-6-9

with high-rate processes, such as electron beam welding, due to formation
of nitrogen bubbles.

It appears, however, that the welding problems can

be solved with a reasonable amount of research.

The Baseball II mirror

containment magnet at Lawrence Livermore Laboratory used 21-6-9 as its
main structural material; the welding problem was circumvented by the
use of high nickel (Inconel 182) filler metal at a sacrifice in mechanical
properties.

Alloy 21-6-9 is covered by a number of standard specifica-

tions; the plate is grade XM-11 in American Society for Testing and
Materials (ASTM) A412-75. 22
American Iron and Steel Institute (AISI) 310S is an older austenitic
steel developed for service in high-temperature oxidizing environments;
its nominal composition is 25 wt% Cr, 20 wtZ Ni, 1 vt% Mn, 0.08 wtX C max.,
balance Fe.

This steel makes up for a lower yield strength (aboi:t 750

MPa or 110 ksi at 4 K ) 2 3 with austenite which is stable even under
deformation at 4 K. 16 ' 21 *

There are indications,25 however, that 310S

gees through some sort of magnetic ordering on cooling to 4 K.

The

penalty imposed by the structural stability occurs during fabrication,
because it is difficult to induce the formation of the 2-8% delta ferrite
which improves the quality of restrained stainless welds.

This diffi-

culty, which is especially pronounced in autogenous processes (those
without filler, such as electron beam welding), may call for special
designs to avoid constrained welds in assemblies in which 310S is used.
If this alloy is determined to be satisfactory in other respects, a
welding development program would be a wise investment.
AISI 304 is one of the most widely used stainless steels for both
cryogenic and general service.

Its nominal composition is 19 wt% Cr,

9 wt% Ni, 1 wt% Mn, 0.08 wt% C max., balance Fe.

A low-carbon version,

304L, has slightly more nickel and a maximum carbon content of 0.03 wt%.
The purpose of the low carbon content is to prevent the formation of
metal carbides along grain boundaries in weld heat-affected zones.
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Because of the extent of their use, the weldability of both alloys has
been extensively studied and documented.

Fabrication techniques are

probably better known for 304 and 304L than for any other possible coil
structural material.

Aside from comparatively poor yield strength — as

low as 400 MPa (60 ksi) for 304L at 4 K 2 6 - use of these alloys is hindered
by their susceptibility to low temperature martensite formation. 1 * t ' 16 » 23
The transformation occurs on cooldown without mechanical stress or
deformation and is irreversible.
however, quite small
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The permeability of the alloy is,

even at 4 K, and this matter should be considered

quite carefully before the alloy is dropped from consideration.
It is sometimes proposed that, because large magnets and pressure
vessels alike have considerable potential for damage in case of failure,
magnets should conform, as far as possible, to the requirements of appropriate sections of the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel Code.

One respect in which the code might be

used is in the selection of structural material and the design stresses
allowed.

Of the steels discussed so far, 310S, 304, and 304L are

accepted for use in "fusion welded unfired pressure vessels." 2 8 - 2 9
minimum yield stresses in both ASTM

28

and ASME

29

The

codes are 205, 205, and

170 MPa (30,000; 30,000; and 25,000 psi) respectively.

In terms of

structural materials, the most important difference between superconducting
magnets and the pressure vessels contemplated in SA-240 is operating
temperature.

The Code is based on tests and experience not much below

room temperature.

At cryogenic temperatures, the yield strength of an

austenitic steel is higher but no extra stress is allowed by the Code.
Conversely, at 4 K the notch toughness of even austenitic stainless
steels is sufficiently low to require attention, but the Code assumes
that such materials will behave ductilely.
are imposed in either the ASTM
plate itself.

28

or ASME

29

No toughness requirements
specifications for the steel

Section III, "Nuclear Power Plant Components," of the

ASME Code includes an appendix 30 on linear elastic fracture mechanics
for ferritic steels.
to austenitic steels.

Such analysis has been shown 19 to be inapplicable
Elsewhere in the same section, 31 austenitic

stainless steels are specifically exempted from impact testing.

Section

VIII, "Unfired Pressure Vessels," requires Charpy tests on all materials

23

below 19 K (-425°F) but the value of such tests at 4 K is in considerable
question.

In general, it appears that Code adherence is neither neces-

sary nor sufficient for a sound magnet, because the Code is largely inapplicable.

It may be that some years Cor decades) in the future, when

much more experience has been accumulated, we can write a section
entitled "Large High-field Magnets."

In the meantime, the Code should

be consulted as a distillation of good practice in a related field, but
cannot be regarded as a substitute for engineering tests, measurements,
and calculations.
Aside from 21-6-9, 310S, and 304/304L, discussed above, there are
other austenitic steels which have been used from time to time for
superconducting devices and therefore present themselves for consideration.

It is sometimes difficult to determine why a particular alloy was

used in some applications.

One suspects that immediate availability

("We had some on the shelf.") was the most important factor in many
instances.

Among the conventional Cr-Ni stainless steels used for LHe

service are AISI 316, 321, and 347, all of which are commonly used at
ambient temperatures in aqueous environments.

These appear to be among

those in which some but not all heats are susceptible to martensitic
transformation.16'21+

Steels 316, 321, and 347 are modifications of 304

for improved performance in certain corrosive environments at or above
room temperature.

AISI" 316 has a higher yield stress at 4 K than 304;

it has been proposed in some magnet designs for this reason.
however, less well characterized than 304.

It is,

The other alloys, 321 and

347, have been used at cryogenic temperatures but confer no evident
advantage over 304.
There are also several nonstandard Cr-Mn-Ni steels which have
attracted interest for cryogenics.

Aside from 21-6-9, discussed above,

there are several steels in Armco's "Nitronic" series which appear
somewhat intriguing but need much further study before they can be used.
A Westinghouse steel called Kromarc 58 (10 wt% Cr, 21 wt% Ni, 10 wt% Mn,
1.25 wt% Mo, 0.08 wt% C max., 0.17 wt% N) has been extensively studied 33
and would be very interesting were it available in commercial lots on a
continuing basis.
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SUPERALLOYS
As used here the term "superalloy" means an iron- or nickel-base,
precipitation-hardening, face-centered-cubic alloy.

The iron-base

superalloys are sometimes referred to as precipitation-hardening stainless steels, but for cryogenic service they have more in common with the
nickel-base superalloys than with single-phase stainless steels.

All

the superalloys were developed for service in very high temperature, gaseous environments — gas turbines, for example — and are therefore optimized
for resistance to high temperature oxidation and creep (slow deformation
at constant stress).

Much of the interest in their cryogenic properties

arises from their use in airborne generators designed for the U.S. Air
Force, and ensuing research funded by the Defense Department Advanced
Research Projects Agency (ARPA).

As a class, the superalloys offer a

number of points to recommend them.

Along with an elastic modulus near

200 GPa (30 x 106 psi), comparable to the stainless steels, they offer
high yield strengths:
treatment.

more than 860 MPa (125,000 psi) at 4 K after heat

They do not tend to transform to another microstructure at

low temperatures.

Ductility and toughness are reasonable when compared

with other alloys operating at 4 K.
Along with these advantages, there are several points which must
be considered carefully before superalloys can be used in superconducting
magnets for fusion reactors.

The first is that they require heat treat-

ment to develop optimum properties.

Such alloys cause problems when welded

because either the entire assembly must be heat treated (at temperatures
up to 1000°C for superalloys) or inferior properties must be tolerated in
the region around the weld.

Heat treatment for these alloys is complex;

aging treatments and original melLing practice interact in ways which are
difficult to characterize.314

Superalloys, then, become less attractive

as the size of the structure or its reliance on welds increases.

Super-

alloys are less attractive in large structures for another reason:
are expensive.

they

Aside from containing as much as 90% nickel and chromium,

these alloys require special melting and forming practice.

The cost tends

to be less important in a relatively small airborne generator than in a
large tokamak.
magnetism.

The last problem which must be addressed is that of

All the superalloys studied thus far exhibit some degree of
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ferromagnetism. 15 * 35

While the magnetic interaction is not severe, it

would be more desirable to have none at all.
Having reviewed the character of superalloys as a class, we will
briefly discuss a few which have been considered for liquid helium service.
Trade names are used where necessary for clarity and in no way imply
endorsement by Oak Ridge National Laboratory or ERDA to the exclusion of
others that may be suitable.

"A-286" (ASTM A-453) is an iron-base super-

alloy often referred to as a precipitation hardening stainless steel.
With a nominal composition of 15 wt% Cr, 26 wt% Ni, 2 wt% Ti, 1 wt% Mn,
1 wt% Mo, 0.3 wt% Al, 0.01 wt% B, and balance Fe, A-286 actually is less
highly alloyed than some of the single phase austenitic steels such as
310S.

A-286 is not available in all forms; one pertinent ASTM specifi-

cation (A453-75)36 is written with high-strength bolts in mind, but sheet,
bar, and plate are also available. 37
Inconel X-750 is the nickel-base alloy used structurally for some
early airborne-type superconducting generators.

It was developed a

number of years ago for gas-turbine and other high-temperature service. 38
X-750 contains large amounts of nickel-its nominal chemistry is 15 wt% Cr,
7 wt% Fe, 2.5 wt% Ti, balance Ni.
Inconel 706 and Inconel 718 are somewhat similar to Inconel X-750
in properties and in the service they were developed for.
less nickel and more iron than X-750.

Both contain

Inconel 706 in particular appears

to have remarkably good cryogenic mechanical properties, including
ductility and toughness, 15 ' 39 and is very interesting in applications
where the high cost of nickel-base alloys can be tolerated.

Nickel-base

alloys in general seem to be sensitive to processing history 15 * 31 *' 39 , 40
and further work relating thermomechanical processing to cryogenic
mechanical properties is necessary before these alloys can be used on a
large scale.

These are by no means the only superalloys in the Fe-Ni-Cr

system, but these are the only ones for which even a reasonable amount of
cryogenic data is available, and there are no others on the horizon with
markedly improved properties.
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ORGANIC-MATRIX ADVANCED COMPOSITES
Advanced composites are made of high elastic modulus fibers (graphite,
boron, or others) in a matrix which may be either organic (epoxy, polyamide) or metallic (aluminum).

The term "advanced" distinguishes them

from glass-fiber composites, which are much less stiff; the two types of
composites are generally not interchangeable.

Because for some magnet

applications the nature of the matrix is important, we will discuss
organic-matrix composites and metal-matrix composites separately.
Properties of composites will only be commented on here; the interested
reader is referred to Kasen's recent thorough reviews on cryogenic behavior of c o m p o s i t e s . 7 ' A d v a n c e d composites are very much developmental materials, and one may reasonably hope for rapid progress in
alleviating their problems.

At present, however, their use is justified

only where some specific combination of properties unavailable elsewhere
is required.
Organic-matrix composites still do have a few distinct points in
their favor.

Tensile strengths and elastic moduli in the fiber direction

are comparable to, and in some cases better than, stainless steels.

The

composites may often be joined adhesively, using a resin similar to the
matrix material.

They possess low densities, which are convenient in

magnets if less important than in air frames.

The quality that really

makes organic-matrix composites interesting to magnet designers, however,
is their minimal interaction with both constant and changing electromagnetic fields.

Because both fiber and matrix are electrical insulators,

eddy currents due to changing magnetic fields are negligible.

The elimi-

nation of these eddy currents, which can be a substantial heat source in
tokamak poloidal coils, is the principal 'reason that interest in advanced
composites is more than speculative.

Also, a nonconductive structure may

reduce or eliminate the need for insulation as a discrete part of the
winding.

The fact that the other elements of the winding are, in a sense,

geometrically linear raises interesting possibilities of special designs
to take advantage of the essentially linear nature of composites.
Against these advantages must be counted a number of problems, some
of which seem inherent in the material and some of which may be ameliorated

27
as composites come into more common use.

Those areas in which improvement

seems most likely are unconventionality and high cost.

Engineering experi-

ence with composites is limited at all temperatures and almost nonexistent
in the range near 4 K.

Designers are justifiably hesitant about using a

material with which they have no experience and which, moreover, is
qualitatively different from its predecessors.

The presently high cost

of advanced composites may also be expected to decrease as production
rates increase and techniques are developed.

Their current cost restricts

production use to devices where the light weight of the composites relative to their mechanical properties engenders substantial advantages
elsewhere in the system, as in aircraft and some sporting goods.

!t should

be noted here that for comparing; the cost of two otherwise identical,
directly substitutable materials, the appropriate parameter is cost per
unit volume rather than per unit weight.

A given load must be trans-

mitted across a given distance and if stresses are the same (as we assumed
above) then the volume of structural material, rather than the weight,
remains constant.

Because advanced composites weigh 1/6 to 1/4 as much as

stainless steel» their cost per kilogram could be 4 to 6 times as high,
given the simplistic assumptions used here.

Fabrication cost must, of

course, also be considered.
Advanced composites also present a number of problems which may be
reduced by research but are not likely to be eliminated.

They are

severely anisotropic in both physical and mechanical properties.

Part

of the reason anisotropy is a problem is that designers are accustomed
to metals, which are substantially isotropic and uniform.

In a uni-

directionally reinforced composite, both elastic modulus and yield
strength nay be less in the transverse than in the longitudinal directions
by more than an order of magnitude.

Crossplying of the fiber can improve

properties in the second in-plane direction at the expense of the firsvt.
It is very difficult to improve properties in the direction perpendicular
to the plane but stresses in this direction would appear to be small
except for special circumstances.

The trade-off between the first two

directions presents an interesting problem for the designer, but composites
developed so far are comparable with stainless steels only when optimized
uniaxially and loaded uniaxially.

The thermal contraction shows similar
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amounts of anisotropy; the coefficient of thermal expansion in the fiber
direction may actually be negative*as with graphite- and Kevlar-reinforced
epoxies.7

Another characteristic of advanced composites for the designer

to contend with is their lack of toughness and ductility.

Although they

are strong, composites are quite brittle below the glass transition
temperature of the matrix; yield stress '*nd ultimate tensile strength
are virtually identical.

They are therefore less forgiving of local over-

stresses than are the metals we have been considering.

The low strain to

failure also reduces the amount of energy absorbed in failure, so that
composites do poorly in impact-type toughness measurements.

The more

sophisticated crack growth approach, typified in metals by critical stress
intensity factor measurements, has not yet been generalized to composites.
The multitude of interfaces normal to the crack plane adds considerable
complication to the theory of crack propagation.

The last problem pre-

sented by organic-matrix composites is an expected lack of radiation
resistance.

Presumably, the composite would not have a substantially

higher lifetime in a radiation flux than its matrix; most polymers degrade at about the fluences expected in the toroidal coils of a fusion
reactor.1*2

Fortunately, the poloidal coils are farther away from the

plasma than the toroidal coils and therefore experience less flux; it
is these coils where the electrical resistivity of the composites is
most important.

There is some hope, therefore, that even if organic-

matrix composites' radiation resistance is inadequate for the TF coils,
they will be usable in the PF system.
Because a composite is made of two distinct materials, the fiber
and the matrix, a number of permutation? are possible and it will be
useful to consider candidate fiber materials and candidate matrix
materials separately.

The high-modulus fibers which have been used in

organic matrices are graphite, boron, and a duPont proprietary organic
called "Kevlar 49."
Graphite fibers are manufactured by pyrolysis of organic fibers.
Fiber elastic modulus is not constant but varies according to fabrication
techniques; values up to about 500 GPa (75 x 106 psi) are available.
The composite, of course, will have a net modulus in the fiber direction
which is less by the packing factor.

Transverse moduli will be
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considerably lower.

Graphite is the most frequently used high modulus

fiber and the one about which the largest amount of data has been accumulated.

It is also the least expensive.

Amorphous boron fibers are produced by chemical vapor deposition
onto a wire (usually tungsten) substrate.

Because of the more complicated

production process, they cost more than graphite fibers.

The advantage

boron offers is a higher breaking stress than the high modulus graphites,
but about the same modulus.

The combination is probably the cause of

boron composites' higher toughness,7 at least at room temperatures.
Because of its cost, however, boron has been pursued less aggressively as
a reinforcement for polymers than graphite and would require more development for use in magnets.
Kevlar 49 is a duPont proprietary aromatic polyamide fiber.

Its

strength is comparable to that of graphite or boron but the elastic
modulus is less, about 130 GPa (19 x 106 psi).

For this reason it

probably cannot be substituted for the other fibers in structures whose
elastic stiffness is important, but it does offer an interesting alternative to glass fibers of modulus 70-85 GPa (10-12 x 10 6 psi).
As a class, epoxies are used far more oftt-;n than any other organic
as the matrix material in advanced composites.

Epoxies share a common

polymerization reaction but vary widely in monomer chemistry and additives and therefore in mechanical and physical properties.

Most epoxies

not optimized for cryogenic service are quite brittle at low temperatures,
while formulations for low temperatures creep at temperatures above
ambient.

Epoxy matrix composites for low temperatures may have to be

made with cryogenic-optimized epoxies, such as that used in the LN2cooled ORMAK toroidal field coils or the "NASA 2" resin, rather than those
presently used; further development would then be necessary to adapt the
laminating process and low-temperature matrix materials to each other.
This does not appear to be a major problem, but it should be dealt with
before epoxy-matrix advanced composites are committed for use in a superconducting magnet.
Several other polymeric materials, including polyurethane, polyamide, and epoxy/phenolic, have been used as advanced-composite matrices.
These would be attractive to us if it were demonstrated that their
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cryogenic mechanical properties were superior to those of the epoxies,
without too much extra cost or difficulty of fabrication.

METAL-MATRIX ADVANCED COMPOSITES
We discuss metal-matrix composites separately because their high
electrical conductivity means that they offei no reduction in eddy currents over conventional metallic structure.

(In fact, resistivity is

lower and eddy currents higher in the composites than in stainless.)

The

metal-matrix composites must therefore justify themselves compared to
stainless steel through mechanical properties, design considerations, or
fabrication convenience.

They have some interesting attributes, but at

the moment are both less developed and more expensive than the stainless
steels; their future prospects are better than current realities.
Metal-matrix composites are reliably paramagnetic; they show neither
phase transformations nor any of the magnetic transitions peculiar to
iron- and nickel-base austenitic alloys.

In addition, the composites

show reasonably low densities, about a third that of steel, which are
useful although not critical.

A number of conventional structural alloys,

such as those based on aluminum, which have these advantages might be
adduced; the point that makes these composites worth considering is that
they have strength and stiffness comparable to those of stainless steels.
The metal-matrix composites are anisotropic, but not nearly as much so as
organic-matrix composites.

Transverse moduli are more than half the

longitudinal modulus, simplifying structural design.
Obviously metal-matrix composites have disadvantages as well, or the
tone of our discussion would be different.
novelty.

The biggest one is their

Organic-matrix advanced composites can to some extent use

experience developed in fiberglass, but the metal-matrix materials are
produced in an entirely different manner.

Methods for fabricating them

into complex, three dimensional structures are presently undeveloped.
Metal-matrix composites are expensive, even compared with such advanced
composites as graphity-epoxy.

These problems — lack of experience, fabri-

cation questions, and cost — are likely to be alleviated with development
and use.

Others, however, seem to be inherent in the nature of certain
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classes of composites.

All the commercial metal-matrix composites to

date use an aluminum alloy (typically 6061).

Evtsn alloyed aluminum is

more electrically conductive than stainless steel by more than an order
of magnitude, and since the matrix is continuous in the composite the
composite will be similarly conductive.

For pulse coils, then, the

metal-matrix composites are even less suitable in this respect than
stainless steel.

The other problem is peculiar to composites with boron

fibers, but since these are the most common in metal-matrix composites
the difficulty is important.

Boron's exceptionally high cross section

for thermal neutrons causes apprehension about both structural damage to
the filament and heat input to the cryogenic system.

More study will

certainly be necessary to evaluate the importance of radiation effects
on boron-reinforced composites of any matrix.
All current metal-matrix composites use an aluminum-alloy matrix,
but a remarkable variety of reinforcing materials has been used as
both fibers and sheets.

The most common is boron fibers, either plain

or coated with silicon carbide (Borsic filaments).

The transverse

mechanical properties of B-Al, already high for composites, may be
improved at some sacrifice in longitudinal properties by including sheets
of titanium or steel in the composite.
been used to reinforce aluminum.

Stainless-steel wires have also

An interesting composite under develop-

ment by Alcoa and DuPont consists of continuous alumina (Al?03) fibers
in an aluminum matrix; it remains to be seen whether this will become a
commercial product.
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OTHER STRUCTURAL ALLOYS AND MATERIALS SYSTEMS

There are a number of materials which have been used or proposed as
structural materials in superconducting magnets, but for various reasons
seem inappropriate to large high field coils of the sort needed for
tokamaks.

We will deal with these here.

It should be recognized that

reasonable persons might differ on several judgments below, but that the
issues raised must be dealt with in any magnet Jesign using these materials
structurally.

COPPER AND COPPER ALLOYS
Most designers of electrical machinery are familiar with copper from
using it at room temperature.

Its mechanical properties at liquid helium

temperatures will give them few surprises.

It remains usefully tough and

ductile, but also comparatively weak and soft (not stiff).

The low

stresses that could be applied to copper alloys would force the use of an
excessive volume of structural reinforcement in a magnet.

Wilson and

1 3

Walters * have pointed out that copper which is used for stabilization
may also provide significant mechanical support.

They believe that in

some magnets (of which they give an example) the optimum amount of stainless steel for a fixed stabilizer resistance and mechanical strain may be
zero.

Their analysis will, however, require careful consideration before

it is applied to other magnet systems, especially those where space is
limited.

Because copper and its alloys are good electrical conductors,

increased eddy current losses must also be expected if copper is added to
carry loads.

ALUMINUM AND ALUMINUM ALLOYS
Aluminum and its alloys display a low elastic modulus (85 GPa or
12.5 x 106 psi) and either low strength or low toughness, depending on
the alloy and condition.

Some of the heat-treated alloys, such as 6061-T6,

have yield stresses comparable to that of stainless steel 304, but the
aluminum alloy has only a fraction of the notch toughness of the 304
whether measured by Charpy or crack growth techniques.

The low modulus
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will be reflected in substantially greater deflection at a given stress.
The low modulus also means that the suggestion of Uilson and Walters
(above) to substitute stabilizer for purely structural material is less
applicable to aluminum than to copper-stabilized conductors.

Like copper,

aluminum alloys are good electrical conductors and may present problems
with eddy currents.

FERRITIC STEELS
In general, ferritic (body-centered-cubic) steels become brittle when
cooled to low temperatures and are therefore unsuitable for cryogenic
service.

The addition of nickel in amounts from 5 to 12% can lower the

ductile-to-brlttle transition temperature (DBTT) into the cryogenic range.
Commercial alloys are available with 5 wt% Ni (for liquefied natural gas
service, 110 K) and 9 wt% Ni (for service down to 77 K, liquid nitrogen
temperature).

There is no commercial ferritic alloy with a DBTT as low

as 20 K (LH2) , but a group at the Lawrence Berkeley Laboratory1*0

is

investigating a 12 wt% Ni, 0.25 wt% Ti steel with reasonable toughness
at temperatures as low as 6 K.

Because it (like all ferritic alloys) is

ferromagnetic, it can be used only in applications where such behavior
is useful or at least tolerable.

In such applications, the Berkeley alloy

will be worth consideration when commercial lots become available.

To

date only laboratory sized heats have been made, using better-thancommercial starting materials and a complicated and expensive heat treatment.

It remains to be seen what material properties can be achieved

reliably in production.

For the moment, however, the 12 Ni-0.25 Ti steel

must be regarded as more speculative than even some of the advanced composites.

The lower nickel content alloys are generally regarded as

having inadequate toughness for service much below 77 K.

LOW-EXPANSION IRON-NICKEL ALLOYS
Iron-nickel alloys containing about 36 wt% Ni have, among other odd
characteristics, unusually low coefficients of thermal expansion.
best known of these alloys is Invar.

The

There may be specific points in a

magnet where a minimum coefficient of expansion is desirable, but in
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general it would make nore sense to match the expansion of the structural
material to that of other magnet materials.

Conventional stainless steels

are reasonably close to Nb-Ti/Cu conductor in expansion coefficient, and
other materials in magnets are still higher.

Designers who wish to use

the Invar-class alloys should be aware that they are ferromagnetic at
room temperature and below, and that their modulus is about 135 GPa1*6
(20 x 106 psi), exceptionally low for iron- and nickel-base alloys.

The

7

metallurigical control necessary for predictable properties'* and the high
nickel content are both likely to make for an expensive alloy.

GLASS-REINFORCED COMPOSITES
Glass-fiber reinforced polymers (fiberglass or GRP) have been in use
for a variety of purposes at ambient and cryogenic temperatures for some
years, usually as thermal or electrical insulation at modest stresses.
They are well suited to such applications.

A number of glass-fiber com-

posites made specifically for electrical insulation are available; one
commonly used at cryogenic temperatures is G-10,1*8 a glass-epoxy composite.
Epoxy is the matrix most often used with glass fibers, but a variety of
other organics, such as polyurethanes, phenolics, and silicones, have
been used.

Glass-reinforced composites do not appear to be acceptable

as principal magnet structural materials, however, because of their
general lack of stiffness.

GRP's with uniaxial reinforcement have elastic

moduli of 70-85 G?a (10-12 x 106 psi) 37 in the fiber direction and a
good deal less transversely; 0°/90° crossply has a modulus of 30-45 GPa
(4—6 x 105 psi).1+1

These values imply a good deal of elastic deflection

at reasonable stress.

If nonconductive structure is necessary for the

pulse coils, then glass-reinforced composites might be an alternative to
more advanced ones, but fairly extensive design changes would be necessary
to use the lower-modulus material.
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SPECIAL-PURPOSE MATERIALS

POTTING MATERIALS
In a number of magnet designs a fluid or semifluid material is
emplaced in tht coil and then converted to a solid for the purpose of
supporting individual elements of the conductor.
known collectively as potting compounds.

These materials are

Those proposed include epoxies,

hydrocarbons (oil and paraffin) , water, and nitrogen.1*9

The choice among

them depends in part on the layout of the particular magnet being designed.
The most universal potting compound is epoxy, formulated and applied
in a variety of ways.

It may be applied during winding (wet lay-up);

after winding (impregnation); or in the form ot a tape, usually glass
fiber, which is impregnated with epoxy, partially cured, and then emplaced
(prepreg).

After application, the epoxy is polymerized ("cured") at either

room or elevated temperature before service.

To avoid damage to other

magnet components, the curing temperature should be below 170°C.

The

general b^ittleness of epoxies has been implicated**9 in unpredictable coil
behavior, such as training, and ether materials have b-^n suggested and
used.

These are intended to serve as Tiller materials within a structural

case and are not expected to transmit tensile loads.

The fillers which

are fluid at room temperature, such as transformer oil, water, and
nitrogen, offer as advantages easy emplacement at the time of construction
and easy replacement afterwards if radiation degradation should occur.
The choice of filler material is likely to be made when the construction
of the magnet is decided; different fillers are appropriate to different
application methods and magnet designs.

LOAD-CARRYING THERMAL INSULATION
At several points in the nagnet, it is necessary to transmit mechanical loads across the thermal barrier.

Because superinsulation has negli-

gible mechanical strength, another component must be used to carry this
load.

Its design must be such as to minimize the thermal flux along it.

This is achieved by maximizing length and minimizing cross-section and
thermal conductivity.

For a given mechanical load, the way to reduce the
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cross section is to use a stronger support material at higher stresses.
The load bearing thsrmal insulation should, then, have a low thermal
conductivity from 300 K to 4 K and permit a high working stress.

The

currently preferred material is epoxy uniaxially reinforced with glass
fiber, loaded in tension because thin members loaded in compression tend
to buckle.

Some advanced composites offer higher working stress, but

because both their cost and their thermal conductivities^1 are higher,
they do not appear to be preferable to fiberglass.
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FURTHER WORK

At this point it seems useful to discuss the Turther research which
is necessary to confidently choose and design stractural materials for
superconducting magnets for tokamaks.

There is a temptation to describe

an ideal material and to regard the description as a challenge to material
producers.

Unfortunately, even if such a material were invented tomorrow,

it would not be available as a commercial product for several early
devices.

'Work on entirely new materials designed for structural service

at 4 K would be useful and should be pursued, but must not be regarded as
a substitute for efforts aimed at qualifying existing materials for use
in LHe.

Devices for at least the next 10 years will have to use materials

which are presently either commercially available or at an advanced stage
of development.

Research efforts in these materials can be closely

planned to address specific problem areas.
The alloys which seem best suited to superconducting magnets, the
stainless steels and the superalloys, share a common need for work on
joining techniques and characterization with respect to melting practice
and heat treatment.

The work which has been done so far3*4 *39»1'0 demon-

strates the wide variation which may occur in the mechanical behavior
of apparently similar materials.

Designers must be provided with data

on the minimum properties they can expect when they choose a particular
alloy and specify it in a particular way.

Typical property values are

fairly abundant, but a good measure of the range of each parameter is
lacking.

Minimum value data will be particularly necessary if magnet

structures are to be designed in the spirit of the American Society of
Mechanical Engineers Boiler and Pressure Vessel Code.

Such data can only

be generated from a substantial number of well understood tests which
measure those properties relevant to magnet performance.
One of the few things most magnet designs using metallic structures
seem to have in common is that they are fabricated by welds which are
difficult to make.

Constrained welds are quite common; a number of

layouts use continuous welds of one sort or another.

Enough work has been

done welding 304 stainless that it should be relatively straightforward
to weld, but the others are either inherently difficult to weld or novel

AO

and not thoroughly developed.

In general, most of the problems with each

alloy have been identified and welding development efforts need not be
shots in the dark.
studied.

Particular issues known from the outset can be

Once sound welds have been achieved, their mechanical properties

oust be characterized sufficiently well for use in design.

Presunably

the same organization could measure the properties of both the base metal
and the weldments.
The first question which must be answered about the use of advanced
composites in large magnets is, "Are they necessary?"

An answer will

require a good estimate of the losses produced by eddy currents in a
reasonable metallic poloidal coil structure and a judgment of whether
such losses can be tolerated.

If they are tolerable, work on advanced

composites may be an unwise diversion of resources.

If, howevere the

eddy current losses seem to be substantial, then a good deal of work will
be necessary to learn enough about these relatively new materials to use
them safely.

The same joining and characterization questions which

affect the alloys apply here as well, but with much less technological
background.

Use of composites is likely to call for changes in magnet

design which must yet be assessed.

The radiation resistance of the

organic-matrix composites must also be evaluated.

If there is a reason-

able chance that advanced composites will be needed, work should be
started as early as possible because a number of areas require investigation.
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SUMMARY
Structural materials for latge superconducting magnets for tokamaktype fusion reactors can be evaluated in terras of their allowable working
stress, their radiation resistance, their electromagnetic interaction,
and their general feasibility.

For general use, it appears that the most

suitable material is either an austenitic stainless steel such as AISI 304,
AISI 310S, or 21-6-9 or a nickel-chromium-iron precipitation-hardening
alloy.

In situations where eddy currents from pulsed magnetic fields are

a major problem, graphite- or boron-reinforced composites may be necessary.
Characterization and joining studies will be necessary to put magnet
structural design on a firm basis.
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