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FOREWORD

The Sixth International Cryogenic Materials Conference (ICMC) was held
on the campus of Massachusetts Institute of Technology in Cambridge in col-
laboration with the Cryogenic Engineering Conference (CEC) on August 12—16,
1985. The complementary program and the interdependence of these two dis-
ciplines foster the conference. Its manifest purpose is sharing the latest
advances in low temperature materials science and technology. Equally im-
portant, areas of needed research are identified, priorities for new research
are set, and an increased appreciation of interdisciplinary, interlaboratory,
and international cooperation ensues.

The success of the conference is the result of the able leadership and
hard work of many pecple: S. Foner of M.I.T. coordinated ICMC efforts as
its Conference Chairman. A. I. Braginski of Westinghouse R & D Center
planned the program with the assistance of Cochairmen E. N. C. Dalder of
Lawrence Livermore National Laboratory, T. P. Orlando of M.I.T., D. 0. Welch
of Brookhaven National Laboratory, and numerous other committee members.

A. M. Dawson of M.I.T., Chairman of Local Arrangements, and G. M. Fitzgerald,
Chairman of Special Events, skillfully managed the joint conference. The
contributions of the CEC Board, and particularly its conference chairman,

J. L. Smith, Jr. of M.I.T., to the organization of the joint conference are
also gratefully acknowledged.

The combined conferences are held biennially; the next CEC/ICMC will
be hosted by Fermi National Accelerator Laboratory, Batavia, Illinois, on
June 14—18, 1987. The ICMC Board sponsors special-topic conferences in
other years. Proceedings of these conferences are published as the Cryo-
genic Materials Series by Plenum. Nonmetallic Materials and Composites at
Low Temperatures IV will be held in Heidelberg, West Germany on June 14—18,
1986. The Institute of Metal Research in Shenyang, China will be the
location for another special ICMC emphasizing cryogenic metals research;
its tentative dates are June 21-23, 1988.

Participation in the conference once again surpassed that of previous
conferences: 634 registrants, 121 contributed papers (70 oral and 51 poster),
and 41 invited papers. The program committee initiated sessions of invited
papers to highlight research in three areas: New Methods to Characterize
Cryogenic Materials, Nb,Al and Superconductivity Worldwide, and Nb,Sn. The
Second ICMC Symposium on Materials and Processing for Superconducting
Electronics was sponsored jointly with the Magnetics Society of the Institute
of Electronics and Electrical Engineers. This timely and growing subject
area was summarized by W. J. Gallagher of IBM in the plenary session for
that day. In the other ICMC plenary speech, J. W. Morris, Jr. outlined how
materials can be designed for their low temperature properties, in particular,
for high field superconducting magnets.

There has been excellent progress in the development of stronger,

tougher, austenitic steels for low temperature applications, especially in
Japan. Alloy systems, including Fe-Mn, Fe-Mn-Cr, and Fe-Cr-Ni, have been

XV



studied. Advanced thermomechanical processing techniques, such as cross-
rolling and rapid cooling following hot-rolling, have been applied to
produced uniform, fine-grain structures. Refining practices have been
modified to control inclusion density. As a result, a number of stronger,
tougher, austenitic steels have been produced and are reported in this
volume.

The possibilities of using Carnot- or Ericsson-~type refrigerators at
very low temperatures has led to research on possible magnetic refrigeration
materials. These materials require either high heat transfer with a
magnetocaloric effect (Carnot type) or ferromagnetism with a large magnetic
moment (Ericsson type). Studies of magnetic and thermal properties of
candidate materials were presented and compose an entire section.

Thermal and electrical insulators will have to withstand irradiation
in fusions reactors. Studies are currently under way to assess the effects
of neutron irradiation at 4 K on polymer-based composites, the primary
candidate insulation materials. Review papers and research results from
preliminary studies are included.

In the development of superconductors, significant progress is reported:
enhanced critical current densities for NbTi, very fine filaments from
processing improved starting materials, and improved properties from
modified processing techniques such as hot isostatic pressing. Also,
successful new processing techniques for some of the more advanced supercon-
ductors, such as Bl and Cl5, are reported from around the world. The
superconducting supercollider (SSC) accelerator is providing a large
impetus for new conductor designs, many of which are discussed in these
papers. The push for higher critical temperatures and more stable films
for junctions and devices continues, with notable achievements in the
nitrides and in some integrated circuits.

This volume is the largest ever published by ICMC, reflecting the

continual increasing interest and research related to low temperature
materials and the increasing quality of the conference research papers.

R. P. Reed
A. F. Clark
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BEST PAPER AWARDS

Awards for the best papers of the 1983 ICMC proceedings, Advances in
Cryogenic Engineering — Materials, volume 30, were presented at the 1985
conference. These papers were selected by the awards committee from nomi-
nations of the editors in the categories of superconducting and structural
materials. We thank the authors for their exemplary contributions.

MAGNETIC IMPURITY SCATTERING IN in situ SUPERCONDUCTORS

D.K. Finnemore, H.C. Yang, V.G. Kogan, and S.L. Miller

Ames Laboratory-USDoE, Ames, lowa

CORRELATION OF DIELECTRIC AND MECHANICAL
DAMPING AT LOW TEMPERATURES

G. Hartwig and G. Schwarz

Nuclear Research Center Karlsruhe
Karlsruhe, Federal Republic of Germany
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STRUCTURAL ALLOYS FOR HIGH FIELD SUPERCONDUCTING MAGNETS

J. W. Morris, Jr.

Materials and Molecular Research Division

Department of Materials Science and Mineral Engineering and
Lawrence Berkeley Laboratory,

University of California, Berkeley, California

ABSTRACT

Research toward structural alloys for use in high field superconduct-
ing magnets is international in scope, and has three principal objectives:
the selection or development of suitable structural alloys for the magnet
support structure, the identification of mechanical phenomena and failure
modes that may influence service behavior, and the design of suitable
testing procedures to provide engineering design data. This paper reviews
recent progress toward the first two of these objectives., The structural
alloy needs depend on the magnet design and superconductor type and differ
between magnets that use monolithic and those that employ force-cooled or
ICCS conductors. In the former case the central requirement is for high
strength, high toughness, weldable alloys that are used in thick sections
for the magnet case. In the latter case the need is for high strength,
high toughness alloys that are used in thin welded sections for the conduc-
tor conduit., There is productive current research on both alloy types.

The service behavior of these alloys is influenced by mechanical phenomena
that are peculiar to the magnet environment, including cryogenic fatigue,
magnetic effects, and cryogenic creep. The design of appropriate mechani-
cal tests is complicated by the need for testing at 4 K and by rate effects
associated with adiabatic heating during the tests.

INTRODUCTION

Many of the most challenging needs for cryogenic materials relate to
the design and construction of large, high field superconducting magnets
that operate at temperatures of 4 K or below, Three distinct types of
materials are used in these magnets: superconducting wire to carry the
current that creates the field, high strength structural alloys to position
and support the superconductor, and electrical insulators to separate the
conductors from one another. There are important problems with each of
these material types. The present review summarizes problems and progress
that relate to the cryogenic structural alloys that will be used in the
magnet case and support structure.

Research on cryogenic structural alloys primarily supports the devel-
opment of magnetic confinement systems for magnetic fusion. These systems
will employ magnetic fields of 8 to 20 T generated by large—diameter magnets.
Since the Lorentz force on the conductor increases with both the field and
the dimensions of the magnet, the structure of such a magnet must support



very high forces. High field superconducting magnets are also central
components in a number of other technologies, such as particle accel-
erators, but the magnetic fields and magnet dimensions that are currently
projected for such systems are smaller, and the known structural materials
needs are correspondingly less severe.

The materials research that supports Magnetic Fusion Energy has three
major objectives: (1) to provide structural alloys that satisfy the design
requirements of large, high field superconducting magmnets; (2) to identify
unusual mechanical phenomena that may influence the behavior of the alloys
in the magnet environment and anticipate failure modes; and (3) to provide
probative testing procedures and test data to guide magnet design. Recent
progress toward each of these objectives is covered in specific technical
sessions within this conference. The present paper provides a brief over-
view of selected aspects of research toward the first two.

In assessing the magnet materials needs of fusion systems it must be
remembered that these devices are ultimately intended to produce electric
power in competition with fossil and fission devices. The materials con-
tribution to system cost and reliability is a relevant issue, The materi-
als used in fusion reactors must be inexpensive as well as functional and
reliable.

STRUCTURAL ALLOYS

The increasingly stringent specifications for magnet structural alloys
result from the increasing size and field of the magnets, both of which
raise the mechanical load on the magnet structure. While current systems,
such as the Mirror Fusion Test Facility (MFTF-B) at LLNL and the Large
Coil Test Facility at Oak Ridge, were built with available structural al-
loys, future designs will almost certainly require alloys that offer supe-
rior combinations of strength and toughness at 4 K.2

The precise property requirements for magnet structural alloys depend
on the structural support scheme as well as on the detailed magnet design.
Two alternative methods of support are now in use. The most common is an
exoskeletal configuration in which the superconductor receives its primary
support from the external magnet case. This design method was used for the
MFTF-B and for several of the coils in the Large Coil Project. The alter-
nate method is to place the superconductor within a high—-strength conduit
that provides internal support. In this method the superconductor is a
loose winding that is cooled by flowing helium., The exoskeleton can then
be a relatively low-strength construction of aluminum or stainless steel.
The "internally cooled cabled superconductor" (ICCS) concept was used in the
Westinghouse Nbssn coil for the Large Coil Project, and has been chosen for
the "outsert coil" for the MIT-LLNL Multipurpose Coil now in design at MIT.?

The material properties required for the case of a magnet differ from
those needed for an ICCS conduit. It is useful to divide the research to-
ward new structural alloys on this basis. The alloys that are under devel-
opment for the magnet case are high strength structural steels, including
nitrided austenitic Fe-Ni-Cr and Fe—Mn-Cr alloys and ferritic Fe-Ni cryo-
genic steels. Aluminum alloys may also be useful in specific applicationms,
despite their lower strength. The alloys that are being considered for the
ICCS superconductor conduit are Fe-based and Ni-based superalloys whose
heat treatments are compatible with those of the superconducting wire.

Both sets of alloys will probably find other applications as well. For ex-—
ample, the Fe-based superalloy A286 is used for the magnet support struc-—
ture forgings for MFTIF-B, and conventional stainless steels have been used
for the ICCS conductor conduits of NbTi magnets that do not require heat
treatment after fabrication,



MAGNET CASE ALLOYS

An example of the case configuration in a high field superconducting
magnet is shown in Figure 1, which is a photograph of the Ying-Yang coil set
from the MFTF-B at LLNL. The physical size of the coil set is apparent in
the photograph, as is the fact that the case is a welded construction.

Conventional austenitic stainless steels were used in the comstruction
of the MFTF coil case, as in other magnets that depend on exoskeletal sup-—
port. As shown in Figure 2, these alloys offer a combination of strength
and toughness at 4 K that easily meets the design requirements for the
MFTF.3’4 They can be welded with available techniques and filler metals so
that they retain the needed strength and toughmess.* It is likely, how-
ever, that future fusion magnets will require superior materials. Figure 2
also shows the design specifications developed by the Japan Atomic Energy
Research Institute (JAERI) for a future tokomak machine.! These specifica-
tions call for a strength-toughness combination that is significantly
beyond the capability of the existing stainless steels, Preliminary speci-
fications for the case alloys for future U.S. machines are somewhat less
challenging, as shown in Figure 3, but will certainly require the develop-
ment of structural steels with improved properties in the welded condition.

These future needs have been addressed through metallurgical research
that uses the relations between alloy microstructure and mechanical proper-

ties to select or design suitable materials,

The Microstructure—Property Relations

The essential properties of structural alloys in the magnet case are
strength and toughness; the alloys must not fail in service. Other charac-
teristics are also important to optimize the performance of the magnet sys—
tem, The relevant properties of the magnet case alloy include its fatigue
resistance, its sensitivity to radiation, its coefficient of thermal expan-
sion, and its cost,

The structure-property relations governing the interplay between
strength and toughness are shown in Figure 4. At moderate temperature all
of the alloys of interest fracture in a ductile mode and have reasonably
high fracture toughness, as indicated by the toughness—-temperature plot at
upper left. However, the fracture toughness decreases as the alloy is made
stronger, yielding the strength-toughness characteristic shown at upper
right, As the temperature is lowered the yield strength increases, as il-
lustrated in the plot at lower left. The rate of increase depends on the
crystal structure and on the density of microstructural features such as
interstitial solute atoms that represent thermally activated barriers to
dislocation glide. If the yield strength becomes too high relative to the
critical stress for brittle fracture then the alloy becomes brittle, often
over a fairly narrow temperature range that defines the ductile-brittle
transition temperature. The dominant mode of brittle fracture below the
transition is the easier of transgranular cleavage, in which the metal
grains fracture, and intergranular fracture, in which the grains separate
from one another across their boundaries.

To create an alloy that is both strong and tough at 4 K one must first
ensure that the alloy is ductile at that temperature, If the alloy is not
ductile, the ductile-brittle transition can be suppressed by lowering the
strength of the alloy, by moderating the increase in strength at low temper-
ature, or by increasing the alloy's resistance to brittle fracture, as must
be done in ferritic steels and in some austenitic steels. The proper metal-
lurgical approach to improve resistance to brittle fracture depends on the



Fig. 3. U.S. specifications for
cryogenic structural steels.

Fig. 2., Strength-toughness properties Fig. 4. Strength—-toughness behavior.
of stainless steels with
MFTF and JAERI specifications.

fracture mode. If the brittle mode is intergranular, the alloy should be
treated to eliminate intergranular surfactants that cause embrittlement, as
sulfur and phosphorus do in many steels, or changed to incorporate inter-
granular surfactants that promote cohesion, as boron does in ferritic Fe-Mn
steels and N13A1 intermetallics, If the brittle mode is transgranular the
alloy can usually be made more resistant to brittle fracture by refining its
grain size,

Once the alloy is made tough at 4 K one is left with the problem of
maximizing its toughness in the ductile mode. The toughness is a monotoni-
cally decreasing function of the yield strength, as illustrated in the graph
at the upper right in Figure 4; the toughness at given strength can only be
increased by raising the strength—toughness characteristic as a whole. The
strength-toughness characteristic is affected by the composition of the



steel, in ways that are not well understood, and is also strongly influenced
by the purity of the alloy. The effect of alloy purity has its source in
the mechanism of ductile fracture, which occurs through the nucleation and
coalescence of voids that usually form at inclusion particles within the
matrix, Decreasing the density of inclusions, by improving the purity of
the alloy, inhibits ductile fracture at given yield strength and improves
the strength-toughness characteristic.

Three classes of alloys have been suggested as candidates for the mag-
net case., The most important of these includes the austenitic steels, of
which two types are under active development: Fe-Ni-Cr alloys (modified 300
grade stainless steels) and Fe-Mn—Cr alloys. Promising ferritic cryogenic
steels have also been developed, along with new aluminum alloys that may be
suitable for selected applications,

Austenitic Stainless Steels

The strength-toughness characteristic of the conventional Fe-Ni-Cr
stainless steels is presented in Figure 2,> These alloys have adequate
strength and toughness to satisfy the specifications for current systems,
but do not have the properties that may be needed for future machines, for
example, the JAERI specifications given in the figure.

To satisfy this need, the Japanese Atomic Energy Research Institute
(JAERI) has instituted a substantial alloy development program involving
several steel companies,1’® The promising alloys that have emerged from
that program include both Fe-Ni-Cr and Fe-Mn-Cr grades.

Fe-Ni—-Cr Austenitic Steels

The results of basic research” suggest that there are three critical
elements in designing an austenitic Fe~-Ni-Cr alloy to achieve properties
within the "JAERI Box" (Figure 2). The first is solution hardening for
alloy strength, The most efficient solutes are the interstitial species
carbon and nitrogen. Of the two, nitrogen is preferred since carbon preci-
pitates with chromium during heat treatment and decreases alloy toughness.
However, relatively high nitrogen contents, near 0.35 weight percent, are
required to achieve strength above 1200 MPa (Figure 5). This nitrogen
level exceeds the solubility of Fe-Ni-Cr unless the chromium and nickel
contents are raised to high levels or unless a significant quantity of
manganese is added.
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Fig., 5. Effect of N on strength of Fe-Ni-Cr alloys (4 K).
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The next two requirements relate to alloy toughness. For exceptional
toughness the alloy must be thermally stable in the fcc austenitic structure
at 4 X; the presence of thermally induced martensite or retained 6—ferrite
introduces islands of brittle phase that promote fracture. Empirical re-
sults suggest that the austenite phase should be mechanically stable as
well., This requires a high alloy content of chromium and nickel. In addi-
tion, the alloy should be melted to high purity to reduce the concentration
of inclusions that act as nucleation sites for ductile fracture (Figure 68),

These criteria have been used by the Nippon Steel Company® to melt
alloys that satisfy the JAERI criteria, as shown in Figure 7.° The most
promising of those appearing in the figure is a 27Cr-18Ni-2Mn-0.35N-0.02C
alloy that is melted to high purity., More recent results were presented
at the 1985 International Cryogenic Materials Conference (ICMC),1°

Fe-Mn-Cr Austenitic Steels

The second important class of austenitic cryogenic steels is based on
the Fe-)n-Cr ternary. Such steels have been under intensive development
for a variety of applications in recent years, particularly in Japan.

The principal advantages of the Fe—Mn alloys are their excellent
strengthening response to nitrogen additions and their potentially lower
cost. The main disadvantages of these alloys are their susceptibility to
mechanical transformation to the hexagonal, epsilon-martensite phase, which
decreases the fracture toughness, and their tendency toward intergranular
fracture at low temperature. Both of these problems have been overcome in
the development of production alloys,11-15$

The influence of nitrogen on the strength of Fe—Mn-Cr alloys is shown
schematically in Figure 8. The addition of only about 0.2 wt.% nitrogen
suffices to achieve a 4 K yield strength near 1200 MPa. Additional
strength is imparted by processing the alloys to a relatively fine grain
size.

The Fe-Mn-Cr-N alloys have good fracture toughness when they fracture
in the ductile mode, provided that the content of the alloying species is
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high enough to stabilize the fcc matrix against transformation to the hexa-
gonal, e-martensite phase, However, these alloys are sometimes susceptible
to intergranular cracking, which causes them to exhibit a ductile-brittle
transition in which the brittle, low—temperature mode is intergranular,

Some examples are given in Figure 9.1¢ Interestingly, the intergranular
cracking is most pronounced in alloys melted from very pure starting mate-
rials, It is not yet clear whether the intergranular weakness is inherent
to the alloy or is associated with the segregation of manganese, and pos-—
sibly nickel. Recent research has shown that the intergranular fracture can
be eliminated by slowing the coolirg rate of the alloy, which allows the
intergranular chemistry to adjust during cooling, or by introducing small
additions of carbon and silicon, which interact with the embrittling species
in ways that are not yet understood.2¢ Carbon and silicon are invariably
present in some concentration in commercial alloys.

Fe-Yn—Cr alloys may also be liable to temper embrittlement if they are
held for too long a time at intermediate temperatures. Carbide precipita-
tion has been identified as a source of temper embrittlement and can be
minimized, if necessary, by adding a small amount of molybdenum.$
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Fig, 9. Ductile-brittle transition in Fe-Mn-Cr alloys.



To maximize toughness in the ductile mode it is necessary to minimize
the inclusion content. A major source of inclusions in Fe-Mn alloys are
the MnS precipitates that form when sulfur is present. It is also widely
believed that phosphorus is a deleterious impurity, though recent research
suggests that a small phosphorus content is tolerable if the sulfur con-
tent is low,$ The sulfur content can be minimized by using a low-sulfur
melting practice and employing either elemental manganese or low-sulfur
ferromanganese as a starting material. The toughness can be further im-
proved by adding trace elements such as calcium to getter the remaining
sulfur into hard, spherical inclusions,?$

These alloy design techniques have been combined to produce structural
alloys that approach or exceed the JAERI criteria, Properties of some of
the more successful alloys are plotted in Figure 10 and include contribu-
tions from Kobe Steel11’14 (Fe-22Mn, which has been successfully produced
in thick plates), Nippon Steel1? (Fe-25Mn), and Japan Steel Works® Additio-
nal data were presented at the 1985 ICMC.6,14,15,

VWelding

The work summarized above virtually ensures that austenitic steel
plates with very high strength-toughness combinations at 4 K will be avail-
able for the construction of large magnets. However, the magnet case must
also be welded, and will probably have to be designed to the properties of
the weldment, Research toward suitable welding procedures for these alloys
has only recently begun.

The welding requirements for magnet structural alloys concern both the
welding procedure and the properties of the welded plate. The welding
procedure should be practical for field fabrication of the magnet case, and
should be a high-rate welding process to minimize construction costs. On
the other hand, the welded construction should have a combination of
strength and toughness that is competitive with that of the base plate.

The metallurgical problems that are most likely to intrude during the
welding of the new austenitic steels include nitrogen loss during welding,
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which may decrease the strength of the weldment, and hot cracking or the
development of a coarse, heterogeneous structure in the weld metal or heat
affected zone, which may cause a loss of toughness.

The former problem is illustrated in Figure 11, taken from work on the
gas—tungsten arc (GTA) welding of a Kobe 18Mn-13Cr-5Ni-0.2N steel at LBL17?
Welding causes a loss of nitrogen in both the weld metal and heat affected
zone. The nitrogen content in the weld metal can be restored by adding
nitrogen to the shielding gas, which raises the strength to base metal
values, but results in a deterioration in the toughness. On the positive
side, however, the strength-toughness combination of the plate welded
without nitrogen gas addition approaches the tentative U.S. requirements of
1000 MPa yield, 150 MPavm fracture toughness,

There are also encouraging recent results from Kobe Steell®, showing
that the nitrogen content and strength of weldments in Fe-22Mn-13Cr-5Ni-
0.2N are retained when electron beam welding is used., Since the welded
plates also appear to have good toughness, the EB welding process is
promising.

Unfortunately, GTA welding is a low-rate welding process that is
tedious and expensive when it is applied to thick plates, and EB welding
usually requires a high vacuum that prevents its use in the field. Much
developmental work remains to be done on the welding of the new high-
strength steels to achieve reliable strength-toughness combinations with
welding procedures that can be used for the field welding of large magnet
cases.

Ferritic Cryogenic Steels

The preference for austenitic steels for the superconducting magnet
case has two origins: their favorable low-temperature ductility in the as-
cooled condition and their low magnetic susceptibility. The latter re-
quirement has largely disappeared as studies have shown that the presence
of saturated ferromagnetic materials will not adversely affect performance.
In fact, the modified A286 superalloy used for the conductor conduit in the
Westinghouse large coil is ferromagnetic at 4 K, and ferritic alloys are
serious candidates for the reactor first wall that sits within the magnetic
field. The low-temperature brittleness of the ferritic alloys remains a
problem. Even the best of the ferritic alloys that are commercially avail-
able have ductile-brittle transition temperatures above 4 K.

On the other hand, the ferritic alloys offer specific advantages.
They are relatively inexpensive, familiar alloys that naturally reach
strength levels above 1300 MPa at 4 K. Alloy design efforts have been
undertaken in both the United States and Japan to create ferritic steels
that are suitable for at least special applications in the magnet
structure.

The problem with the ferritic steels is the ductile—brittle transi-
tion, and the metallurgical challenge is to devise alloy treatments that
suppress the transition temperature (TB) to below 4 K. The starting alloys
are the Fe-Ni ferritic steels that have been successfully used at tempera-
tures of 77 K or below, e.g., Fe—-(9-12)Ni.

The source of the ductile-brittle transition in 9-12Ni steels is rela-
tively straightforward®® and can be understood by reference to the 'Yoffee
diagram’ in the lower left of Figure 4, These alloys naturally quench into
a lath martensitic structure whose basic element is a ’'packet’ of parallel
laths (Figure 12)., While the substructure of a packet appears refined in
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Fig. 13, Profile SEM fractograph
Fig 12. Parallel Martensite laths

showing cleavage fracture
within packet in Fe-Ni Steel, in Fe-Ni Steel.

an optical or bright-field transmission electron micrograph, crystallogra—
phic studies show that the laths share a common crystallography.

Hence,
they have a common {100} cleavage plane and cleave as a unit under high
stress,

When the alloy is cooled its strength increases dramatically until

the cleavage stress for the martensite packet is exceeded in the highly
stressed region ahead of the crack tip.

The alloy then fractures in a
brittle manner, predominantly through the successive cleavage of martensite

packets along {100} planes. The crystallography of cleavage fracture is
documented in the profile fractograph shown in Figure 13,20

The most direct way to decrease Tp in a ferritic steel is to refine
the effective grain size, which is the martensite packet size in the best
Fe-Ni cryogenic steels.

In conventional 6-9Ni steels intended for use at
77 K or higher, this is accomplished by giving the alloy an intercritical

temper (in the two—phase a+y region) to introduce a controlled distribution
of precipitated austenite phase along the martensite lath boundaries.,22’23
This austenite breaks up the crystallographic alignment of the martenmsite
packets (in a somewhat subtle way), increases the resistance to cooperative
cleavage fracture, and decreases the ductile-brittle transition tempera-
ture. However, this method has not been successful in suppressing TB to
below 4 K.

An alternative approach that has produced promising 4 K properties
uses cyclic heat treatment to refine the packet size,

There are two
methods for doing this, diagrammed in Figure 1424,

Both involve heating
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the alloy to above the austenite reversion temperature to revert it into
the y (fcc) structure, Unless it is dome very slowly, the a-)>y transforma-—
tion involves some shear or mechanical deformation that causes the fresh y
phase to have a high density of dislocations., If the alloy is held at a
temperature in the y region, it will recrystallize to eliminate these
defects, The result is to refine the austenite grain size, so that the
martensite packet size is smaller after the alloy is returned to room
temperature., This technique is termed "grain refinement" and can be used
in the processing of thick plates. If, on the other hand, the alloy is
quenched immediately after reversion to y, recrystallization does not
occur. The highly defective y phase then transforms to a lath martensite
in which the martensite packets are not well aligned. The result is a very
small effective grain size. This technique is termed "packet refinement"
and is useful in welding.

The optimuim thermal treatments for the base plate alternate austenite
reversion with intercritical annealing treatments to condition the micro-
structure. It was found some years ago that a four-step cycle of this
type, designated the '2B’' treatment, could produce an exceptional combina-
tion of strength and toughness near 4 K in an Fe-12Ni-0.25Ti alloy.?$ Two
more recent versions of the thermal cycling treatment are diagrammed in
Figure 1526,

The 4 K strength-toughness combinations obtained in Fe-12Ni-0.25Ti
that was processed through the thermal cycle schedules described above are
plotted in Figure 162¢ and compared with the strength-toughness charac-
teristic for the conventional stainless steels and to the JAERI goal.
Ferritic alloys can be reproducibly made that have 4 K strength—toughness
combinations above those of the conventional stainless steels. While these
alloys do not yet have the toughness required by the JAERI goal, detailed
fractography shows that the fracture mode in the best alloys is still not
completely ductile. It follows that further improvements in processing
should yield a substantial addition to the toughness. Research on these
alloys is continuing,

A surprising and important property of the ferritic alloys is their
weldability for 4 K service.??’ Fundamental research has shown that the best
heat treatment for the Fe-Ni alloys is a rapid thermal cycle into the y
field. As was illustrated in Figure 14, a rapid reversion cycle directly
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Fig. 15 Cyclic heat treatments of Fe-12Ni steel.
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decomposes the lath alignment within a martensite packet to create an ex-
tremely fine effective grain size. The rapid heating and cooling rates
enployed are impractical for the processing of bulk alloys, but are natur—
ally imparted if the alloy is welded in a fine wire, multipass process in
which each deposited bead is repeatedly heated by subsequent passes, An
appropriate GTA welding technique was developed some years ago in a joint
project between Kobe Steel and Nippon Kokan to weld 9Ni steel for use at
77 K and above. A suitable modification of this process has been shown to
yield weldments that have exceptional toughness at 4 K.

It follows from these results that ferritic cryogenic steels can be
made to have an attractive combination of strength and toughness at 4 K.
These alloys should also be useful for high field magnet structures,

Aluminum Alloys

Compared with the best cryogenic steels, aluminum alloys have low
strength and toughness at 4 K, Nonetheless, aluminum alloys may find appli-
cations in the cryogenic structure of high field superconducting magnets
because of their light weight and their physical properties, A particular
application is in the outer cases of magnets that employ internal structure,
such as those using the ICCS conductor. In this case the outer case is not
always required to have exceptional strength, and the light weight of the
aluminum alloys may be advantageous in magnet construction and assembly,
For example, the structural alloy for the Westinghouse magnet for the Large
Coil Project, which used a Nbssn conductor shrouded in JBK-75, a high
strength superalloy, was aluminum alloy 2219,

A promising new alloy, 2090, was recently announced by Alcoa Aluminum.
Alloy 2090 is an Al-Li alloy that was designed to combine high strengtb and
toughness with low density for aerospace use, and has a strength-toughness
combination at room temperature that exceeds that of the best available
aerospace alloys. The cryogenic properties of this alloy have recently been
measured?? and are presented in Figure 17, where they are compared with
those of 2219 and with the trend line for the room temperature properties of
advanced aerospace aluminum alloys. Note that this alloy has an exceptional
combination of strength and toughness at 4 K. Like other aluminum alloys it
bhas the unusual property that its toughness increases along with its
strength as the temperature is lowered.
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STRUCTURAL ALLOYS FOR ICCS CONDUCTORS

Figure 18 is a cross section through an ICCS conductor of the type used
in the Westinghouse Large Coil. It consists of a relatively loose bundle of
superconducting wire inside a metal conduit. Helium flows through the inter-
stices of the wire bundle to cool the superconductor, The ICCS geometry
offers advantages in magnet construction that have made it the configuration
of choice for several large systems, including the Westinghouse Large Coil,
the MIT 12 T coil, and the MIT outsert coil for the DOE Multipurpose Coil.

The conduit for the ICCS conductor is typically made by wrapping a
sheet of metal around the wire bundle, seam-welding it to form a tube, and
squaring the tube so that the conductor can be stacked in a compact winding.2%
If the superconductor is NbTi, the conductor sheath can be made of any suit-
able cryogenic steel. Conventional stainless steels have been used. But if
the conductor is Nb,Sn that must be reacted after assembly, the conductor
sheath must be made of an alloy that can tolerate the long-time, high-
temperature reaction treatment and still preserve a good strength—toughness
combination at 4 K,

The conventional stainless steels are generally unsuitable for Nb,Sn
conductor conduits because they form brittle precipitate phases after pro-—

longed heating at high temperature. The materials of choice have been
superalloys??, since these are normally processed by aging for long times at

Fig. 18, Cross section of an internally cooled, cabled superconductor (ICCS).
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temperatures in the range used for the reaction heat treatment of Nbssn,
700-750°C.

The Westinghouse large coil used a bronze-processed Nb,Sn conductor
that was reacted at 700°C for 30 h. The alloy chosen for the conduit case
was JEK-75, a modified version of A2863°, Its nominal composition is Fe-
29Ni-15Cr-2Ti-1.25M0-0.25A1-0.25V-0,016C. It hardens during heat treatment
through the precipitation of the ordered intermetallic phase ¥’ Ni3(Ti.A1.-
Mo), an ordered precipitate that coarsens slowly. Like most precipitation-
hardened alloys JBK-75 has a yield strength that depends only slightly on
test temperature, but exceeds 1000 MPa (150 ksi) at 4 K after a slight cold
work followed by heat treatment for 30 h, at 700°C. Since the alloy ducti-
lity and thin sheet toughness remain high after autogenous GTA welding, it
meets the obvious mechanical requirements for use in the conductor sheath.
Moreover, work done parallel to the construction of the Westinghouse coil
led to the development of alternative heat treatments for the alloy that
are potentially compatible with the superconductor heat treatment and lead
to superior property combinations in the alloy and in its weldments,31’32

However, it is not clear that JBK-75 is suitable for advanced magnets
such as the MIT multipurpose coil, The advanced magnets require tailored
material properties whose precise nature is under active investigation by
magnet designers, The issues of greatest interest at this time concern the
strain introduced into the superconductor by the conduit and the most crit-
ical magnet failure modes.

Most superalloys have thermal expansion coefficients that are much
larger than that of Nb,Sn. As a consequence, the superconductor is com—
pressed on cooling from the reaction temperature (near 1000 K) to 4 K,
Since the critical current within the superconductor (the maximum current
that it can carry) decreases with strain, the thermal expansion mismatch
may cause a loss in magnet performance. To overcome this problem there
should be an appropriate match between the thermal expansion coefficients
of the conduit alloy and the superconductor.

The problem of choosing the optimum thermal expansion coefficient is,
however, complicated by the fact that the system is also strained by the
winding operation and by the Lorentz force developed in the coil when the
magnet is operated. The Lorentz strain depends at least on the operating
field, the precise design of the composite conductor, and the elastic modu-
lus of the conduit alloy. Both theoretical and experimental studies are
currently underway to specify these effects more precisely and identify
suitable combinations of thermal expansion coefficient, modulus, strength,
and conduit configuration.

The most threatening failure modes for magnets that employ ICCS con-
ductors are also uncertain as of this writing. It is clear that the con-
duit alloy must have some minimum strengtb and toughness to resist fracture
under the internal pressures developed in service, but it is possible that
fatigue strength may be a more limiting service requirement.?4 Strength-
toughness specifications have recently been selected to guide alloy devel-
opment and testing in the United States: 750 MPa yield strength and 100
MPavm fracture toughness. However, these criteria may well change as the
magnet designs evolve and may be supplemented by specific requiréments on
fatigue resistance and other physical properties,

At this writing it appears that the preferred alloy for the MIT Out-
sert Coil would have a coefficient of thermal expansion substantially below
that of JBK-75 and close to that of Nb3ySn.? Several candidate low-expansion
alloys (Incoloy 903, 905 and 909) have been identified and tested after
heat treatmerts similar to those required for multifilamentary Nb3Snﬁ‘
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Fig. 19, Strength-toughness combinations for ICCS sheath alloys,

Some of the recent results are plotted in Figure 19, They show that Incoloy
903 and JBK-75 exceed strength-toughness specifications in the welded condi-
tion., Incoloy 905 fails in the welded condition, but may meet requirements
Fig. 19, Strength-toughness combinations for ICCS sheath alloys if alternate
heat treatments are used. However, the Incoloy alloys 903 and 905 are
susceptible to embrittlement when exposed to oxygen at high temperature and
must be treated with care.

The results of recent research on ICCS sheath alloys suggest that there
are suitable, available alloys for current magnets. However, future ICCS
magnets will almost certainly require new alloys with tailored properties.
The optimal properties of future alloys are not yet clear.

CRYOGENIC MECHANICAL PHENOMENA AND FAILURE MODES

A second objective of cryogenic structural materials research is to
identify and understand those mechanical phenomena that are important to the
behavior of structural alloys at cryogenic temperatures. By way of illus-
tration we shall consider three phenomena: fatigue, magnetic field effects,
and cryogenic creep.

Fatigue

Metal fatigue is a potential failure mode in all high field magnet struc-
tures and is the most threatening failure mode in at least some components
and designs., The modern procedure for fail-safe design against fatigue is
based on the fatigue crack growth rate: one assumes the existence of small
flaws or cracks in the initial structure and adjusts the cyclic load so that
these cannot grow to critical size during the service life of the structure.

The data base that underlies fatigue design is the relation between the
fatigue crack growth rate, da/dn (the increase in crack growth rate per
stress cycle) and the cyclic stress intensity, AK, which is a measure of the
effective cyclic stress at the crack tip, The general relation between the
crack growth rate and the cyclic stress intensity is shown in Figure 2036
and can be divided into three regions: The first, region I, is the "thresh-
0ld" region, which is characterized by a very low crack growth rate that
increases rapidly with AK. There is usually a practical "threshold value"
of the stress intensity below which the crack growth rate can be ignored.
The threshold value is sensitive to the environment and the microstructure
and can be controlled, within bounds, by metallurgical treatment of the
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alloy. At higher values of AK, in region II (the "Paris" region), the crack
growth rate obeys the simple power law

da/dn = A(AK)® )

where the constants A and m depend on the material, but are only slghtly
dependent on the microstructure. At still higher AK the maximimum stress
intensity, Kmax' approaches the plane strain fracture toughness, xIc' This
leads to region III behavior, in which the crack growth rate increases
dramatically, culminating in failure when

Kmax = xIc (2)

The portion of the fatigue crack growth curve that is most important to
design depends on the load spectrum that the device will experience, and is
particularly sensitive to the number of stress cycles it must withstand,

If a device must survive a very large number of stress cycles, as may
be the case for the support structure for the poloidal coils in a tokamak
fusion device, then it must be designed so that the cyclic stress intemsity,
AK, remains in the threshold region during operation. Since the stress
intensity increases with the square root of the crack length, and since the
crack growth rate in the threshold region is far below that which would be
predicted by extrapolating the crack growth rate in the Paris region, the
design is severely penalized unless the crack growth rate in the threshold
region is known with reasonable precision. Because it is difficult and
expensive to obtain such data at 4 K, the existing data base is sparse, &nd
relevant data is only now beginning to appear??, The development of a
satisfactory design data base for threshold fatigue at 4 K will almost
certainly require the use of closed-loop, helium recondensation systems
along the lines of the system recently constructed in Japan,37’3?

If the device is subject to fewer load cycles, as may be the case for
the toroidal coils in a fusion device, the structure may be designed to
loads that lie in the Paris region of the crack growth curve. In this case
it is desirable to find metallurgical techniques to minimize the crack
growth rate. While the crack growth rate in the Paris region is relatively
insensitive to the microstructure, it is influenced by phase transformations
that may occur during fatigue, with the consequence that the fatigue crack
growth rate is relatively low for both the metastable austenitic steels
(e.g., 304 and 304L), which undergo a transformation to a-martensite near

16



T T T LI S S I | AK (MPO‘/E)
304 LN 10 20 %60 80 00
w 4K | C+N=0.6 304L ' R
3.3 LNT ]
S0 - F
L T oSOLUTION ] ]
E [ TREATMENT ]
z - o AS ROLLED 1
$ st cN:024 . 0 R=045 1
s | . OR=03 {3
lﬁl i ) % .o": ® R=0. %
I > L A&R=005 ] T
z S T E
S 304LN, s | 3
& C+N=QIS S g
< © dig* ©
Q -4 h
S 0F ]
U [ -
w r J
= r L
) N 4
ey
g st .
L 1 L L1l D‘o 20 ) % % 100
10 20 50 100
A K, MPa/m AK (ksivin)

Fig. 21. Fatigue crack growth rates Fig. 22, Dependence of fatigue crack
for austenitic steels. Data growth rate on load ratio.
points for Kobe Fe-18Mn13,

Solid lines from Ref. 46.

the growing crack, and some of the Fe—ln steels, which undergo a transforma-
tion to e-martensite near the growing crack, The suppression of the fatigue
crack growth rate for these metastable austenitic steels is illustrated in
Figure 21, in which the 4 K crack growth rates of 304 stainless steel and

Kobe Fe-18Mn-13Cr-5Ni-0.2N are compared with that of 304LN, a more stable
austenitic steel,

The favorable fatigue crack growth rates of the metastable austenitic
steels are due to the stress redistribution near the tip of the growing
crack that accompanies the phase transformation. Though details of the
process remain poorly understood, the effect of the transformation is to
make the crack behave as if it closed on itself during relaxation, de-
creasing the effective value of AK3*¢, This behavior not only decreases the
crack growth rate for given AK, but has the consequence that the crack
growth rate depends on the "load ratio"

R = Kmin/Kmax (3)

The R-dependence of the fatigue crack growth rate of the metastable aus-—
tenitic steel 304L at 77 K is illustrated in Figure 22,40

It is desirable to find alternate representations of the fatigue crack
growth behavior that eliminate the R-dependence in order to minimize the
data that must be measured to characterize fatigue properties. One simple
method follows from the observation that the extent of transformation near
the crack tip, and hence the transformation effect, depends on the maximu:
stress intensity, Kmax‘o' If the crack growth rate is plotted against Kmax
rather then against AK the fatigue curves coalesce onto a single curve, as
shown in Figure 23. This alternative representatior is only valid for R
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values less than about 0.5, For higher values of R the transformation has
a lesser influence, and the fatigue crack growth rates approach those of
table austenitic steels.

Magnetic Field Effects

The structure of a superconducting magnet is subjected to high magnetic
fields, which raises the question of whether the magnetic field may influ-
ence the mechanical properties of the structural alloy. Such an effect is
most likely in metastable austenitic stainless steels and in ferritic steels
that are toughened by the introduction of precipitated austenite, since the
transformation from the paramagnetic austenite to the ferromagnetic a-
martensite phase is thermodynamically promoted by the presence of a magnetic
field.

To test this possibility cryogenic tensile tests have been conducted in
magnetic fields up to 19 T on the metastable austenitic steels 304L and
304LN4242, The results show that the magnetic field has a measurable in-
fluence on the tensile behavior, but that the effect is not large enough to
affect mechanical design. A typical result is shown in Figure 24, which
compares the stress-strain curves of 304L at 77 K in fields of OT and 19 T.
The magnetic field causes a slight decrease in the yield stress and the
early stage flow stress, increases the ultimate tensile strength, and de-
creases the tensile elongation. However, each of these changes is rela-
tively small. The fatigue crack growth rates of 304L and 304LN were also
measured in an 8 T magnetic field at 77 K but did not change measurably from
the zero-field values., The influence of magnetic fields on the mechanical
properties of tempered 9Ni steel was also small.
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It should be noted, however, that theoretical work at Tohoku Univer-
sity4? has predicted a significant magnetic field effect on the fracture
toughness of certain alloys that has not yet been tested.

Cryogenic Creep

Creep, or the continuous plastic deformation of a material under load,
is generally regarded as a high temperature phenomenon. Until quite re-
cently creep was considered irrelevant to the design of cryogenic struc-
tures, such as high field magnets, despite fairly extensive work by Startzev
and coworkers in the Soviet Union44 that documents the possibility of signi-
ficant creep at low temperature. Recent work at Westinghouse#$ suggests
that creep not only occurs at 4 K in the austenitic steels that are candi-
dates for magnet structures, but that the magnitude of the 4 K creep rate
may be large enough to cause failure unless it is specifically considered in
design.

As of this writing the data on 4 K creep in cryogenic structural alloys
must be considered preliminary. The existing data are, however, sufficient
to identify cryogenic creep as an important subject for further study.

CONCLUSIONS

This paper has briefly treated tbe status of research and development
toward materials for the structures of high field superconducting magnets.
The status may be summarized as follows:

1. A series of new austenitic steels with exceptional 4 K strength-
toughness combinations has been developed and should be available for use in
future magnets. However, the practical weldability of these alloys remains
to be demonstrated.

2. There has also been substantial progress in the development of other
classes of structural alloys that may have applications in high field mag-
nets, including ferritic steels and high strength aluminum alloys.

3. Promising alloys have been identified for the conduits of ICCS
conductors. However, the optimum property needs for the conduit alloys of
future ICCS conductors have not been specified with the precision needed to
guide new alloy design.
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4, The mechanical phenomena that influence the behavior of structural
alloys at 4 K are reasonably well understood. There is a significant need
for additional fatigue data, particularly in the threshold region, and for
better understanding of the influence of martensitic transformations on the
fatigue of metastable austenitic steels. The possible importance of cryo-
genic creep has only recently been recognized, and should receive serious
attention,
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REQUIREMENTS FOR STRUCTURAL ALLOYS FOR SUPERCONDUCTING MAGNET CASES

S. Shimamoto, H. Nakajima, K. Yoshida, and E. Tada

Division of Thermonuclear Fusion Research
Japan Atomic Energy Research Institute
Naka-Machi, Naka-Gun, Ibaraki-Ken, Japan

ABSTRACT

This paper describes the requirements of cryogenic structural alloys tor
superconducting magnets in fusion reactors and their status of development.
The mechanical property targets are a yield strength over 1,200 MPa and a
fracture toughness over 200 MPa/m at U4 K. These targets are deduced from
strain characteristics of Nb,Sn materials, stress analysis, and crack propa-
gation. Several alloys that satisfy these criteria have already been devel-
oped in a collaboration of JAERI and Japanese industries. This year, we are
studying the 4 K mechanical properties of the welded parts on these materials.

INTRODUCTION

The superconducting magnet is indispensable for plasma engineering and
for fusion reactors in order to create a high magnetic field in a large space
with realistic and economical power consumption. The engineering develop-
ment has been accomplished, and now the magnet systems to confine the high-
temperature plasma are being constructed. However, at the present state of
the art, a fusion reactor magnet system is not possible. Both component de-
velopment and the scaling-up project are necessary, and recently developed
material should be used in a real magnet system for practical demonstration.
It is generally thought that superconducting magnet technology development
depends only on superconducting material research, but that is not sufficient.
Just after the discovery of high-field material, this understanding was true.
However, once the high-field materials reach the target level, developments
in other technical areas of the system, such as structural material, instru-
mentation, and refrigeration, are necessary in order to establish a high
level of operation for the entire magnet system. We have succeeded in gener-
ating 12 T in a large bore with a high-current Nb,Sn conductor. Therefore,
in material development, cryogenic structural alloy development has become
the primary task.

REQUIREMENTS AND STATUS OF SUPERCONDUCTING MAGNET DEVELOPMENT

After the achievement of critical plasma in the present large Tokamak
(JT-60), from the viewpoint of plasma technology, the next step in fusion de-
velopment is a realization of burning. It will be done in the Tokamak Fusion
Experimental Reactor (FER), whose magnetic parameters are shown in Table 1.
It is impossible to operate the FER with a conventional magnet system because
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Table 1. Key Parameters of the Fusion Experimental Reactor Magnet System

Toroidal Poloidal
Coil Bore ~10 m 2~20 m
Field 12 T 8T
Current ~20 kA 50~100 kA
Operation DC Pulsed
Energy ~30 GJ 8 GJ

it demands a great amount of electrical power and high efficiency. The
entire magnet system must be superconducting. In the design of the FER, 14
toroidal coils and 20 poloidal coils are required. The total weight of the
magnet system will be over 10,000 tons. The structural material will be more
than half of the total weight; the rest will be mainly conductor. Progress
on plasma technology and cost analysis may change the geometry and coil num-—
bers of the FER. However, the order of magnitude does not change so much.
Figure 1 shows the requirements and the status of the superconducting toroi-
dal coil. Since 12 T has been realized with JAERI's (Japan Atomic Energy
Research Institute's) Test Module Coil using Nb,Sn, the next key advance in
technology is total system engineering for the magnet of several GJ. The
superconducting technology is advancing smoothly in Japan and is bec¢oming re-

liable. Therefore, such kind of system development will be successful and
fruitful.

Figure 2 shows the requirements and status of the superconducting pulsed
coil for a tokamak poloidal coil. Owing to the difficulty of putting barri-
ers in wire and cabling, this developmental work started much later than that
of the toroidal coil. Naturally, the scale-up of this development is also
much further behind. However, the development of pulsed coils in Japan is
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Fig. 1. Superconducting toroidal coil: - requirements and status (black:
realized; hatched: under fabrication; blank: future project).
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also advancing, and JAERI is fabricating a high-current pulsed coil of the
30-MJ class. The pulse power for the testing will be supplied from a genera-
tor for the JT-60 operation.

The component development level of the magnet system has not advanced
uniformly owing to the intrinsic characteristics of the components and inter-
est in development. Figure 3 shows the developmental status of the compo-
nents in the superconducting magnet. The high-field material and the super-
conducting stability technologies are the most advanced. In this situation,
much more effort should be given to other items, such as the large refrigera-
tors and structural materials. If not, it is impossible to realize or to op-
erate a large magnet system forever. In a magnet system each component is
equally important, since malfunction of one component stops the operation of
the total system. With uniform development, good quality control, and excel-
lent system checks, a superconducting magnet system can be very reliable and

practical. What is missing up to now is this fundamental understanding and
philosophy.

REASONS FOR NEW ALLOY DEVELOPMENT

As already described, excellent superconducting materials are not suffi-
cient for realization of a large superconducting magnet system. To generate
a high field in a large space, an excellent mechanical structure is required
to support the superconducting material. The technical comparison of super-
conducting material and structural material follows:

Measurement Technique

Since superconductivity is an electromagnetic behavior, its measurement
is very accurate, and an accuracy as high as one percent can be pursued.
Superconducting behavior can be measured anywhere in a magnet; there is no
geometrical restriction. The stress measurement still relies on strain gauge
techniques, whose accuracy is not so excellent as electromagnetic measure-
ments. In addition, geometrical restrictions prevent stress measurements at
all points of the magnet. Therefore, at present, we cannot fully evaluate
stress.
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Fig. 2. Superconducting pulsed poloidal coil: requirements and status
(black: realized; hatched: under fabrication; blank: future project).
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Limit of Operating Zone

Superconductivity shows a drastic change at the critical point, and the
critical characteristic can be well defined. The stress-strain curve does
not show drastic change, and the operational zone cannot be definitely defined
by a physical property.

Recovery to Operational State

Even if superconductivity reverts to the normal state for some reason,
by cooling or by decreasing the current or field, it can be easily recovered.
On the other hand, if stress goes beyond the proportional limit of the struc-
ture, the material cannot come back to the initial state. 1In the worst case,
the material is stressed to the breaking point, which causes catastrophic
failure. This is an absolute difference between superconducting material and
structural material.

Design Margins in a Large Coil

In a large coil the current density is usually limited by the stability
of the superconductivity or coil protection. With the present technique,
however, the superconducting material has enough high current density that it
is unaffected by these limiting factors. Therefore, the current margin is
automatically high.

The present cryogenic structural materials have not been specially de-
veloped for cryogenic applications. Thus, their performance is limited by
their physical properties. The electromagnetic force increases proportion-
ally with the size of a coil. The stress design margins for a large coil are
automatically limited by present material properties.
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Necessity of Structural Alloy Development

It can be now understood that for realization of a large, high-field
superconducting coils, especially coils for fusion, structural material devel-
opment is as important as superconducting material development.

REQUIREMENT FOR NEW CRYOGENIC ALLOYS

The high-current Nb,Sn conductor technique is well established for the
high-field generation in"a large bore, since 12-T generation was demonstrated
with JAERI's Test Module Coil in June 1985. Therefore, the design of a large,
high-field coil must be based on the performance of NbBSn.

However, it is well-known that there is a degradation of critical current
in Nb3Sn at a certain level of strain. This degradation characteristic is
more pronounced in higher fields. The design limit of strain at the level of
12 T must be 0.50%, and the design value should be around 0.25%. The coil
¢ase, as well as the conductor, should respect these values.

The peak stress in a large coil depends on coil support, type of wind-
ing, and operational mode, including fault mode. From our experience of
stress calculation, the peak value is 500 to 800 MPa. The 304LN (N = 0.15%)
stainless steel, currently one of the most popular alloys for cryogenic use,
has a yield strength of ~800 MPa and an ultimate strength of ~1,700 MPa at
4 K. The 316LN (N = 0.15%) has a yield strength of ~900 MPa and an ultimate
strength of ~1,650 MPa at 4 K. Since these materials do not have a suffi-
cient safety margin, new materials with enough margin are required. Figure 4
shows required stress-strain performance of a new alloy in comparison with
that of 304LN stainless steel and a superconductor. The required yield
strength should be 1200 MPa.
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Fig. 4. Stress-strain curve of structural alloys and conductor at 4 K.
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Fig. 5. Relation of crack propagation due to repeated cycles.

The crack propagation analysis1 includes two assumptions: a plate thick-
ness of 100 mm, which is a reasonable value in a large coil, and an jinitial
crack radius of 1 mm, Figure 5 shows the result. At 500 MPa and 10" cycles,
a fracture toughness, KIc’ of 200 MPa/m is required. For most alloys, if the
yield strength increases, the fracture toughness decreases. In the conven-
tional stainless steels described above, the fracture toughness goes suffi-
ciently over 200 MPaym. However, these materials do not satisfy the yield
characteristic (see Table 2).

The irradiation effect will be studied after candidate materials are se-
lected. The heat treatment of the sheath material for the Nb,Sn cable-in-
conduit conductor should not affect the property required. OEtherwise, we
should consider a conductor fabrication technique that puts the conduit at
the last stage of manufacturing, after the reaction of Nb,Sn. The welded
joints should satisfy the properties described above.

PROPOSED NEW DESIGN STANDARD

Up to now, the conventional design standard given by the ASME code has
been referred to for the design of large superconducting coils. The ASME
code was prepared for high-temperature and high-pressure use. In this code,
there is no basis for cryogenic use. Therefore, even with the use of conven-
tional stainless steel, it is inconsistent to apply the ASME code to the de-
sign of a large superconducting coil. In addition, the stress-strain
characteristics of the new structural alloys, which are described later, are
different from those of conventional stainless steels at 4 K. In other
words, the new structural alloy shows that the ultimate strength at 4 K is
much nearer to the yield strength than that of conventional stainless steel
(see Figure 6). Thus, if we apply the ASME code to the new structural alloy

28



Table 2.

Developmental Targets for New Cryogenic Structural Alloys

Yield strength -
Fracture toughness -
Fatigue characteristics -
Magnetic permeability -

Corrosion resistance -

More than 1,200 MPa

More than 200 MPavm

Similar to those of 316 austenitic
stainless steel

Not specified (nonmagnetic mate-
rial is preferred)

Good rust resistance

Others — Good workability and weldability
2000 - ————7f
~
® 1500 |- 25Cr-13Ni Stainless Steel .
2
~
«» 1000 | .
7%
w
o
»
500 304 LN Stainless Steel d
E ~200 GPa
A ' A //[
0 02 04 06 08 REDUCED SCALE
STRAIN (%)
Fig. 6. Measured stress-strain curve of high Cr-Ni stainless steel

and 304LN stainless steel.

Table 3.

ASME Code and Proposed New Design Standard

ASME Code Proposed New design
Standard
Base Temperature 300 K 4 X
Strain Limit no indication 0.5 7% *

Sm (2/3)sy, (1/3)su

(2/3)sy, (1/2)Su **

Design Stress
Amplitude (Sa)

(1/2)

Failure Stress

(1/2)

Failure Stress

Fatigue
Design Cycle
(Nf)

(1/20)

Cycle to Failure

(1/10)
Cycle to Failure

* due to Nb3Sn limit

** New structural material shows that Su is much nearer to Sy

than the classic materials.
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the design limitation is only that of ultimate strength. 1In this case, the
range of the linear portion of the stress-strain curve is sufficient. The
design standard should be modified from this viewpoint. Our new, proposed
stress value, Sm, is either 2/3 of the yield strength or 1/2 of the ultimate
strength.

In the ASME code, there is no restriction on the strain limit. Since we
use Nb,Sn conductor for high-field generation, a strain limitation should be
written into the new code. The design limit of the strain should be 0.50%
owing to beginning of critical current degradation.

There is no data base on fatigue characteristics at 4 K. If fatigue
characteristics at 4 K are similar to those at room temperature in the low-
cycle range, the ASME design code limit of 1/20 of the cycles to failure re-
stricts performance, and in the high-cycle range, the design limit of 1/2 of
the amplitude of the failure stress. In the Tokamak reactor, repeated stress
amplitude due to normal pulse operation is not so high, but the stress value
due to an upset or emergency condition will be high. However, the number of
cycles in the latter condition is not very high. Therefore, we propose that
in the low-cycle range, the limit should be relaxed to 1/10 of the cycles to
failure. The proposed design standard is listed in Table 3 and compared with
the ASME code. This proposal is not a definite one and should be discussed
with international experts.

In addition to the proposals described above, we should take into ac-
count the serration effect at 4 K, which occurs in the zone over the yield
strength value. In this zone, the structural alloy can be never practically
used due to its distinguished repeated performance. The technical issue is
how we include this effect in a design standard.

We have some other issues on weldments: safety margins and partial
penetration of welding. In ASME, the safety margins in a welded part are the
same as for the alloy, and full welding is always required. Solutions to
these problems should be proposed later, after more experience in design and
a larger data base.

STATUS OF NEW ALLOY DEVELOPMENT

After the completion of the Japanese LCT coil fabrication, JAERI estab-
lished collaboration contracts with four Japanese industries that prepare
newly developed alloy samples. With the planning shown in Fig. 7, JAERI car-
ried out cryogenic testing (tensile, Charpy and fracture toughness) on these
materials. At first we had the impression that our targets were too high.
However, after several studies of testing and fabrication, we obtained mate-
rials that satisfy the JAERI Box. Figure 8 shows the fracture toughness-
yield strength characteristics of the new materials and 304LN stainless steel.
The promising candidates for future magnets are high-Mn stainless steel and
high-Cr-Ni stainless steel.2 These two materials have already been melted on
an industrial scale of several tens of tons. The results obtained are very
promising, and the new materials will be used in JAERI's demonstration pulse
coil program. Thus, we want to experience actual practical application of
the new materials.

Besides this projected work, this year we are developing welding tech-

niques and evaluating welds. Some of this work was presented at the 1985
1cMc. 3
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CONCLUSIONS

On the basis of our past experience of hardware and the conceptual de-
sign of the fusion reactor, we proposed requirements for cryogenic structural
alloys to be used in superconducting magnet systems in the reactor. Several
candidate alloys have been obtained after a few years work. Of these alloys,
high-Mn stainless steel and high-Cr-Ni stainless steel, which were melted on
an industrial scale, are very promising. This year we will evaluate welds.
Then, fatigue testing will be started in one year. Weld evaluation and fa-
tigue testing are the keys to the last stage. In addition, we should estab-
lish design standards for a large superconducting magnet system, which will
require a lot of discussion.
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CRYOGENIC Fe-Mn AUSTENITIC STEELS

T. Horiuchi, R. Ogawa and M. Shimada

Kobe Steel, Ltd.
Chuo-ku, Kobe, Japan

ABSTRACT

It is taken for granted that structural materials used for super-
conducting magnets of a fusion reactor must combine strength, toughness
and fatigue resistance especially in case of welded structures at cryo-
genic temperatures. Austenitic Fe-Mn alloys were expected to be promis-
ing candidates to meet the above requirements. However, they proved to
have some problems to be overcome in terms of cryogenic brittle fractures.
To optimize the mechanical properties, chromium, nickel, nitrogen and
other elements were added to Fe-Mn alloy. Consequently, 22Mn-13Cr-5Ni
steel has been developed as the candidate steel. Optimum manufacturing
conditions have been established and the steel has been tested at cryo-
genic temperatures. The results show that the steel maintains satisfac-
tory strength of more than 1.2 GPa and fracture toughness of more than
200 MPa/m at 4 K.

INTRODUCTION

Many researchers are interested in the potential of Fe-Mn alloys for
cryogenic use in the high field superconducting magnets. The convention-
al Fe-Mn alloys have been usually used in casted or forged forms because
of their poor formability. The Hadfield steel (13Mn-1C steel) and 18Mn-
5Cr steel are the typical examples among the Fe-Mn alloys. A new Fe-Mn
alloy with excellent formability has recently been developed by Kobe Steel
and used in the fabrication of a fusion experimental reactor, the JT-60,
because of their higher non-magnetic stability and lower cost than con-
ventional stainless steel.! This successful usage stimulates the indus-
tries to develop new cryogenic Fe-Mn base alloys.

On the other hand, there is a need to develop techniques for reduc-
ing the nickel content of conventional cryogenic steels which have a high
nickel content because the nickel significantly increases the cost. 273153
Nickel could be replaced by manganese because they have similar metal-
lurgical effects on microstructures of steels. Consequently, Fe-Mn-Cr
base alloys, which are modifications of Fe-Mn systems, have been invest-
igated.

In the following, recent studies on the basie properties of the Fe-
Mn alloy will be reviewed briefly. An on-going alloy development project
will be described with examples primarily taken from the research at Kobe
Steel.
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MICROSTRUCTURE-PROPERTY RELATIONSHIPS

The essential property of the structural alloys is considered to be
a high strength accompanied by a high toughness. It is a matter of course
that other properties should be optimized in order to fulfill the perfor-
mance of the cryogenic system.

Phase Diagram

Figure 1 shows a structural diagram of Fe-Mn-Cr ternary alloy at 4 K.®
The influence of Cr on phases is minimal for Cr content of less than 15%,
while §-ferrite is retained for higher Cr content. At high Mn and Cr
levels, the o-phase is also present. Though the diagram is very similar
to that at 300 K reported by Kato et al.,’ the (y+a'+e)/(y+e) and (y+e)/y
phase boundaries shift to a higher Mn content at 4 K.

Toughness

Fe-Mn alloys containing more than 30% Mn content are austenitic even
at 4 K and are expected to have high cryogenic toughness. Nevertheless,
their toughness decreases with the addition of Mn, providing its content
exceeds approximately 307%, as shown in Fig. 2.5 The phases present in Fe-Mn
alloys are plotted in Fig. 3.%21% For Mn content of more than 36%, austenite
of the Fe-Mn alloys is very stable, but its cryogenic toughness decreases
with Mn content. Therefore, the transformations are not directly connected
with this anomaly, though it might appear to be due to a strain-induced
transformation of the residual austenite in the alloy.

The alloy in this composition range fractures in an intergranular mode
at cryogenic temperatures.g’10 Mn addition to Fe-Mn alloys at high Mn
content causes an increase in stacking fault energy.“’lz’13 High stacking
fault energy reduces the width of an expanded dislocation and enhances the
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concentration of the stress around dislocations. Therefore, it may become
difficult to relieve a stress concentration at grain boundaries and an
intergraunular fracture may result.!! However, the metallurgical reason
for this behavior has not been fully clarified as yet.

Improvement of Toughness

Two techniques proposed in order to suppress the ductile-brittle
transition of the alloys are grain size control'" and a combination of
chromium additive and cooling control, respectively.'®»!®

Figure 4 shows the grain size dependence on the transition temperature
of Fe-40Mn alloy.ll+ The embrittlement is suppressed at 4 K in the alloys
with a grain size of less than 30 um. However, Tone et al. reported the
reverse grain size dependence of both Charpy absorbed energy and fracture
toughness at 4 K in austenitic Fe-Mn-Cr-Ni alloys.?® The effects of grain
boundaries in fcc metals on toughness are not well understood.

Shibata et al. found that the cryogenic toughness of solutioned
Fe-32Mn-7Cr-0.3N alloy was improved by reheating it at 773 K though no
significant change in its microstructure was observed.!® Morris also
found the same phenomenon and Cr and N segregation at grain boundaries.
Then he suggested that heating at 873 K for 30 min. might cause remedial
segregation of the Cr-N pairs near grain boundaries.!®

At any rate, an application of the simple Fe-Mn austenitic alloy to
cryogenic structures will produce some problems due to embrittlement, the
reason for which is still under investigation. Therefore, Fe-Mn alloys
must be improved by practical and reliable techniques.

A proportionate addition of chromium, nickel, carbon, and nitrogen is
one of the practical and promising methods to be discussed.

Fe—-40 % Mn

200

1001~

Transition Temperature (K)

Fig. 4. The grain size dependence

o A | L of ductile-brittle transi-

10 30 50 100 300 500 1000 tion temperature in Fe-
Grain Size (pm) 40Mn alloy.!®
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ALLOY DEVELOPMENT

Recently JAERI (Japan Atomic Energy Research Institute) has made
public the requirements for the mechanical properties of structural alloys
used for superconducting magnets in a fusion reactor.}’ They required
rustproof alloys to have a yield strength of more than 1,200 MPa and a
fracture toughness of more than 200 MPaym at 4 K.

Before these requirements were made public, Yoshimura et al. developed
the 25Mn-5Cr-1Ni steel? and Miura et al. proposed the 32Mn-7Cr steel.®>"
While these alloys exhibited good mechanical properties at cryogenic tem-
peratures, their strength and toughness were still somewhat lower than the
requirements, and they were not rustproof.

In order to fulfill JAERI's requirements, high manganese stainless
steels containing nitrogen were thought to be promising.

Alloying Effects

The authors have studied alloying effects on the cryo%enic mechanical
properties of high manganese austenitic stainless steels.! 219,20 The
studies were conducted on a series of steels containing 15 to 287% manga-
nese, 1 to 77 nickel, 12 to 18% chromium, and 0.14 to 0.26% nitrogen.
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Table 1. Chemical Compositions (%)

Alloy C Si  Mn P s Ni Cr N Niggq,*
A 0.030 0.11 15.5 0.004 0.01 4.00 12.98 0.140 16.9
B 0.035 0.10 16.2 0.001 0.01 3.94 14.67 0.193 18.9
C 0.036 0.10 18.3 0.001 0.01 3.98 11.93 0.204 20.3
D 0.032 0.01 18.4 0.001 0.01 4.92 13.80 0.233 22.1
* Nigq, = Ni + 30C + 30N + 0.5Mn
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Figure 5 shows the experimental results of tensile tests. For com-
parison, data of 304 stainless steel are plotted in the figure. The chemi-
cal compositions of the alloys corresponding to the alloy in Fig. 5 are
tabulated in Table 1. Yield strength at cryogenic temperatures of the
solutioned alloys is strongly affected by the addition of carbon and ni-
trogen just like the 304 stainless steel.'®21  The other main elements
(Cr, Mn, Ni) in the alloys do not contribute much to the strength because
their atomic sizes are very similar to that of iron. However, addition
of Mn and Cr has the advantage of increasing the nitrogen solubility
limit.??

Figure 6 shows the effects of Mn, Cr and Ni on Charpy absorbed energy
at 77 K. As shown in the graphs, the absorbed energy decreased slightly
with manganese and chromium content and increased gradually with nickel
content. Their effects were not significant as far as their austenicity
is concerned. Figure 7 shows the effects of Ni, ~ on Charpy absorption
energy and magnetic stability. As the increase In permeability is due to
induced o' martensite, Ni,, must be more than 20% if a stable nonmagnetic
property is desired. Figure 8 illustrates in more detail the phase sta-
bility against deformation at 4 K. For comparison, the results of 316
stainless steel are also plotted in the figure. The Fe-Mn system differs
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Ol 5 Fe-22Mn-13Cr-5Ni

Mn (wt %)

Fig. 9. The measurement of §-ferrite.

from the Fe-Cr-Ni system mainly by its propensity toward transformation to
the e phase rather than the o' phase. This means that the magnetic stability
of the Fe-Mn system is superior to that of the Fe-Cr-Ni system. Moreover,
the chromium effect on phase stability was also investigated.23 It was

found that an excess addition of chromium produces §-ferrite, as shown in
Fig. 9.

In order to determine the chemical composition of the new alloy,
properties and conditions, such as strength, toughness, phase stability,
weldability, corrosion resistance, manufacturing process, and cost, were
taken into consideration.?* Table 2 shows the chemical composition of the
selected alloy.

Manufacturing Conditions

As one can see in Fig. 5, the required yield strength at 4 K can be
obtained by an addition of carbon and nitrogen of 0.26% or more. On the
other hand, carbon content must be minimal and nitrogen content much less
than the solubility limit for satisfactory weldability. These contradic-
tory requirements could be reconciled to some extent by employing the
"Thermo-Mechanical Control Process" (TMCP), which also reduces production
costs.

1473 K

FRT 1273K
SCT173K

Temperature

FCT 423K

Time —

Fig. 10. The manufacturing condition of the 22Mn
steel plate with thickness of 70 mm.

Table 2. Chemical Composition of the 22Mn-13Cr-5Ni Steel

C Si Mn P S Ni Cr N

0.05 0.10 22.0 0.01 0.01 5.0 13.0 0.220
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The 22Mn steel with the nominal chemical composition shown in Table 2
was prepared on a trial commercial basis using a 15-ton electric furnace.
Using a large ingot, the effects of manufacturing conditions on cryogenic
properties of the 70 mm thick plate were investigated in order to optimize
the conditions.?%:2%527 The results suggest, for optimal processing, to
finish rolling at 1,273 K (1000°C) and to start water cooling at 1,173 K
(900°C), followed by air cooling at 423 K (150°C), as shown in Fig. 10.

The alloy manufactured through this process has been studied and
evaluated as follows:

Evaluation

Figure 11 shows the tensile properties against temperature. The yield
strength of more than 1,200 MPa and high ductility at 4 K have been con-
firmed. At the same time, the Charpy impact toughness was determined to be
satisfactory at 4 K, as shown in Fig. 2. The 22Mn steel has a strength-
toughness combination superior to the 304 stainless steels.
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Moreover, the fatigue crack growth rate at 4 K is also shown in
Fig. 13.2% While a transformation-induced crack closure was not expected
in this alloy because a' phase, whose positive volume change caused the
crack closure, did not form at the crack tip,29 satisfactory fatigue crack
growth rate properties were observed. An electron microscope revealed that
the crack in high manganese steel propagated zigzag on the [lli] plane.30
This behavior may be related to the satisfactory fatigue crack growth rate
of the 22Mn alloy because contact of rugged surfaces is expected to cause a
crack closure.

Figure 14 shows the magnetization curves at 4 K. For comparison, con-
ventional austenitic stainless steels are plotted in the figure. As ex-
pected, 22Mn steel exhibits excellent nonmagnetic stability. And Fig. 15

Magnetization (emu/g)

22Mn-13Cr-5Ni

(ol RN T TN T T I T T Ty B | . . .
10 15 20 Fig. 14. Magnetization curves

Applied Field (T) at 4 K.

T T T

22 Mn 13 Cr S5Ni Steel

Magnetic Permeability at 4K.
o
o

o6 (]
. D e ]
1000 ) L . ) ) Fig. 15. Magnetic permeabi%ity
’ 0 5 10 15 20 at 4 K as a function of
Tensile Strain at Room Temperature (%) strain.

Photo 1. The macroscopic cross-sectional view of the
electron-beam-welded 22Mn steel (70 mm thick).
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shows the permeability at 4 K of the alloy deformed at ambient tempera-
tures. These data proved that the alloy was highly stable in a magnetic
sense against deformation. This makes the alloy most suitable for appli-
cation in a high magnetic field.

Photo.l shows the cross-sectional view of the welded plate. The 22Mn
steel was confirmed to be weldable by electron beam welding (EBW) though
the steel contained an amount of nitrogen which might cause voids in
welded metal.

The mechanical evaluations of the weldment have been carried out
and have yielded promising results. New welding consumables are also
being developed specifically for the alloy. Studies on the welding will
be reported in another section of this volume?'.

SUMMARY

The recent progresses of researches on cryogenic Fe-Mn alloys are
reviewed briefly. As a typical example of developing cryogenic iron-
manganese base alloy, so called 22Mn steel is introduced with various
kinds of data, because it is the only alloy that is manufactured on an
industrial level. It proves to possess superior properties as a cryo-
genic steel, such as high strength, high toughness, excellent magnetic
stability, and good weldability.
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NICKEL AND NITROGEN ALLOYING EFFECTS ON THE STRENGTH AND TOUGHNESS

OF AUSTENITIC STAINLESS STEELS AT 4 K

R. P. Reed and P. T. Purtscher
Fracture and Deformation Division
National Bureau of Standards
Boulder, Colorado

K. A. Yushchenko
E. 0. Paton Institute of Electrowelding
Kiev, USSR

ABSTRACT

The tensile strength and fracture toughness at 4 K were studied as a
function of Ni (6-15 wt.%) and N (0.90-0.28 wt.%) contents for eight austeni-
tic stainless steels. Results indicate that Ni increases the tensile yield
strength and decreases the fracture toughness, Kic(Jd), and Ni has little
effect on tensile yield strength but increases the fracture toughness. The
temperature dependence of the yield strength is given by o, = ooe' , Where
0, is the yield strength at 0 K, and A is the slope of 1ln U, vs. T. The
parameter A is proportional to the stacking fault energy. Kower Ni alloys
exhibited brittle facets on fracture surfaces. The quality index, a new
parameter = ¢ -KIC(J), relates to the capacity of the alloy to achieve
greater strength or toughness, but not at the expense of the other parameter.
Nickel alloying increases the quality factor; nitrogen has little effect.

INTRODUCTION

To constrain magnetic forces developed in high-field superconducting
magnets, structural alloys that are strong and tough at 4 K are required.
It has been demonstrated that N is a potent solid-solution strengthening
agent in austenitic stainless steels at 4 K. Howeveré the toughness of
the high-N alloys decreases as the strength increases. In this study, Ni
content was varied from 6 to 15 wt.% in alloys containing 19% Cr, 3 to 5%
Mn, low C, and 0.09 to 0.28% N. Tensile strength and fracture toughness of
the alloy series were measured in liquid helium and correlated with Ni and
N contents.

EXPERIMENTAL PROCEDURES AND RESULTS

The eight laboratory heats of steel included in this study were sup-
plied by E. 0. Paton Institute of Electrowelding, Kiev, USSR (see Table 1).
All alloys were completely austenitic and in the form of 25-mm-thick plates.
They were tested after solution treatment at 1060°C for 1 h and water
quenching. The procedures and accuracies for tensile testing of round
specimens and fracture toughness tests (%—ﬁntegral) using compact-tension
specimens have been discussed elsewhere.
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Table 1. Chemical Composition and Metallurgical Characterization

Alloy Composition (wt.%) Grain Size Hardness
Cr Ni Mn C N S P Si (um) (RB)
413 18.8 5.6 4.1 0.020 0.256 0.005 0.014 0.25 122 84
41y 18.4 8.9 4.2 0.018 0.281 0.005 0.014 0.28 165 82
415 20.5 12.8 5.5 0.024 0.265 0.004 0.015 0.34 200 81
416 20.8 14.9 5.2 0.028 0.277 0.004 0.015 0.4 160 82
520 19.8 5.8 3.2 0.014 0.260 0.004 0.012 0.41 180 85
739 18.7 8.7 3.7 0.014 0.093 0.005 0.013 0.23 220 72
740 19.7 11.5 3.9 0.012 0.1 0.005 0.013 0.27 250 72
T4 20.8 14.7 4.y 0.016 0.197 0.004 0.014 0.33 207 76

Table 2. Mechanical Property Results at 4 K and Physical Parameters

Fracture

Alloy  Tensile Strength, Elongation  Toughness, Estimated Stacking  Estimated
Fault Energy, Y T
9y oy (%) KIC(J) 5 md
(MPa)  (MPa) (MPay/m) (mJ/m<) (K)
43 1075 1118 1" 75 8 309
41y 950 1650 42 143 28 224
415 1000 1580 32 204 58 97
416 1160 1630 22 239 71 47
520 960 1216 7 87 7 316
739 460 1477 4o 273 26 275
740 720 1370 42 24y 45 186
T4 870 1425 29 254 67 80
AISI 304 24
AISI 316 55
AISI 310 98

The averages of the tensile strength and fracture toughness (2 or 3
measurements for each alloy) at 4 K are listed in Table 2. The high-N
alloy stress-strain curves are characterized by high yield strengths and a
lack of work hardening at large deformations. The lower N, less-stable al-
loys exhibit the characteristic three stages of stress-strain behavior
identified earlier.? Nitrogen increases g (the elastic limit); N and Ni
reduce and finally eliminate stage II [associated with hexagonal close-
packed (e) martensite and body-centered cubic (a') martensite at slip-band
intersections] and stage III (associated with a'-induced work hardening).
Discontinuous yielding occurred in all measurements, and the load drops
near fracture ranged from about 25% for the stronger alloys to abou* 10%
for the more ductile alloys.

The temperature dependence of the tensile yield strength, o, was
measured for three alloys from 4 to 295 K. The results are plotted in
Fig. 1. There is a linear relationship between &n o, and temperature,
similar to that of other austenitic steels.3 The least stable alloy, 739,
exhibits little change of yield strength in the region between about 100 to
200 K. This region has been identified previously for metastable alloys
and is associated with the o' and ¢ martensitic transformations.’

The tensile yield strength is a strong function of the C and N con-
tent, as shown in Fig. 2. Here the function C + 2N is used. Reed and
Simon' found this to be a representative function when they used regression
analysis to describe all o, data on AISI 304 type alloys at 4 K. The data
of this paper clogely correspond to those from earlier research on Fe-19Cr-
10Ni base alloys.
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nine 19Cr-10Ni steels with varying C and N contents.

The effect of Ni content on fracture toughness is shown in Fig. 3.
Notice the trend of increasing toughness with increasing Ni in the19Cr-4Mn-
0.02C-(0.26-0.28)N alloys (413-416). From Table 2 it is clear that the al-
loys with lower N contents form no systematic series with respect to depen-
dence of toughness on Ni content; presumably the N varies too much to
permit comparison solely on the basis of Ni. Analyses of the data (Table 2)
reveal that, at constant Ni content, toughness tends to be less at higher N
content. In Fig. 3 the values of K;.(J) reported for the lower N content

alloys (739, 740, T41) were adjusted to include consideration of the effect
of N variability.
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The fracture appearances in the surface area associated with the criti-
cal J-integral measurements were characterized by scanning electron micros-
copy (SEM). The fracture surfaces of the high-N alloys (413-416) are shown
in Fig. 4. As the Ni content increases, the fracture morphology becomes
more dimpled (microvoid coalescence). Nonmetallic inclusions are associ-
ated with most dimples. These large (3-4 um) inclusions are Mn silicates,
according to energy-dispersive x-ray analysis.

At low-Ni content [low KIC(J)], the fracture surfaces are faceted.
There are small, step-like facets and large (size of grain) flat facets.
The large facets, shown in Fig. 5a, are apparently {111} planes of austenite.
Their appearance is very similar to those recently identified as {111} by
Tobler and Meyn10 who used back-scattered Laue x-ray analysis and described
them as regions of "slip-band decohesion." Linear traces on the faceted sur-
faces, such as those shown in Fig. 5b, correspond to other {111} traces.

DISCUSSION

All alloys, except 416, partially, transformed to body-centered cubic
(a') martensite during plastic deformation. The average volume percent of
a' that formed throughout the gage length, normalized by dividin% by the
percent elongation, correlates well with Tpq of Williams et al.1 (see
Table 2 and Fig. 6.)

From earlier work,3 the temperature dependence of the tensile yield
stress of austenitic stainless steels is best portrayed as
=AT

Oy = 08 (1)

where % is the yield strength at 0 K, and A is a constant.

Reed and Ar‘vidson3 pointed out that there may be a correlation be-
tween the temperature dependence of the tensile yield strength (constant A)
and the stacking fault energy (7); this is evident in Fig.1z. For estima-
tion of ¥ we have chosen to use the Schramm-Reed analysis, compiled in
Table 2, which produces admittedly high Y values, but we think accurate
relative values of 7V, considering only the major alloying elements Cr, Ni,
and Mn.

The primary deformation mechanism in stage I of polycrystalline aus-
tenitic steels at low temperatures may be associated with cross-slip, cut-
ting of forest dislocations, or solid-solution strengthening mechanisms.
Some theoretical approaches for these possible rate-controlling deformation
processes imply a linear dependence of 1ln ¢ on T [see Schrock and Seeger
(cross-slip) and Haasen' (solid-solution strengthening)]. Clearly, we must
continue studies to identify and characterize the rate-controlling deforma-
tion mechanism in austenitic steels.

There is strong dependence of fracture toughness on Ni content (Fig.3)
wnen the N content is held constant. SEM photomicrographs of the fracture
surfaces at the initial fatigue-sharpened crack tip are shown in Fig. 4.

As Ni content increased, the corresponding fracture surfaces exhibited a
transition from faceted to dimpled surfaces. These faceted surfaces, shown
at higher magnification in Fig. 5, are cleavage-like in appearance but do
not show the characteristic river patterns found on the cleavage facets of
body-centered cubic alloys. The surface is probably a {111} austenite
plane, considering the orientations of {111} slip-band traces and the simi-
larity to regions in another high-N austenitic stainless steel, which were
identified as {111} austenite by Tobler and Meyh.10 Similar fracture fea-
tures have been observed in austenitic stainless steels charged with H and
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Fig. 5. Cleavage-like areas that become apparent in the more brittle

alloys: (a) alloy 413, low magnification SEM photomicrograph;
(b) alloy 413, high magnification SEM photomicrograph.
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fractured at room temperatures.15’16 The study of Hannula et al.!% shows a
similar trend: brittleness increased with decreasing austenite stability.

Further study of the possible origin of apparently brittle {111} aus-
tenite was pursued with optical microscopy. The microstructure of alloy
740, containing 11.5% Ni, is characterized by lath-like a' martensite forma-
tion, contained within {111} austenite sheets and by lath-like o' marten-
site that formed at {111} slip-band intersections. The microstructure of
alloy 413, containing only 5.6% Ni, is composed of many {111} slip-band
traces. These slip-band traces are broader than those observed in alloy 740
and more distinctly etched. Less a' formation was noticed at slip-band in-
tersections. One may conclude that there is more extensive faulting in the
lower Ni alloy. Possible conclusions are: more extensive stacking-fault
clusters exist, more hexagonal close-packed martensite is formed, or defor-
mation twins are produced within the {111} slip-band packets.

Nickel and nitrogen contribute quite differently to the low tempera-
ture mechanical behavior of austenitic stainless steels. Nickel improves
toughness and does not affect strength; nitrogen improves strength and re-
duces toughness. For most structural applications, both strength and
toughness are reqwired. It is useful, we believe, to consider both of
these parameters together, as the product o 'KIc(J)' and to examine the ef-
fects of alloying on this product, called t%e quality index. In Fig. 8, Ni
and C plus 2N contents are plotted versus the quality index. Increasing Ni
content increases this index. Stated another way, increasing Ni content
leads to improved low temperature mechanical behavior with increased tough-
ness at nearly constant strength. Additions of C and N have little effect
on the quality index. Therefore, one adjusts N content to affect strength
and suffers from an attendant change of toughness.
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Fig. 8. The quality index o ‘K1o(J) at 4 K plotted against
C + 2N and Ni content. Data represented by solid
line (C + 2N) and band (Ni) are a series of ning
19Cr-10Ni steels with varying C and N contents.
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SUMMARY

A series of eight austenitic stainless steels with varying Ni and N
contents were measured at 4 K to determine tensile strength and fracture
toughness. The results of the study are:

1. Nitrogen addition raises the tensile yield strength and reduces
fracture toughness. Nickel addition raises the fracture toughness
and has little effect on strength.

2. The temperature dependence follows the relation o, = ¢ e AT, The
parameter A is directly proportional to the stacking fault energy,
and tensile yield strength is strongly affected by N content.

3. A quality index, defined as the product o ~KIC(J), has been pro-
posed to portray mechanical behavior. Nickel is shown to increase
the quality index; nitrogen has little effect.

ACKNOWLEDGMENTS

The Office of Fusion Energy, Dr. Victor Der, Project Monitor, sponsor-
ed this research. We owe special thanks to Robert Walsh for performing ten-
sile measurements and to Lonnie Scull for conducting the chemical analyses.

REFERENCES

1. R. P. Reed and N. J. Simon, Adv. Cry.Eng.--Mater. 30:127-136 (1984).

2. R. L. Tobler, D. T. Read, and R. P. Reed, in: "Fracture Mechanics:
Thirteenth Conference," ASTM STP 743, American Society for Testing
and Materials, Philadelphia (1981), pp. 250-268.

. P. Reed and J. M. Arvidson, Adv. Cryo. Eng.--Mater. 30:263-270 (1984).

. T. Read and R. L. Tobler, Adv. Cryo. Eng.--Mater. 28:17-28 (1982).

. P. Reed and R. L. Tobler, Adv. Cryo. Eng.--Mater. 28:49-56 (1982).

. L. Tobler, R. P. Reed, and D. S. Burkholter, Adv. Cryo. Eng.--Mater.
26:107-119 (1980).
7. R. P. Reed, in: "Materials at Low Temperatures," American Society for

Metals, Metals Park, Ohio (1983), pp. 295-341.

8. R. L. Tobler and R. P. Reed, in: "Materials Studies for Magnetic
Fusion Energy Applications at Low Temperatures--III," NBSIR 80-1627,
National Bureau of Standards, Boulder, Colorado (1980), pp. 17-48.

9. P. T. Purtscher and R. P. Reed, in "Materials Studies for Magnetic
Fusion Energy Applications at Low Temperatures-VIII," NBSIR 85-3025,
National Bureau of Standards, Boulder, Colorado (1985), pp. 123-144,

10. R. L. Tobler and D. Meyn, in: '"Materials Studies for Magnetic Fusion

Energy Applications at Low Temperatures--VIII," NBSIR 85-3025,
National Bureau of Standards, Boulder, Colorado (1985), pp. 167-179.
11. I. Williams, R. G. Williams, R. C. Capellaro, in: "Proceedings of Sixth
International Cryogenic Engineering Conference," IPC Science and
Technology Press, Guildford, Surrey, England (1976), pp. 337-341.

12. R. E. Schramm and R. P. Reed, Metall. Trans. 6A:1345-1351 (1975).

13. G. Schoeck and A. Seeger, in: "Defects in Crystalline Solids," Tii=
Physical Society, London (1955), pp. 340-346.

14, P. Haasen, in "Dislocations in Metals," vol. U4 of "Dislocations in
Solids," F. R. N. Nabarro, ed., North-Holland Publishing Co.,

New York (1979), pp. 155-190.

15. S.-P. Hannula, H. Hanninen, and S. Tahtinen, Metall. Trans. 15A:2205-
2211 (1984).

16. G. R. Caskey, in: "Fractography and Materials Science," ASTM STP 733,
American Society for Testing and Materials, Philadelphia (1981),
pp. 86-97.

oAU =W
j=clit=v Bl w =]

50



IMPROVEMENT OF TOUGHNESS OF A HIGH-STRENGTH, HIGH-MANGANESE

STAINLESS STEEL FOR CRYOGENIC USE
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ABSTRACT

Steel that possesses proof stress not less than 1200 MPa, fracture
toughness not less than 200 MPavm at 4 K and good rust resistance is re-
quired as the structural material for superconducting magnets (SCM). Some
of the authors previously reported that 0.05C-0.3Si-25Mn-15Cr-1Cu-1Ni-0, 2N
steel satisfied nearly all the requirements and was a promising structural
material for SCM. The present report concerns the results of investiga-
tion into the effects of several elements on the low temperature toughness
of this steel. It became clear that a decrease of S content to less than
0.005% and an addition of a small amount of Ca remarkably improved the
toughness of this steel. Moreover, an addition of about 1% Mo was ob-
served to prevent a decrease in toughness by sensitization treatment. It
is concluded that 0.05C-0.3Si-22/25Mn-13/15Cr-1Cu-1/3Ni-1Mo-0.2N-Ca steel
can satisfy the requirements.

INTRODUCTION

The structural material of SCM is required to possess high-strength,
high-toughness and good fatigue behavior at liquid helium temperature.
This material is also required to be corrosion resistant so as to maintain
a high vacuum because its surface is exposed to a vacuum for thermal in-
sulation. The authors have attempted to develop a high-manganese stain-
less steel to satisfy the following requirements proposed by JAERI:

1. Proof stress at 4 K : 1200 MPa minimum

2. Toughness at 4 K : (1) Kyc:200 MPaym minimum
(2) vE :100 J minimum

3. Corrosion resistance: No rust from dew

Some of the authors previously reported that 0.05C-0,3Si-25Mn-15Cr-
1Cu-1Ni-0.2N steel was a promising candidate material through an investi-
gation of the effects of various alloying elements on the mechanical pro-
perties and corrosion-resistance of high-manganese steel. In the present
report, the influence of several elements on the low temperature toughness
of this steel and its improvement are discussed.
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Table 1. Mechanical Properties of 0.05C-0.3Si-25Mn-
15Cr-1Ni-1Cu-0.2N Steel

1) Manufactured Process
150 kg VIM — 150 kg ingot — Heating at 1150°C — Rolling into 100 mm
thick slab — Heating at 1150°C — Rolling into 16 mm thick plate — Solu-
tion-treating (1100°Cx30 min. WQ)

2) Chemical Composition
wt.%)
C S1i [ Mn ]| P S Cu | Ni [ Cr [ Nb N Al
0.064{0.32[25.0{0.919/0.009{1.03/0.99[15.4{0.063]/0.212]/0.005

3) Mechanical Properties (Transverse direction)

Testing | PS TS |E2 [RA |VE
Temp. |(MPa) |(MPa)| (%)| (%) |(J)
77K 854 | 1243] 29| 58| 89

4K 1275| 1652 33| 46| 70

EFFECTS OF S AND Ca ON TOUGHNESS

The chemical composition and the mechanical properties of 0.05C-0.3
Si-25Mn-15Cr-1Cu-1Ni-0.2N steel plate are shown in Table 1! As the
absorbed energy (vE) of the steel was a little too low, it remained a pro-
blem to improve it. It is well known that a decrease of S content and an
addition of Ca reduce the amount of the elongated manganese sulfide in-
clusions and hence improve the transverse direction toughness of rolled
carbon steels? Therefore, the authors attempted to improve the toughness
of the high-manganese stainless steel by applying this principle.

Seven high-manganese stainless steels were melted in a vacuum melting
furnace. Every steel ingot of 150 or 300 kg was hot-rolled into 100 mm
thick slab; then the slab was reheated at 1150°C and rolled into 30 mm
thick plate. The plate was solution-treated by heating at 1100°C for 30
min followed by water quenching. A part of every steel plate was sub-
sequently sensitized at 700°C for 2 h in consideration of the welding HAZ
and stress relief annealing. The chemical compositions of these high-
manganese steels are shown in Table 2. Steels Ml, M2 and M3, to which Ca
was not added, contain 0.020, 0.010 and 0.005%S, respectively. A small
amount of Ca is added to steels M4, M5 and M6. Steel M6 contains 1.07%Mo.
Tensile tests and Charpy impact tests were carried out on all steels at 77
K. Then, on the promising steels selected by the test results at 77 K,
tensile tests, Charpy impact tests and fracture toughness tests were per-
formed at 4 K. All test specimens were cut in the transverse direction.
Moreover, all plates were examined for nonmetallic inclusions by an
optical microscope and computer-aided microanalyzer (CMA) on the longi-
tudinal section. Precipitates also were observed by optical microscope
and electron microscope on the above steels.

Table 2. Chemical Composition of High-Mn Stainless Steels

(wt. %)
Steel C S1 Mn P S Cu | Ni Cr | Mo N AQ Ca
M1 0.031/0.38(|24.3|0.012{0.020(0.84(1.02{13.2 - 10.220(0.030 -
M2 0.031{0.38{24.4{0.012{0.010({0.84({1.02|13.1 - 10.231(0.014 -
M3 0.040[{0.42|25.4{0.013{0.005[0.76/1.03|12.9 - 10.230{0.022 -
M4 0.040{0.50{25.4]0.013|0.006|0.76|1.03[13.0 - 10.225{0.025{0.0026
M5 0.022(0.52]24.9/0.014]|0.003{0.79|3.10{13.0 - 10.219(0.017(0.0034
M6 0.030(/0.40(22.4|0.014|0.003|0.77|3.06/13.0/1.00|/0.222{0.021]/0.0025
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Tensile test specimens were 7 mm in diameter and 45 mm in length of
round reduced section. A strain rate of 7 ><10_5/s was applied until yield-
ing occurred, and then the rate was changed to 1 x10"%s until failure
occurred. The 0.2% proof stress (PS) was measured by strain gauges
directly attached to the specimens. Tensile strength (TS), elongation
(E1), reduction of are (RA), and Young's modulus (E) were also measured.
The Charpy impact test specimens were full size. The Charpy impact tests
at 4 K were performed in the following way? A specimen was inserted in a
small glass Dewar which was filled with liquid helium, and the specimen
was struck while in the Dewar. The absorbed energy (vE) was calculated by
subtracting that for the Dewar. Fracture toughness tests were performed
by the J-integral method in accordance with ASTM E813-81 using 25.4 mm
thick compact tension specimens. The fracture surfaces of the Charpy
impact and fracture toughness test specimens were observed by SEM, and the
ferromagnetic phase was measured by ferrite scope. Precipitates extracted
by the replica method were observed by an electron microscope.

Tensile and Charpy impact test results at 77 K are listed in Table 3.
The relation between PS and VE at 77 K is shown in Fig. 1. The data shown

Table 3. Mechanical Properties of High-Mn Stainless Steels

at 77 K

Steel Heat PS TS EZ |RA | VE
Treatment* | (MPa) | (MPa) | (%) | (%) | (J)

M1 S 838 1358 | 46 | 38| 62
M2 S 873 1297 | 36 | 49| 89
M3 S 860 1349 52 521|117
T 915 1360 | 47 | 34| 68

M4 S 834 1352 | 57 | 44| 164
T 898 1361 | 30 | 43| 76

M5 S 852 1348 | 53 | 53| 166
T 893 1354 | 54 | 52| 112

M6 S 851 1350 | 55 | 52| 183
T 905 1294 | 40 | 591171

* S ; 1100°C x 30 min, WQ

T ; 1100°C x 30 min, WQ - 700°C x 2 h, AC

200 T
77K M6 (S=0.003 )
® \Ca=0.0025
I\.IIS
S =0.003
N.|4 c==o.0034)
150 (520 ) i
Ca=0.0026
3
2 oMs
" (S=0.005)
>
100f 7
B o M2
(S=0.009) (S=0.010)
M1
O(s=0.00
|
%00 850 900
PS (MPa)

Fig. 1. Relation between PS and vE of high-manganese
stainless steels at 77 K. Steel B; the steel
shown in Table 1.
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Fig. 2. Cleanliness of high-manganese stainless
steel,

in Table 1 are also given in the figure for comparison. The vE increases
with a decrease in S content, and remarkably with the addition of Ca to
lower S steels. A change in the amount of nonmetallic inclusions by S
content is shown in Fig. 2. Inclusions, which consist mainly of elongated
MnS or A-type inclusions by JIS, decrease with a decrease in S content.

Therefore, this increase in VvE is thought to be due to the decrease of
A-type inclusions. In Ca-added steels, A-type inclusions were reduced in
quantity and spherical inclusions or C-type inclusions by JIS appeared,
and then vE was highly improved. Most of the C-type inclusions of these

Ca-added steels were found to consist of the mixture of Al203 and Ca (O,
S) by CMA.

Table 4 shows the results of tensile, Charpy impact and fracture
toughness tests at 4 K on the three promising steels selected by the
results shown in Table 3. The PS is nearly equal and vE is higher than
the target values in these steels. The fracture toughnesses (Kjic) of
steels M4 and M6 are excellent and almost reach the target value.

Especially the toughness of M6, which contains 17Mo, is high enough to
satisfy the objective.

EFFECT OF Mo ON TOUGHNESS

Figure 3 shows the effect of Mo on VvE at 77 K after sensitization at
700°C. The addition of Mo is very effective in protecting against the
decrease of low temperature toughness after the sensitization treatment at
700°C. The Mo content necessary to obtain this effect was found to be
about 1% by other test results.

Table 4. Mechanical Properties of High-Mn Stainless Steels at 4 K

Steel Heat PS TS EQ RA E VvE KIC
Treatment* | (MPa) | (MPa) | (%) | (%) |(GPa)| (J) | (MPavm)

M4 S 1214 1568 35 44 208 133 180

M5 S 1176 1548 38 51 229 137

M6 S 1185 1565 38 47 207 163 216

* § = 1100°C x 30 min, WQ
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Fig. 3. Effect of Mo on the toughness of
high-Mn stainless steel at 77 K.

Many precipitates were observed along grain boundaries in steel with-
out Mo after the sensitization treatment, but not in Mo-added steel. This

effect of Mo is thought to be due to its prevention of C diffusing., Ex-
amples of microstructure are shown in Fig. 4.

Figure 5 shows the toughness of steels M4, M5 and M6 after the simu-
lated welding thermal cycles, Steel M6 with 1% Mo has higher toughness
than the others irrespective of weld heat input,

Conclusively, Mo is very effective in preventing embrittlement of the
HAZ by stress relief annealing.

(a) Steel M4 (Mo free) (b) Steel M6 (1% Mo-added)

Fig. 4. Electron micrographs of high-Mn stainless steels
after sensitization treatment at 700°C.

55



kJ/cm

30 130
200 T T
171K
180+ o M6 (with 1% Mo) J
D_../ —————— O
S 160 K\(Ms T
w
>
140 ]
120 1
| 45 1 |
Base 18 15
metal

Cooling rate at 500°C,degC/sec

Fig. 5. Change of VE by simulated weld thermal cycle.
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CONCLUSIONS

1.

The low temperature toughness of 0.05C-0.3Si-25Mn-15Cr-1Cu-1Ni-0,2N
steel reported previously was remarkably improved by decreasing the S
content to less than 0.005% and adding a small amount of Ca.

2, The addition of 1%Mo to the high-manganese steel is very effective in
preventing the decrease in the toughness due to sensitization
treatment; it also improves the toughness of HAZ.

3. Consequently, 0.05C-0.3Si-22/25Mn-13/15Cr-1/3Ni-1Cu-1Mo-0.2N-Ca steel
proved to be a suitable material for SCM. This steel is going to be
manufactured on a trial commercial scale.
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EFFECT OF METALLURGICAL VARIABLES ON STRENGTH AND TOUGHNESS OF Mn-Cr AND
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ABSTRACT

For the structural materials used for fusion reactors, high strength
and superior toughness are required at liquid helium temperature in heavy
plate (over 100 mm thick). Both Mn-Cr and Ni-Cr austenitic steels are can-
didate materials for the next Fusion Reactor Project at JAERI (Japan Atomic
Energy Research Institute), which has specifications of yield strength and
Kic fracture toughness of over 1200 MPa and 200 MPay/m, respectively. This
paper systematically examines the effect of metallurgical variables and
thermomechanical processing parameters on strength and toughness obtained
at 4.2 K for both types of stainless steels. Strength obtained at 4.2 K is
influenced principally by chemical composition and austenitic grain size.
Carbon and nitrogen exert a much greater influence on strength than substi-
tutional elements in both Mn-Cr and Ni-Cr stainless steels. The value of
Ky, expressing the grain size dependence of yield strength in the Hall-Petch
relation, is 50 MPa/mm for both steels. Toughness evaluatad by Charpy im-
pact energy and the Kyr value at 4.2 K is controlled by strength, Ni content,
cleanliness of the steel, and austenitic grain size. The increase of Ni
content and a reduction of S content improve both values markedly while
maintaining high strength. For an optimization of the relationship between
strength and toughness, austenitic grain refinement through thermomechanical
processing is the most important process in heavy plate production. Candi-
date materials satisfying JAERI specifications have been determined for both
types of stainless steels; their chemical compositions are 0.02C-22Mn-13Cr-
7.5Ni~0.22N and 0.01C-1.5Mn-18Cr-12Ni-3.5Mo-0.21N.

INTRODUCTION

For the structural materials used for fusion reactors with large
superconducting magnets, very high strength and superior toughness are
required at liquid helium temperature in heavy plate (over 100 mm thick).
Both Mn-Cr and Ni-Cr austenitic steels are candidate materials+ for the
next Fusion Reactor Project at JAERI, which has yield strength, Charpy
impact energy, and K;. fracture toughness specifications of over 1200 MPa
(122.4 kg/mmz), 100 J (10.2 kg-m) and 200 MPavm, respectively.

Metallurgical variables influencing the strength at 4.2 K are inter-

stitial elements, such as C and N, substitutional elements, such as Mo and
V, and austenitic grain size. In particular, it has been reported that
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increased N content was very effective for strengthening austenitic steel at
4,2 K. It has been well-known thgt solubility of N in the austenitic phase
increased with Cr and Mn contents™ in steel, and thus, to utilzze strength-
ening by N addition fully, stainless steels of both high Cr-Ni" and high
Mn-Cr~ systems have been investigated. As for the toughness at cryogenic
temperatures, it has been reported that Charpy impzct energy was correlated
with the mean free path of nonmetallic inclusionms. Impurity content, such
as S or P, Ni content, and austenitic grain size are the main controlling
factors of the toughness at liquid helium temperature.

It is also important to establish the processing method that satisfies
such a severe strength and toughness requirements for heavy plates of stain-
less steel. For this goal, in-line solution treatment combined with thermo-
mechanical processing in plate mills is the most promising process; it has
been successfully industrialized for HSLA steel or line pipe steel. Major
advantages of this process are grain refinement through the control of
recrystallization during hot rolling as well as saving energy compared with
conventional off-line solution treatment.

In the first part of this paper, effects of the metallurgical factors
described above on the strength and toughness at 4.2 K are systematically
investigated for both the Mn-Cr and Ni-Cr stainless steels. In the remaining
half, the relationships between thermomechanical processing variables and
mechanical properties in heavy plates are examined. Finally, the optimum
alloy compositions, as well as their properties in both types of stainless
steels that satisfy the JAERI specification, are demonstrated.

EXPERIMENTAL PROCEDURE

The ranges of alloying compositions of the Mn-Cr and Ni-Cr stainless
steels investigated are listed in Table 1. The basic compositions are
0.02C-25Mn-13Cr-5,5Ni-0.25N and 0.005C-18Cr-12Ni-2,5Mo-0.17N, and the content
of interstitial elements, such as C or N, and substitutional elements, such
as Mn, Cr, or Mo, were varied independently. All heats were melted in a
50 kg or 150 kg vacuum induction furnace. Ingots were hot rolled down to
15 mm-thick plates. The reheating and finish-rolling temperatures were 1200
and 1100°C, respectively. For thermomechanical processing, reheating temper-
ature and finish-rolling temperature were varied from 1100 to 1250°C and from
1000 to 1150°C, respectively. The plate thickness was also varied up to
100 mm. Hot rolled plates were directly water quenched immediately after hot
rolling. Some of the hot rolled plates were solution treated at temperature
between 1050 and 1250°C followed by water quenching. By these changes in the

Table 1. The Ranges of Alloying Compositions (wt%) in the Mn-Cr and Ni-Cr
Stainless Steels Investigated.

Cc Si Mn P S Cr Ni |Alloying Elements|sol.Al| T.N
0.02 | 030 | 25.0 | 0.003 |0.001| 135 5.5 0.01 | 0.25
0.02 20.0 | 0.003 |0.0010] 10.0 0 0.15
Mo :0~40
Mn-Cr| 0.30 ? R ? R ? 0.01 R
Cu,V:0~05
0.25 30.0 | 0.026 [0.0150] 20.0 | 12.0 0.45
0.005 | 0.30 15 | 0.003 |0.001 | 180 | 120 25 0.01 | 0.17
0.005 12.0 0.02
Ni-Cr b4 0.30 1.5 |<0.005|<0.001| 18.0 R Mo :25~45 0.01 14
0.05 14.0 0.21
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hot rolling and solution treatment conditions, austenitic grain size in
as-rolled and solution-treated plates was varied from 10 to 120 um.

For investigations of both the thermomechanical processing parameters
and the effects of plate thickness, two production heats of stainless steels
were used. One is 22Mn-13Cr-5.5Ni steel melted in 5 Mg vacuum induction
furnace. The other is a 18Cr-13Ni-3.7Mo 26 Mg ingot prepared from the
Electro Furnace - Vacuum Oxygen Decarburizing process. The 150 mm-thick
slabs prepared from these large ingots were rolled to 15 to 100 mm-thick
plate in a laboratory plate mill. Tensile specimens (6.0 mm in diameter and
21 mm in gauge length), 2 mm Charpy V-notch impact specimens and 13 mm
compact tension specimens were prepared from the plates parallel to the
rolling direction. Tensile tests were carried out using a 10 Mg Instron
servohydraulic machine and multi—tyge cryostat with single pull rod. In the
Charpy impact test, Morris's method is adopted. Fracture toughness values
of Kic were calculated from Jic values obtained by the compliance method
using a 20 Mg Instron servohydraulic machine and cryostat.

RESULTS

Strength-Controlling Factors

Figure 1 shows strength variations at ambient temperature and 4.2 K
with C and N contents in Mn-Cr steels with a fixed austenitic grain size of
15 ym. C and N are extremely effective for strengthening, especially at
4.2 K. The increments in yield strength per 1 wt% C and 1 wt% N addition are
1960 MPa/wt% and 2940 MPa/wt%, respectively, which are 3 or 5 times larger
than those at the ambient temperature. Figure 2 summarizes the strengthening
effect due to various alloying elements, where the increments of yield
strength per 1 wt% alloying element at 4.2 K, 77 K, and 293 K are represent-
ed. The increment of yield strength increases with the decrease of test
temperature in any alloying element. The marked strengthening due to C and N
at 4.2 K was also observed in Ni-Cr stainless steel. Cu, V, and Mo exhibited
the largest strengthening among the substitutional alloying elements, and Mn,
Cr, and Ni exerted no influence on the strength.
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It is important to note that an increase of carbon content over 0.10
wtZ% in both stainless steels caused the precipitation of Cr carbide along the
austenitic grain boundaries in as-hot-rolled plate. These grain boundary
carbides not only deteriorate low temperature toughness but also enhance
surface rusting in high-Cr steels. Thus, strengthening due to carbon cannot
be utilized in both types of stainless steel. On the other hand, an increase
of N content over 0.20 wt% in steel did not form any nitride during thermo-
mechanical processing. Therefore, the increase of N content is the most
effective strengthening route at 4.2 K, and Cu, V, or Mo can be used as a
supplemental strengthening alloying element.

Figure 3 shows the change of yield strength with austenitic grain size
in 22Mn-13Cr-5.5Ni steels with the different contents of C and N, where the
yield strength is plotted as a function of reciprocal root of austenitic
grain size. Austenitic grain size was varied by changing both conditions of
hot rolling and solution treatment. The values of Ky, expressing the grain
size dependence of yield strength in the Hall-Petch relation, are 25 and 50
at the ambient temperature and liquid helium temperature, respectively. That
is, strengthening due to grain refinement is very remarkable at 4.2 K. A
similar trend was observed in Ni-Cr stainless steel, in which the values of
Ky at the ambient temperature and 4.2 K were 17 and 50, respectively. The
quantitative strengthening effects due to various alloying elements and grain
size in both stainless steels can be summarized by the following equations:

in Mn-Cr stainless steel
0.2%PS(MPa) at 293K = 98 + 590(%C) + 570(%N) + g?’%Mo)

+ 80(%Cu) + 40(%V) + 25dy (1)
0.2%PS(MPa) at 4.2K = 290 + 1960(%C) + 2940(%N) +_}99(%Mo)

+ 290(%Cu) + 260(%V) + 50dy (2)
in Ni-Cr stainless steel -1/2
0.2%PS(MPa) at 293K = 20 + 470(%C) + 690(%N) + 50(%Mo) +17dy 3
0.27PS(MPa) at 4.2K = 150 + 1700(%C) + 2870(ZN) + 80(WMo)+ 50dy /2 (4)

Controlling Factors of Toughness

Figure 4 represents the relationship between strength and Charpy impact
energy at 4.2 K, together with the effect of alloying elements and impurity
elements in Mn-Cr stainless steel. The open marks in this figure indicate
the steels strengthened by C or N, in which strengthening was accompanied by
a marked reduction of toughness. The increase of strength due to substitu-
tional elements, such as Mo, Cu, and V, resulted in a similar trend. On the
other hand, the increase of Ni content and the reduction of S content can
improve toughness without any influence on strength.

The effect of austenitic grain size on the strength-toughness relation-
ship is given in Fig. 5. Refinement of austenitic grain size from 45 um to
15 ym increases the yield strength by 170 MPa, and for this strengthening,
toughness slightly decreases. However, from the viewpoint of the relation-
ship between strength and toughness, toughness loss caused by strengthening
due to grain refinement is much smaller than the toughness deterioration that
accompanies strengthening due to C and N. In other words, high toughness is
obtained in the steels with finer austenitic grain size at the same strength
level.

In the relationship of strength and fracture toughness, Kic, the same

trend is observed with the strength-Charpy impact energy relationship, as
shown in Fig. 6. The value of Kic decreases with strengthening due to N in

60



1600 T T T T T
4.2K A
//’/ /o
1400} &
7 ’
/// ’,’
xS 0
1200} ,,0 /,’ 6
~ o ,/’O
o
o il Ky=50
= o’
~1000 — ey +
n
it 23K 0:0.04C-0.I7N
i 4:0.04C-0.29N
S 600} ©:0.18C-0.17N
//”;‘gr’o
400 | ,ég/ -
a” .o
o
oéy Ky=25
200 L . " L .
2 4 6 8 10
Dr-l/! ( mm-VE )
Fig. 3. The change of yield strength
with austenitic grain size in
Mn-Cr stainless steels.
250 T T T T
> 200
>
o
—
2
5 150 1
-
(8]
[=]
[«
£ 400 1
>
[«
5
£
(&) 50 J
1000 1200 1400 1600
0.2%PS (MPa)
Fig. 5. The effect of austenitic grain

size on strength-toughness
relationship in Mn-Cr
stainless steel.

200

o [8)]
o o

(6
(=]

Charpy Impact Energy (J)

22-25Mn-13.5Cr-5,5Ni-0.0010S

0 ' A e
1000 1200 1400 1600
0.2%PS ( MPa )
Fig. 4. The relationship between

strength and Charpy impact
energy at 4.2 K, together with
the effect of alloying
elements and impurity elements
in Mn-Cr stainless steel.

Open 22Mn-13,5Cr-0,0010S-Ni
Solid 18Cr-0.0010S-Ni-Mo

JAER! SPEC,
300 A .
. 14Ni-4.5Mo
12Ni-3.5Mo o
12Ni-4.5Mo
10.5Ni |
76N - \
2 200 & —
8 5.3Ni,, a \o
\\ N i
R o.oosS\
NBS < A
Data s~
\\
100 . . . .
1100 1200 1300 1400
0.2%PS ( MPaq )
Fig. 6. The relation of strength and

fracture toughness, together
with the effect of alloying
elements and impurity
elements.

61



Mn-Cr stainless steel. The increase of Ni content and the reduction of S
content are very effective in raising fracture toughnes§ while maintaining
high strength. Compared with the data in a NBS report,  a better relation-
ship between strength and fracture toughness is obtained in the present
investigation. This appears to be due mainly to the difference in clean-
liness of the steel and the finer austenitic grain size achieved by thermo-
mechanical processing. That is, the steels used here contain S content less
than 0.0010%, and austenitic grain size was reduced to 50 ym. It is also
important to note that the fracture toughness of Ni-Cr-Mo steels was superior
to that of Mn-Cr steels. This may be attributable to higher Ni content and
the beneficial effect of Mo addition in the former steel.

Effect of Thermomechanical Processing

In general, most stainless steel plates are currently produced by
solution treatment, where coarse austenitic grain structures (with grain size
over 100 um) unavoidably form at solution treating temperatures. On the
other hand, the thermomechanical process in plate mills, which is the com-
bined process of controlled rolling and subsequent accelerated cooling or
direct quenching, can be applied to austenitic steel. This may be referred to
as direct solution treatment. That is, high temperature controlled rolling
that is carried out above recrystallization temperature in austenitic stain-
less steel can produce very refined austenitic grains through repeated static
recrystallization during hot rolling, and subsequent rapid cooling can
suppress the carbide precipitation in as-hot-rolled condition.

Figure 7 gives the change of austenitic grain size with plate thickness
and reheating temperature in both Mn-Cr and Ni-Cr stainless steels. In both
types of steels, austenitic grain size decreases with the reduction of plate
thickness. Fine grain size (smaller than 30 pm) is obtained in plates
thinner than 20 mm, and even in the heavy plate (thicker than 75 mm), austeni-
tic grain size ranged from 40 to 70 um, which is about a half that in a
conventional solution treating condition. Austenitic grain size decreases
further by lowering the reheating temperature, but one must be very careful
not to reduce rolling temperature below recrystallized temperature of stain-
less steels by adopting an extremely low reheating temperature. Recrystalli-
zation temperatures in Mn-Cr steel, type 304, and type 316 obtained by hot
rolling experiments were 950°C, 970°C, and 1050°C, respectively. Austenitic
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grain size in 18Cr-13Ni-3.7Mo stainless steel is smaller by about 20 uym than
that in 22Mn-13Cr stainless steel under the same hot-rolling conditions as
shown in Fig. 7. This appears to be caused by the grain refinement effect
due to Mo addition.

ALLOY DESIGNING AND DISCUSSION

Strength obtained at 4.2 K can be controlled principally by N content
and austenitic grain size, as shown in Fig. 2 and Fig. 3. In Mn-Cr stainless
steels, the solubility of N is more than 0.35 wt%, and strengthening by N
addition is fully utilized, although excessive strengthening tended to
decrease toughness, as shown in Fig. 4 and Fig. 6. Therefore, an optimum
addition of nitrogen is important. Cleanliness of the steel, which depends
on S and O contents, plays an important role in the improvement of toughness,
and it was confirmed that reduction of S content below 10 ppm markedly
improved both Charpy impact energy and Kic values at 4.2 K. Austenitic grain
refinement, which improves the strength-toughness relationship, can be
achieved through a thermomechanical process, and austenitic grain sizes
smaller than 50 pym are obtained in heavy plates. Taking these factors
mentioned above into consideration, optimum alloying compositions for the
heavy plate that can satisfy the specifications proposed by JAERI were deter-
mined in Mn-Cr and Ni-Cr stainless steels.

By assuming austenitic grain size is 50 um in heavy plates (over 100 mm
thick) and using equation (2), 0.22 wt%Z N is necessary to attain the proposed
yield strength greater than 1200 MPa in Mn-Cr stainless steel. The amount of
Ni content should be determined by toughness. It is implied from comparison
of Fig. 4 and Fig. 6 that the Kic fracture toughness requested by JAERI may
be more difficult to achieve than the specified value of Charpy impact
energy. Ni content over 7.0 % is necessary to attain a fracture toughness
greater than 200 MPa/m in Mn-Cr stainless steel. In Ni-Cr stainless steel
the solubility of N is 0.2 wt% at most for the common Cr level about 18 wt%,
and under this limitation, an additional increase of strength by Mo is
necessary to obtain a yield strength over 1200 MPa at 4.2 K. On the basis of
equation (4), Mo content greater than 3.0 wt% is needed in Ni-Cr stainless
steel containing 18 wt% Cr. It is important to note that fracture toughness
in these Ni-Cr stainless steels is high enough to fulfill the specification
by JAERI, as demonstrated in Fig. 6.

3

Alloy compositions of the candidate Mn-Cr and Ni-Cr steels as well as
their mechanical properties at 4.2 K are listed in Table 2. These two types
of stainless steels satisfy the values of yield strength, Charpy impact

Table 2. Alloying Composition and Mechanical Properties
of the Candidate Materials at 4.2 K.

C | Si | Mn P S cr | Ni [Mofsotat| TN
A 10.02]0.30[{22.0]0.003]0.001j13.5| 7.5] — |0.01{0.22
B |0.01}0.30] 1.5[{0.003{0.001}18.5]12.0|3.5]0.01{0.21

0.2%PS| TS vE42 Kic
(MPa) | (MPa) (J) MPa/m
A|l1203 1458 | 192 212
B|l1232]1529| 208 282

spec.|2 1200 2100f 2200
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energy, and fracture toughness proposed by JAERI. Compared with steel A in
Mn-Cr type stainless steel, steel B in Ni-Cr type stainless steel exhibits
better toughness, although the alloying cost in steel B might be higher than
that in steel A.

CONCLUSIONS

1. Strength obtained at 4.2 K is influenced principally by chemical
composition and austenitic grain size. Carbon and nitrogen exert a greater
influence on strength than substitutional elements, and the strengthening
coefficient of these elements at 4.2 K is 3 to 5 times that at ambient
temperature in both types of steels. The quantitative strengthening effects
due to various alloying elements and grain size at 4.2 K can be summarized by
the following equations:

0.2%PS(MPa) in Mn-Cr stainless steel
= 290 + 1960(%C) +_%?50(ZN) + 100(%Mo) + 290(%Cu)
+ 260(%V) + 50dy

0.2%PS(MPa) in Cr-Ni stainless steel -1/2
= 150 + 1700(%C) + 2870(%ZN) + 80(%Mo) + 50dy

2. Toughness evaluated by Charpy impact energy and Kic values at 4.2 K is
controlled by strength, alloying elements such as Ni, cleanliness, and
austenitic grain size. The increase of Ni content and a reduction of S
content in both Mn-Cr and Ni-Cr stainless steels improve markedly both values
while maintaining high strength. A better combination of strength and
toughness is obtained by grain refinement through thermomechanical processing
than by high strengthening due to C and N.

3. Candidate materials that fulfill the proposal of JAERI were determined
in both Mn-Cr and Cr-Ni stainless steels. The optimum compositions are
0.02C-22Mn-13Cr-7.5Ni-0.22N and 0.01C-1.5Mn-18Cr-12Ni-3.5Mo-0.21N, respec-
tively.
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EFFECT OF Mn ON THE CRYOGENIC PROPERTIES OF

HIGH NITROGEN AUSTENITIC STAINLESS STEELS

T. Sakamoto, Y. Nakagawa, and I. Yamauchi

Stainless Steel Laboratory
Nippon Steel Corporation
Kanagawa, JAPAN

ABSTRACT

High nitrogen containing austenitic stainless steel is a promising
structural material for use in superconducting coils. However, high Cr
and Ni contents are required to obtain sufficient strength and toughness
at the same time (25% Cr and 13% Ni are necessary to attain the target
values proposed by JAERI). As there is a possibility of decreasing Ni and
Cr contents by the addition of Mn without any change of nitrogen content
in solid solution, the effect of Mn on the cryogenic properties was in-
vestigated and the following results were found:

1) Mn is nearly as effective as Cr in increasing N solubility.

2) Mn is more effective than Ni in increasing the strength at cryogenic
temperatures when the amount of N is equal.

3) Mn has an austenite stabilizing ability when Cr content is low, and it
works as a ferrite forming element when Cr content is high.

4) Toughness deteriorates to some extent by the addition of Mn.

The optimum Mn content varies with the contents of Cr and Ni, and some

suitable Cr-Ni-Mn combinations are possible, depending on the circum-

stances of application.

INTRODUCTION

High proof stress, fracture toughness and nonmagnetism at liquid He
temperature are the principal properties required for the structural
material used in construction of superconducting magnets.

High-nitrogen Ni-Cr stainless steels with reduced second phase par-
ticles are promising material for this purpose, as previously report-
ed.1,2 For example, 25Cr-14Ni-4Mn-0.35N steel has a 0.2% proof stress of
1390 MPa, a Charpy V-notch energy of 151 J and a Kyc of 238 MPav/m at 4K.

This kind of steel tends to be expensive, since it contains large
amounts of Ni and Cr. High Mn austenitic steels with the addition of Cr
to enhance the corrosion resistance are, on the other hand, also candi-
date materials for this purpose; their cryogenic properties are similar
to those of high-N Ni-Cr stainless steels.”® Therefore, there exists a
possibility of a material of new composition, in which Ni and Cr are re-
placed by Mn.

Mn can be a substitute for Ni, as it is an austenite forming ele-
ment: it can also be a substitute for Cr, as it increases the solubility
of N, which is indispensable for the attainment of sufficient proof stress.
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Table 1. Composition Range of Specimens
in Weight Percent

Mn 0~20%
o 13~23% when Mn> 7 %
17~31% when Mn< 7 %
Ni 2~19%
0~06% mainly 0.25 ~ 0.35 %
0.03 %

The purpose of this paper is to study fundamentally the effect of Mn
on the solubility of N, the strength, the toughness, and the phase stabi-
lity at cryogenic temperature, in order to make use of this element ef-
fectively for structural use.

EXPERIMENTAL METHOD

About 80 kinds of steels having the composition ranges denoted in
Table 1 were used. Mainly, 50 kg ingots were prepared by vacuum-
induction melting, but some high Mn containing ingots were prepared by
melting in air.

An average Ca content of 0.0037% was added, and Al content was
limited to less than 0.03% to avoid harmful inclusions. The inclusion
content of the specimen ranged from 0.05% to 0.177%.

All specimens were taken from the 30-mm-thick plate after solution
heat-treatment at 1100°C. Tensile properties were determined using 7 mm
diameter-35 mm gauge length specimens and impact toughness was measured
as the absorbed energy value by Charpy V-notch testing.

These tests were all conducted at 77 K, since the proof stress and
impact toughness at 4 K has a close relationship with those at 77 K. For
example, 0.27% proof stress of 1200 MPa at 4 K corresponds to 960 MPa at
77 K, and vE of 100 J at 4 K corresponds to 150 J at 77 K.

Austenite phase stability was measured by the magnetic permeability
(1) and by inspection of microstructure.

RESULTS

Effect of Mn on the Solubility of N

The solubility of N with varied Cr and Mn content was determined by
using the specimens with constant Ni content around 157%.

Here, we define soluble where no bubbling occurs within the ingot
after vacuum melting, and the solubility limit as the boundary N content
beyond which the bubbling occurs. Solubility of N in the Ni-Cr matrix
does not vary much with the temperature, so that N remains in solid solu-
tion after cooling at a normal cooling rate.

Fig. 1 shows the solubility limits which were experimentally deter-
mined by this method. The solubility of N increases with Cr and Mn re-
markably. The following experimental equation was derived from the
result.

N(%) = 0.021(Cr + 0.9Mn) - 0.204 (1)

Mn is nearly as effective as Cr in increasing the solubility of N.
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Effect of Mn on the Solution Hardening of N

Mn takes part in increasing the proof stress by its substitutional
solid solution hardening. Consequently, Mn-Cr steel shows higher proof
stress than Ni-Cr steel when N content is equal.

However, the contribution of Mn in increasing the proof stress is
slight when compared with that of N, and the fairly large amount of N is
also necessary for Mn-Cr steel to obtain high proof stress at low temper-
atures.

The relation between N content and the proof stress at 77 K is shown
in Fig. 2. The amount of N is the major factor in increasing the proof
stress, but the rate of increase seems smaller when Mn content is high
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Fig. 2. Relation between N content and 0.2% proof stress at 77 K,
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(>7% in Fig. 2). And finally the proof stress does not increase beyond
the critical N value of about 0.37%. Therefore, further addition of N in
high Mn steel is useless from the viewpoint of the proof stress.

Effect of Mn on the Stability of Austenite

Mn has been considered to be an austenite stabilizing element.
Delong5 alloted Mn 0.5; Hammer,6 0.31; and Espy,7 0.87 for their Ni
equivalent.

There are two aspects to consider in assessing the stability of
austenite. One is the stability against the § ferrite formation when Cr
content is high. The other is the stability against the martensite for-
mation. The former is affected by the composition only, while the latter
also depends on the temperature and the degree of deformation.

The effect of Mn on the § ferrite formation determined by our ex-
periment is shown in Fig. 3. It shows that Mn works as a ferrite-forming
element, contrary to the previous studies. Therefore, Mn content must be
low to obtain single phase austenite when Cr content is high.

On the other hand, the effect of Mn on the martensite formation is
cqmplicated. Adjusting our experimental results and allotting a Ni
equivalent of 0.6 to Mn, we obtained Fig. 4, which signifies that the
martensite forming tendency depends only on the Ni equivalent, and the Cr
equivalent is irrelevant.

As the magnetic permeability (u) is proportional to the quantity of
o martensite and u = 1.02 corresponds to 0.3%a, we can obtain material
whose magnetic permeability is less than 1.02 with the condition that its
Ni equivalent value exceeds 287 regardless of the Cr equivalent value.

From the above results, we can conclude that the effect of Mn on the
phase stability varies with Cr content. The austenite stabilizing effect
of Mn is very large when Cr content is low, decreases with the increase
of Cr, and finally, Mn becomes ferrite-forming element at high Cr
content.
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Effect of Mn on the Impact Toughness

Before investigating the effect of Mn on the impact toughness, there
is one important fact worth noticing, that is, the effect of S: When Mn
is added in the metallic form of Mn, S content inevitably increases
because a considerable amount of S is usually contained in metallic Mn.

S decreases the impact toughness remarkably, as shown in Fig. 5.
Accordingly, some consideration must be given to content when selecting
materials to avoid this important defect.

Comparing the impact toughness of Ni-Cr-N steel with that of Mn-Cr-N
steel, we find out the former is a little superior to the latter when the
proof stress is equal.2 Mn seems to decrease the impact toughness to
some extent.
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Fig. 5. Relation between S content and vE at 77 K.
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A multiple linear regression analysis was made with 21 specimens
which contain less than 0.003% S, and the effect of elements on the
impact toughness relative to that of Mn was calculated.

The result is represented by the following equation:

Mn eq. = Mn + 1.1Cr + 46.5N - 2.5Ni (%) (2)

The effects of Mn and Cr are nearly equal and N decreases the impact
toughness 46.5 times more than Mn. Ni is the only element that improves
the impact toughness.

Fig. 6 shows the relation between this Mn equivalent and vE at 77 K.
The impact toughness of Mn-containing materials can be predicted using
this equivalent.

Inclusions and small second phase particles decrease the imEact
toughness of Ni-Cr-N steels markedly, as we reported previously.

However, the effect of these small particles was not clear on the materi-
als of this experiment, whose inclusion content ranges from 0.05% to
0.08%.

CONCLUSIONS

The following results were found by this study concerning the effect
of Mn on the cryogenic properties necessary for the structural material:
1. Mn is useful in increasing the solubility of N, which is the most

effective element in enhancing the proof stress at cryogenic temper-
atures. In this regard, Mn can be replaced with Cr, which also ef-
fectively increases N solubility. A rough standard of N solubility in
a small ingot formed by vacuum melting is:

N(%) = 0.021(Cr + 0.9Mn) - 0.204

when Ni content is around 157%.

2, The effect of N in increasing the proof stress by solid solution
strengthening is slightly less when Mn content is high in the Cr-Ni-Mn
matrix, and it becomes nearly saturated at N content of 0.3%. However,
as Mn has its own effect of increasing the proof stress by substitu-
tional solid solution strengthing, the necessary N content can be lower
than that in low Mn Cr-Ni steels.
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3. The behaviour of Mn with regard to the stability of austenite is very
complicated. Mn is a ferrite-forming element at the austenite-ferrite
boundary of the high Cr content region.

On the contrary, Mn works as an austenite stabilizing element at the
austenite-martensite boundary of the low Cr region. And by allotting a
Ni equivalent of 0.6 to Mn, this boundary line becomes dependent only
on the Ni equivalent, regardless of Cr equivalent.

4. The impact toughness at 77 K deteriorates with the addition of Mn.
This effect is similar to that of Cr. Ni is the sole element that im-
proves the impact toughness. As S deteriorates the impact toughness
markedly, some consideration must be given to decreasing the S content.

The optimum Mn content varies with the amount of Cr and Ni for the
reasons mentioned above. Therefore, several suitable Cr-Ni-Mn combina-
tions are possible according to the circumstances of application.
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AN INVESTIGATION OF THE CRYOGENIC MECHANICAL PROPERTIES

OF LOW THERMAL-EXPANSION SUPERALLOYS

L. T. Summers and E. N. C. Dalder

Lawrence Livermore National Laboratory
Livermore, California

ABSTRACT

Four Fe-based superalloys, JBK-75, Incoloy 903, Incoloy 905, and
Incoloy 909 were evaluated as tube materials for ICCS Nb3Sn super-
conductors. Evaluation consisted of 4-K tensile and elastic-plastic
fracture-toughness testing, and a microstructural characterization of
unwelded and autogenously gas-tungsten-arc welded sheet given a
simulated postweld processing treatment of 15% cold reduction by rolling
followed by a Nngn-reaction heat treatment of 96 hours at 700 ©C plus
48 hours at 730 °C. Results indicate that JBK-75 and Incoloy 903
showed satisfactory combinations of strength and toughness for ICCS tube
use requiring long Nb3Sn-reaction heat treatments. Incoloy 905 welds
and 909 showed unacceptable fracture toughness. Results are discussed
in terms of microstructural changes caused by the extended
Nb3Sn-reaction heat treatment.

INTRODUCTION

Many fusion coil designsl-3 use unalloyed or alloyed Nb3Sn super-
conductor, surrounded by a thin-walled tube, and cooled by the forced
flow of LHe inside this tube; the so-called "internally cooled coiled
superconductor” or ICCS. This report describes the investigation of the
suitability of four alloys proposed for use as the tube.

The high-strain sensitivity of Al5 conductors? requires that the
conductor be fully fabricated prior to reaction heat treatment.
Fabrication includes wrapping with the tube alloy, seam welding, and
swaging to final size. The tube alloy sees the high-temperature heat
treatment that forms Nb3Sn in the conductor. Minimizing thermal-
expansion mismatch between the Nb3Sn conductor and tube is beneficial,
and use of alloys with controlled thermal expansion can substantially
increase the current-carrying capacity of short lengths of ICCS
conductors.

Tube-alloy performance targets in this program are those set forth
in the Vail Vorkshop6 in October 1984: a 4-K yield strength (oy) of at
least 700 MPa, a 4-K fracture toughness (Kjc) of at least 100 MPa vm,
and a tensile elongation of at least 10%. In this investigation, the 4-K
Kic and tensile properties of four candidate alloys were determined on
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Table 1.

Compositions, weight percent

Alloy Fe Cr Ni Co Nb Ti Al Mo Mn C Si

JBK-75 Bal 15.0 29.0 ---- ---- 2.15 1.25 1.25 0.05 0.016 --
1-903 Bal ---- 38.0 15.0 3.0 1.4 0.9 0.5 0.2 0.03 --
1-909 Bal ---- 38.2 13.0 4.7 1.5 0.4 0.5 0.2 0.03 0.25
1-905 Bal ---- 48.9 0.33 4.7 1.5 0.04 ---- 0.05 0.01 --

unwelded sheet and autogenous (without filler material being added) gas-
tungsten-arc (GTA) welds after a simulated Nb3Sn-reaction heat treatment
of 96 hours at 700°C plus 48 hours at 730°C. Work performed by Wu et
al.” showed that this treatment yielded the maximum critical current
density for internal bronze-process Nb3Sn superconductor.

Four alloys were selected for evaluation. The first, JBK-75, is the
same precipitation-hardening stainless steel as that used for the tube
for the Westinghouse Large Coil.8 The three remaining alloys (Incoloy
903, 905, and 909) are controlled thermal-expansion alloys, with
compositions given in Table 1. All four alloys harden by the precipi-
tation of an ordered intermetallic phase of the "Ni3X" type, where "X"
may be Ti, Al, or Nb, either alone or in combination.

PROCEDURE

The starting material was 1.54- to 1.77-mm-thick sheets. Sheets
were sealed in stainless steel bags and solution treated in air for one
hour at 1253 K. Following descaling, weld specimens were prepared using
the GTA process. All welds were full penetration "bead-on-plate" welds.

Metallographic specimens were sealed in stainless steel bags and
heat treated in air at temperatures from 923 to 1073 K for up to 500
hours. Temperatures were controlled to +2 K, as determined by a
Chromel-Alumel thermocouple. Specimens for mechanical testing were aged
using the previously described heat treatment.

Aging curves were generated using microhardness measurements
obtained from metallographic specimens. Mechanical test specimens were
described in Ref. 9. The Kjc was determined using the unloading-
compliance J-integral method of ASTM E-81310 modified for testing at

3 k.11 The specimen thickness is lower than prescribed by ASTM E-813,
but is similar to the thickness of an actual conductor sheath. Therefore,
the estimates of Kyc based on these tests may be conservative. Tensile

tests were run at a crosshead speed of 1.27 mm/min in a "hard" machine
and testing conformed to procedures set forth in ASTM E-812, modified for
testing at 4 k.13 Specimens were oriented such that the applied loads
were taken both along and transverse to the rolling/welding direction .

RESULTS

Mechanical Testing

Results appear in Table 2. The average ultimate tensile strengths
(oy), 0.2% offset yield strengths, and elongations to failure (ep) of
the four alloys are given. The 4-K oy of all unwelded and GTA-welded
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sheet surpass the 700-MPa goal. Elongation values of Incoloy 903, 905,
and JBK-75 sheet exceed the 10.0% requirement. Elongation values of
Incoloy 909 sheet were unacceptably low, with values of 4.6% (L) and 7.0%
(T). Elongation values of Incoloy 905 welds tested in the T direction
and JBK-75 welds tested in the L direction exceeded the 10.0% requirement.
However, ep values for Incoloy 903 welds tested in both directions and
JBK-75 welds tested in the T direction were between 9.0 and 10.0%.
Incoloy 905 welds tested in the L direction and Incoloy 909 welds tested
in both directions fell well below the 10.0% requirement, being 7.4%,
4.0%, and 3.5%, respectively. Incoloy 909 had a weld ep of 3.75% while
Incoloy 905 and 903 welds showed ep values of 7.4 to 14.2% and 9.1 to
9.3%, respectively.

Notched tensile data at a stress concentration of 4 are summarized
in Table 2. Incoloy 903 and JBK-75 had ratios of notched tensile strength
(onotched) to unnotched tensile strength, or "NIR", no lower than 0.81.
Welded Incoloy 905 had a NIR ratio of 0.71. Incoloy 909 had signifi-
cantly lower NTR values, 0.65 to 0.73 for sheet and 0.55 to 0.56 for
welds.

Fracture toughnesses of all alloys are given in Table 2. Incoloy
909 sheet and welds have unacceptably low Kic of 69.7 MPa vM, and
38.9 to 39.5 MPa vM, respectively. Incoloy 905 welds tested in the L
direction had a Kjc of 81.5 MPa vM, but this value rose to 136.8 MPa vf
when tested in the T direction.

The 4-K Kjc values showed a qualitative correlation to NTR and
ratio of oy,/oy, Or "notched yield ratio," NYR. Those materials
with high K;¢ gisplayed high NIR and NYR values, while those with low
Kic showed low NIR and NYR ratios. For example, Incoloy 909, which
has a weld Kjc of about 39 MPa vM, has an NIR of about 0.55.

Modulus of elasticity (E) values for the four alloys are in Table
2. These values were determined from the elastic-strain region of the
tensile stress-strain curves. Data are reported for E values obtained
for sheet L and T orientations and weld L orientations. Note that the
two Co-free alloys (JBK-75 and Incoloy 905) have significantly higher
(in excess of 170 GPa) E values than Incoloy 903 and 909, which have E
values of 138 GPa to 156 GPa and 141 GPa to 174 GPa, respectively.

MICROSTRUCTURAL CHANGES

For tensile and Kjc rupture surfaces of sheet, microstructural
observations are summarized in Table 3. Incoloy 903 showed ductile
rupture. JBK-75 showed ductile rupture in grain interiors with
embrittlement of grain boundaries. Incoloy 905 showed a mixed-mode
failure with regions of transgranular cleavage and of intergranular
fracture. Incoloy 909 is embrittled, with a rough, intergranular,
fracture surface.

Microstructural observations on fracture surfaces of heat-treated
welds are summarized in Table 3. Incoloy 903 and JBK-75 showed failures
that are mostly ductile. A dendritic weld microstructure was evident,
indicating that some embrittlement occurred at dendrite interfaces.
Incoloy 903 showed evidence of the fracture following the columnar
weld-metal grain-structure. Incoloy 905 and 909 showed pronounced
evidence of separation both along weld-metal-grain and dendrite
boundaries.

JBK-75 formed grain-boundary phases by a cellular precipitation
mechanism.1? The cellular product was seen in the weld at aging times
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of less than 8 hours. Continued aging resulted in rapid coarsening of
the cellular product in the weld and decoration of sheet grain
boundaries by the cellular product. The common overaging product in
Fe-Cr-Ni superalloys is Ni3Ti eta phase9 which forms by a cellular
mechanism and is probably responsible for the weld and sheet
grain-boundary decoration in JBK-75.

Fully reacted Incoloy 903 weld and sheet showed discontinuous
precipitation along grain boundaries and a coarse intragranular
precipitate. Semiquantitative SEM-EDS analysis showed that the
intergranular precipitates are slightly enriched in Nb and Ti with
respect to the matrix, indicating that these precipitates are of the
Ni3(Nb,Ti) type.

Fully reacted Incoloy 905 sheet showed serrated grain boundaries
resulting from grain-boundary migration caused by growth of the coarse,
intergranular, precipitate plates. Incoloy 905 welds showed intra-
granular precipitates. Incoloy 909 sheet and welds showed heavy, small,
intergranular precipitation early in aging. SEM-EDS analysis showed
enrichment with Nb and Ti. These precipitates are probably an inter-
metallic overaging product, such as Ni3(Nb, Ti).

Weld and sheet specimens of these alloys showed a difference in
aging response. The welds age more slowly and to lower peak-hardness
values than does sheet.

DISCUSSION

Susceptibility of Fe-base superalloys to formation of embrittling
precipitates is complex, and depends on both processing history and
composition. Holding other factors constant, the alloy with the higher
concentration of hardening elements such as Ti, Al, Nb, Ta, and C, will
be most likely to form unwanted phases. These assumptions provide
guidelines for material selection and understanding of microstructural
changes.

Low Kjc and rapid grain-boundary precipitation in Incoloy 909 is
expected, since the combined Al, Ti and Nb content of this alloy is
nominally 6.6 wt%. The high Nb/Ti ratio favors the substitution of Nb
for Ti in y', or the possible formation of y".15 Substitution of
Nb for Ti increases lattice mismatch and the strain energy that drives
the formation of equilibrium phases.

Incoloy 905 contains large amounts of elements that participate in
hardening-phase formation (6.33 wt%). Replacement of Co with Ni in this
alloy affects the precipitate morphology. Overaging products, rather
than forming as grain-boundary precipitates, form as intragranular
Widmanstatten precipitates that contribute to transgranular fracture and
reduction of Kjc.

Both JBK-75 and Incoloy 903 contain lesser reduction of the
hardening elements: 3.4 and 5.3 wt%, respectively. Also significant is
the lower Nb/Ti ratio in Incoloy 903 as compared to other Incoloys,
resulting in alloys that, while showing grain-boundary precipitation, do
not do so to an extent that Kjc is compromised. Welds in JBK-75 are
sensitive to formation of a cellular phase mixture at grain and dendrite
interfaces, due to segregation of Ti to dendrite interfaces during weld
solidification.? Hardness mismatches during isothermal heat treat-
ments of these alloys are caused by this Ti segregation, which forms
"precipitate-free zones" (pfz) in welds. Multistep aging treatments
reduce the extent of pfz. Similar oy for welds and sheets in this
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investggation results from beneficial effects of the long aging at
973 K.

Based on Kjc and oy requirements, Incoloy 903 and JBK-75 meet
the specified targets. "The low ep of Incoloy 903 weld is below the
needed 10%. Owing to the weld's high Kjc, this may not be a major
concern. Incoloy 905 and 909 have good o, and Sy, but insufficient
Kic, particularly in their welds.

Incoloy 903 and 909 have low E values, about 156 GPa. Incoloy 905
and JBK-75 have values of 204 GPa and 238 GPa, respectively. If the
tube is a load-bearing member, designers must account for differences in
moduli of tube alloys. Use of a higher-E alloy, such as JBK-75, may
allow reductions in tube-wall thicknesses and a higher fraction of
superconductor in the coil pack. However this advantage must be weighed
against effects of thermally induced strains caused by the higher
thermal-contraction coefficient of JBK-75.

Alloys with large amounts of Co (Incoloy 903 and Incoloy 909) had
lowest E values. It is assumed that replacement of Ni and Fe with Co is
responsible for E changes. If this is true, development of E-composition
correlations based on published information may provide a means for
planning a focused alloy-design program to produce an alloy with both
high E and low thermal-expansion coefficient.

CONCLUSIONS

1. All alloys formed extensive coarse precipitates during a long
(973 K:96 h plus 1003 K:48 h) Nb3Sn-reaction heat treatment.
Incoloy 909 and 905 sheet and GTA welds showed heavy intergranular
and intragranular precipitation. JBK-75 welds showed extensive
formation of an NijTi-based phase that did not adversely affect
Kjc. Both JBK-75 sheet and Incoloy 903 sheet and welds showed
much less sensitivity to overaging than did Incoloy 905 and 909.

2. Yield strengths of all alloys are above the 700-MPa requirement.
However, Incoloy 905 welds and Incoloy 909 welds and sheet had
Kjc values that are well below the 100 MPa vf target.
Intergranular failure and reduced Kjc resulted from heavy
precipitation of brittle equilibrium phases that occurred
intragranularly in Incoloy 905 and at the dendrite and grain
boundaries of Incoloy 909.

3. Tensile elongation is acceptable in JBK-75 weld and sheet. Incoloy
903 and 905 display satisfactory ep in sheet but marginal ep in
welds. Incoloy 909 had poor ep in both weld and sheet.

4. The E values of Incoloy 903 and 909 are considerably lower than
Incoloy 905 and JBK-75, possibly due to the replacement of Ni and
Fe with Co in these alloys.

RECOMMENDATIONS

Based upon 4-K mechanical properties, Incoloy 903 and JBK-75 are
acceptable for ICCS conductor-tube alloy usage in applications requiring
extended Nb3Sn heat treatments. The E value of Incoloy 903 is low and
its effect on any design must be examined. Incoloy 905 and 909 should
be excluded from consideration on the basis of low Kjc values.
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WELDING ADVANCES IN CRYOGENICS

K. A. Yushchenko

E. 0. Paton Institute of Electrowelding
Ukr.SSR Academy of Sciences
Kiev, USSR

ABSTRACT

Recent developments in welding technology are reviewed. Mechanical
properties of recently developed alloys and welds produced by various
processes are tabulated.

INTRODUCTION

In modern cryogenics, the developmental level of welding materials and
techniques determines, to a large extent, the success of space exploration
programs, the reliability of containers for liquefied gases, and the capa-
bilities ities of cryogenerators, cryomotors, superconducting cables, and
magnetic systems for thermonuclear fusion plants. In the 1960s, the dominant
research effort was in welds for pipeline shells and pipes, which were manu-
factured from relatively thin, small pieces of metal. Problems that arose in
the 1980s required the development of new (in principle) materials, processes,
and equipment.

Welded structures are used in all types of applications at cryogenic
temperatures. Along with the development of systems that must operate in
this temperature range, requirements of cryogenic welding materials science
are continuously increasing. The experience of the last twenty years showed
that development of structural materials must consider the service conditions
at cryogenic temperatures.1'

What are these conditions? The principal ones are:

e brittle fracture resistance in the loading condition down to 4 K and
low sensitivity to stress raisers

e good weldability and flexibility in metallurgical processing, stamp-
ing, and bending

e high strength

e corrosion resistance

e 1low thermal conductivity and magnetization

Depending on the service conditions, other requirements may be a low coeffi-

cient of thermal expansion, fracture resistance during thermocycling or
irradiation, and satisfactory performance in strong magnetic fields, to name
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a few. Both structural materials and welding materials must meet all these
requirements. Welding materials are primarily welding wires, electrodes, and
fluxes.

RECENT DEVELOPMENTS

In the last two decades, the development of welding science and engi-
neering for cryogenic applications has been characterized primarily by the
development and industrial production of good, weldable structural steels and
alloys. Examples of alloys that were developed for service over a wide range
of cryogenic temperatures are given in Table 1; they are the results of re-
search in the USSR, United States, Japan, Great Britain, and the Federal Re-
public of Germany. Note especially the austenitic nitrogen-strengthened
steels. Alloying 18 to 22%Cr and 10 to 16%Ni steels with nitrogen sharply
increases their strength properties in the temperature range 4.2 to 77 K.

Table 1. Properties of Steels and Alloys for Cryogenic Applications

Type of Alloy Tempera- Yield Ultimate Impact Fracture
ture, Strength, Strength, Toughness Toughness
K MPa MPa (CVN)é (K1)
kgm/cm MPavm
Fe-18Cr-10Ni- 293 220 540 30 *
0.5Ti
Fe-18Cr-13Ni 4.2 580 1300 26 350

2.5Mo-0.5Ti
(and similar
alloys)

Fe-18Cr-10Ni- 293 320 600 30 *
0.15N

Fe-18Cr-13Ni- y,
2.5Mo-0.15N

(and similar

alloys)

n

900 1500 22 280

Fe-0.3C-13Cr- 293 370 650 23 240
19Mn-0.18N

Fe-0.03C-13Cr- 4.2 960 1400 17 130
20Mn-5Ni-0.2N

(and similar

alloys)

Fe-0.03C-20Cr- 293 370 650 30 300
16Ni-0.25N

(and similar 4.2 1150 1500 25 160
alloys)

Fe-0.03C-12Cr- 293 830 1050 12.0 200
10Ni-0.6Mo-

0.25Ti 20 1400 1500 5.0 140
(and similar

alloys)

¥not determined
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Fig. 1.

Cryogenic vessel from 18Cr-10Ni stainless steel (1400 m3).

This discovery is very important in the recent development of materials for

structures operating in strong magnetic fields.

The combination of high

strength (more than 1500 MPa), yield strength (more than 1200 MPa), and a
nigh ductility enabled the development of such unique structures as the mag-
netic power systems of thermonuclear fusion plants--tokamak, Mirror Fusion
Test Facility (MFTF), and Large Coil Project (LCP); load-carrying elements of
rotors of cryoelectric machines; high pressure vessels for the storage of
liquefied gases (Fig. 1); and elements of a cryogenic aerodynamic tunnel.

Table 2. Properties of High Nickel Alloys
Type of Alloy Tempera- Yield Ultimate Impact Fracture
ture, Strength, Strength, Toughness Toughness
K MPa MPa (CVN)é (KI ,
kgm/cm MPavm
60Ni-20Cr- 293 1080 1400 6.0 130
9Mo-6W-3A1 4,2 1300 1600 4.0 120
Inconel 706 293 950 1150 5.0 120
4,2 1100 1470 4.0 176
Inconel 718 293 1090 - 126
4,2 1440 - 198
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Table 3. Mechanical Properties of Fe-0.03C-20Cr-16Ni-6Mn-0.25N
Steel Weldments Made by Different Methods with
Fe-0.01C-19Cr-16Ni-6Mn-2Mo-N-2W Wire

Welding Tempera- Yield Ultimate Elonga- Impact Fracture

Method ture, K Strength, Strength, tion, Toughness Toughness
MPa MPa % (CVN)é (K1o),*

kgm/cm MPavm

Electrodes 293 372 657 35 16.0 220

AHB 40,# 20 1150 1420 28 7.5 155

manual

Submerged 293 360 620 38 14.5 -

arc welding 20 1200 1405 26.0 8.0 168

with AHK-45

flux*

Flux-cored 293 340 610 30 12.0 -

wire of 20 1080 1320 22 4.6 140

20Cr-16Ni-

6Mn-2Mo-2W

type

Electroslag 293 325 585 48 22.0 -

welding, 20 1016 1380 36.0 10.6 180

flux AHK-45*

Electron 293 396 670 36.0 18.9 -

beam welding 20 1150 1400 24,0 10.8 172

with filler

wire

Automatic 293 380 650 44,0 18.0 -

argon-arc 20 1120 1430 27.0 9.6 162

welding with

tungsten

electrode

¥ at 77 K

# 0.04C, 7.0Mn, 0.60Si, 19.6Cr, 16.2Ni, 0.15N, 3.0Mo, 0.02S, 0.022P
* caF,, Al03, Mg0, Si0, Zr0,

Great improxements were made in the weldability of high-strength high-
nickel steels.3*"> Table 2 gives typical alloys and their properties. Their
improved properties are essential when devices are subjected to heavy loads
over a broad temperature range, from normal to cryogenic temperatures. Im-
provements in the weldability of serial alloys, such as Inconel 716, 708,
alloy 286, and XH60OMB, * qualified them for use in components and models of
cryogenerator rotors. It is feasible to predict their widespread use in
industrial power plants of the future, having 1.2 to 2.0 MW or even higher
capacity.

Aluminum alloys, having good weldability, are commonly used in cryogenic
structures. Many new structures use particularly thick plate; in some cases

*¥Ni base, 0-0.05C, 0.3Si, 0.01S, 0.01P, 0.5Mn, 19-21Cr, 8-10Mo, 4-6W,
3.2-3.6A1, 5.0Fe
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Fig. 2. Macrostructure of weld made by narrow-gap welding.

the wall thickness is 150 to 200 mm. The joining of such thick aluminum
alloys requires highly efficient welding procedures as well as the very best
welding materials. A high degree of automation is necessary for the welding
procedures, not only to increase productivity, but also to obtain the highest
quality welds by minimizing the technological and metallurgical defects.
Welding sites must now be large enough to handle the large pieces of metal
needed for storage tanks of cryogenic liquids.

For these reasons, considerable effort is being directed to the develop-
ment and improvement of the basic principles of weld alloying and welding
materials. gmong the new developments, studies of the welding of 9%Ni fer-
ritic steels” and stable, nitrogen—-alloyed austenitic steels! are worthy of
mention. Use of ferritic wires on 12%Ni base for the automatic welding of
storage tanks for liquefied natural gas results in a yield strength of more
than 550 MPa at 293 K; austenitic systems Fe~20Cr-(14-16)Ni-(2-4)Mo-2W-(0.20~
0.30)N have yield strengths of more than U400 MPa. The development of the
theory of alloying stable austenitic weldsz' led to the development and use
of the following processes:

manual welding with coated electrodes in all positions
submerged arc welding

electroslag welding

gas electric welding in shielding gases with a flux-core wire
electron beam welding with a filler wire

automatic argon-arc welding with a filler wire

Table 3 gives the mechanical properties of Fe-0.03C-20Cr-16Ni-6Mn-0.25N steel
weldments made by these different processes.

For thick plate, the_narrow-gap welding method with AHK-45 flux* was
used in a previous study.8 The technique that was developed provided a qual-
ity weld (Fig. 2) of 150-mm—thick metal, although the welding of 400- to 600~
mm—-thick plate is feasible. The alloying system developed, materials, and
the welding processes are suitable for a wide range of austenitic and fer-
ritic steels, and even maraging steels when some reduction of weld strength

¥CaF,, A1203, Mgo, Si0, Zr0,
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Fig. 3.

Apparatus for vertical (a) and horizontal (b) automatic
TIG welding of LNG storage vessels from 6 to 9%Ni steel.



Fig. 4. Welding 6 to 9%Ni steel in the overhead position
using flux-covered wire.

is tolerable at room temperature. Note that in welding ferritic Fe-9Ni and
maraging Fe=12Cr-10Ni-0.6Mo-0.2Ti steels with a stable austenitic wire of the
type mentioned above, a matching weld at cryogenic temperatures is attained.
Achievements in the field of cryogenic machine building depend largely upon
the welding equipment. As a rule, not only are specialized automatic ma-
chines required, but also special power sources and control systems. Remark-
able progress has already been made in the USSR, United States, and Japan.
Highly efficient equipment has been developed for shop and site welding of
unique structures. Figures 3 through 5 show examples of this equipment.

What are the prospects of welding development for cryogenic engineering?
First of all, materials will be improved with regard to their susceptibility
to pore and crack formation, process stability, and overall quality. With

Fig. 5. Machine for submerged arc welding of 6 to 9%Ni steel.
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the increase in plate thickness, structural dimensions, and weld length, the
technology and equipment for on-site welding will grow drastically, espe-
cially that of highly automated equipment and associated welding techniques
that will minimize the number of passes. Future goals must include improve-
ments in weld serviceability in actual service conditions, reliability, and
optimization of strength, which together will minimize the cost of structures.
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CRYOGENIC PROPERTIES OF ELECTRON-BEAM WELDED JOINTS

IN A 22Mn-13Cr-5Ni-0.22N AUSTENITIC STAINLESS STEEL
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Hyogo, Japan

H. Nakajima and S. Shimamoto
Japan Atomic Energy Research Institute
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ABSTRACT

The electron-beam (EB) welding process is being considered for welding
structural materials for the large superconducting magnets, because it is
a highly effective process for welding thick, heavy, steel plates. A
70-mm—thick 22Mn-13Cr-5Ni-0.22N austenitic stainless steel plate, recently
developed for cryogenic use, was welded by the EB welding process, and the
characteristics of the welded joint were investigated. The results are:
(1) The welded joint had sound cross sections without any weld defects,
such as cracks and blowholes, although the weld metal had a fully austen-
itic microstructure and a high nitrogen content. (2) The tensile strength
of the welded joint was about 1570 MPa at U4 K, and its joint efficiency was
about 95 percent. (3) The fracture toughness of the weld metal was about
240 MPavm at 4 K, a value higher than that of the base metal. (4) The
results, on a laboratory scale, suggest that the EB welding process is
suitable for welding the 22Mn-13Cr-5Ni-0.22N austenitic stainless steel.

INTRODUCTION

Several kinds of welding processes, such as the electron-beam (EB),
gas tungsten-arc, and gas metal-arc welding processes, will be used to
construct a large superconducting magnet. Among these welding processes,
the EB welding process is strongly considered, because it is very effective
in welding thick, heavy, steel plates.

Previous studies'’? indicate that 22Mn-13Cr-5Ni-0.22N austenitic
stainless steel (22Mn steel) plates have desirable cryogenic properties,
i.e., high yield strength, good fracture toughness and fatigue crack growth
rate properties, and a stable austenitic structure at U K.

In this study, the 22Mn steel plate with 70-mm thickness was welded
by the EB process in the laboratory, and characteristics of the welded
joint were investigated. Applicability of the EB welding process to the
22Mn steel plate was evaluated.
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Table 1. Chemical composition* of steel plate tested.

C Si Mn P S Ni Cr N

0.04 0.34 21.82 0.013 0.004  4.94 12.84 0.212

*Wt. % in check analysis

EXPERIMENTAL PROCEDURE

Material and Welding

The test plate of the 22Mn steel, whose chemical composition is shown
in Table 1, was made on a trial commercial scale from a 15-ton electric
furnace heat. A bottom-pored 15-ton ingot was reheated to 1473 K and hot-
rolled into 200-mm-thick slabs. The slab was reheated to 1473 K and hot-
rolled into 70-mm-thick plate. In this case, the plate was accelerated-
cooled immediately after hot-rolling. Mechanical properties at 4 K of the
22Mn steel plate with 70-mm thickness are shown in Table 2.

A pair of small pieces, 70-mm—thick, 150-mm-wide, and 400-mm-long,
taken from the hot-rolled and accelerated-cooled steel plate, were EB
welded with the conditions shown in Table 3. The welded joints were in-
spected with X-rays.

Test Methods

Tensile properties of the welded joint were determined using 7-mm-
diameter, 35-mm-gage-length specimens. Tensile specimens were aligned
transverse to the centerline of the weld and were taken from the quarter-
thickness of the welded joint, as shown in Fig. 1. The tensile test was
carried out in liquid helium at 4 K. Strain rates before and after yield-
ing were 7 x 1072 s~ ' and 1 x 1073 &~ , respectively.

Fracture toughness of the welded joint was measured by the J-integral
method in accordance with ASTM E813-81, using 25-mm-thick and 51-mm-wide
compact tension specimens. Specimens were oriented as shown in Fig. 1 and
were taken from the quarter-thickness of the welded joint. Specimens with
side-grooves were fatigue-precracked at the center of the weld metal, at
the fusion line, and 5 mm from the fusion line. The test was conducted at
4 K using the single-specimen unload-compliance technique.

The macrostructures and microstructures of the welded joint were exam-—
ined and its Vickers hardness number was measured.

TEST RESULTS AND DISCUSSION

Macrostructure

No defects were observed in the X-ray inspection of the welded joints.
The macrostructure of the cross section of the welded joint is shown in
Fig. 2. No weld defects, such as cracks and blowholes, were observed,
although the weld metal has a fully austenitic microstructure and a high
nitrogen content (0.195 percent.) Furthermore, the width of the weld metal
is very narrow and uniform.
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Table 2. Mechanical properties of 22Mn-13Cr-5Ni-0.22N steel plate.

Plate Test Tensile Properties a) Fracture
Thickness Temp. 0.2% Yield Tensile Elongation Toughnessb)
(mm) (K) Strength Strength (%) Kio(J)
(MPa) (MPa) (MPavm)
70 4 1211 1660 37 189

a) 7-mm¢ round specimen (GL:35 mm), 1/4t, T direction.
b) 25-mmt compact tension specimen, 1/4t, TL direction

Table 3. Electron-beam welding conditions.

Plate Thickness 70 mm
Welding Position Horizontal
Welding Current 150 mA
Welding Voltage 150 kv
Welding Speed 15 cm/min.
Heat Input 90 kJ/cm
Preheating None
Number of Passes 1

Y N

< 70 —
Groove Preparation

( Unit:mm ) 0"%_ b
[ A

Fig. 1. Test specimen locations and orientations.
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Fig. 2. Macrostructure of electron-beam welded joint.
Table 4. Tensile properties of electron-beam welded joint.*
Plate Test 0.2% Yield Tensile Location
Thickness Temp. Strength Strength Elongation of
(mm) (K) (MPa) (MPa) (%) Fracture
1187 1559 17 Weld Metal
70 y ~ Fusion Line
1172 1584 16 Weld Metal
~ Fusion Line
¥As-welded condition
Fig. 3. SEM fractographs of welded joint
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Tensile Properties

The tensile test results of the welded joint are summarized in Table 4.
Its yield strength and tensile strength at 4 K were about 1180 MPa and
1570 MPa respectively, values lower than those of the base metal. However,
the joint efficiency has a high value, about 95 percent. The main reason for
the lower yield strength and tensile strength is probably the decrease in

nitrogen content from 0.212 percent in the base metal to 0.195 percent in the
weld metal.

The fracture surface of a representative tensile specimen was examined
by scanning electron microscopy (SEM). Figure 3 shows the SEM fractograph.
The fracture surface revealed that the weld metal fractured in a ductile
manner.

Fracture Toughness

The results of the fracture toughness test at 4 K are shown in Fig. U4.
The KIc(J) at 4 K for the weld metal was about 240 MPavm, higher than that
of the base metal. The KIc(J) values at 4 K at the fusion line and 5 mm
from fusion line were approximately 180 MPa/m, the same as that of the base
metal.

The fracture surfaces of representative fracture toughness specimens
examined by SEM are shown in Fig. 5. All positions of the welded joint
fractured in a ductile manner. The fracture surfaces of the base metal, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>