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SUMMARY 
Of major technical and cost impact to Magnetic Fusion Energy development are the 

•aterials for the nagnet structure. Likened to gas pressure, the magnetic field lines try 
to expand the structure with equivalent pressures up to 1000 atm. Not only are large ten­
sile forces produced, but significant bending forces may also be present. To withstand 
these forces in the restricted spaces available, materials of exceptional strength and 
toughness are required. In this regard, the low-temperature environment of superconducting 
magnets can be an advantage because many materials exhibit enhanced properties aM;educed 
temperatures. 

Those materials and fabrication techniques that are attractive to fusion magnets are 
discussed and relative comparisons made. Considerations such as strength, toughness, and 
joining techniques are balanced against recommended design criteria to reach an optimum 
design. Several examples of naterial selection are cited for large fusion magnets such as 
Baseball II, the Mirror Fusion Test Facility, the Toroidal Fusion Test Facility, and the 
Large Coil Project. 



C. D. Hennlng -2- N-2/2 
1. IHTRODUCTIOH 

The technical and economic viability of Magnetic fusion energy is greatly dependent 
upon the manufacture of large, high-field superconducting magnets for plasma confinement. 
A few such magnets like Baseball-II at Lawrence Liveruore Laboratory (LLL) [1] and IMP at 
Oak Ridge National Laboratory (OHNL) [2] were constructed in the early 1970's. However, 
size must be greatly expanded and field strength increased on the path to fusion power. 
For example, consider that the Mirror Fusion Test Facility UJFTF) magnet [3 J will weigh 700 
tons, its predecessor Bsseball-II only 15 tons. At the same tine, the field will increase 
from 6 T to 7.8 T. In the future, further expansion in size is envisioned with field 
strengths exceeding 12 T [4l. Tokamak magnets must grow from the 1-ra bore, 4-T performance 
of the Russian T-7 to 10-m bores and perhaps 12 T for an Experimental Power Reactor [5]. 

Almost half the cost and technical difficulty of n large magnet is associated with 
its force-restraining structure. Magnetic field contours can be thought of as pressure 
surfaces with 12 T corresponding to a pressure of 570 atm; the usual design pres .are for 
steam boilers is 200 atm. While pure tension geometries are possible for both tokamaks [6] 
and mirrors [7], inevitably practical manufacturing and fault considerations cause bending 
stresses to be present as well. 

No code or standard guidance exists for the design of magnet structures. Instead, 
one usually resorts to following a portion of various codes like Sees. Ill or VIII of the 
ASME Boiler and Pressure Vessel Code or depends upon one's own intuitions and calcula­
tions. However, it is easy to show that blind obedience to existing codes can result in 
either excessively heavy or dangerously fracture-prone structures. For example, paragraph 
UA-.rM of the ASME code recommends that the lower 1/4 of the tensile strength or 5/8 of the 
yield strength be used for design. For some stainless steels like 304, the resulting de­
sign stress would be limited by yield strengfh and be excessively conservative, considering 
the very high tensile strength and toughness at low temperature. For other materials, the 
Charpy impact tests at 77 K are not at all representative of the toughness and crack growth 
properties at 4 K, so that insufficient fracture resistance might result. 

While it is premature to adopt a code, Table I summarizes our recommendations for the 
design of superconducting magnet structures. The criterion that results in the lowest 
stress should be used. Note that the percents of yield and tensile strength are higher 
than those recommended in DA-500 for two reasons: sophisticated electromagnetic computer 
codes can resolve the forces on magnetic structures, and the environment is benign and non-
corrosive. More restrictive, however, is the design stress dependence upon fracture me­
chanics at 4.2 K due to the tendency of materials to embrittle at low temperature in a neu­
tron flux. Here, the plane-strain constant, K „ , must hi known and be compatible with 
the permissible flow size, a. More difficult to obtain is the crack growth rate, da/dn, 
but such data are critical during cyclic loading conditions. Linear elastic fracture codes 
like FLAGRO-II can be used to predict cyclic life with crack growth data from compact frac­
ture specimens [8]. 

To withstand the magnetic forces in the cryogenic and nuclear environment, unusual 
structural material selection criteria must be satisfied. Because of limited space for 
structure, the material must have both high yield and tensile strength in liquid helium »t 
.4.2 K. It must also have a high elastic modulus and a compatible thermal expansion coef­
ficient to keep from overstraining the superconductor. The material must be tough and 
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have a low fatigue-crack growth rate so that critical flaw sizes will not be exceeded, 
causing brittle fracture. It should be relatively inexpensive, easily machined, and weld-
able without post-weld heat treatments. Table II summarizes such desirable material 
properties. 

Austenitic stainless steels (Table III) are the most widely used structural materials 
in superconducting magnets. These materials show useful combinations of toughness, stiff­
ness, and strength at 4 K. High construction costs and the need for careful composition 
control to ensure microstructure stability under operational conditions are the principal 
drawbacks. 
2. MICROSTRUCTURAL STABILITY 

Materials far construction of superconducting magnets must resist microstructural 
transformations during fabrication and service, since such transformations involve for­
mation of brittle phases, produce volume changes and/or dimensional distortions, create 
localized high residual stresses, and cause the development of significant ferromagnetic 
behavior in previously paramagnetic materials. Many austenite stainless steels are neither 
fully austenitic nor fully paramagnetic after welding and/or cold-forming followed by ex­
posure to 4 K. Three phases which can form the problems mentioned above are 6 ferrite, 
e martensite, and a' martensite. Both the 6 ferrite and a' martensite are ferromag­
netic 19], and the presence of increasing amounts of 5 ferrite degrades the 4 K fracture 
toughness (Fig. 1). 
3 . MECHANICAL PROPERTIES 

An exhaust ive a n a l y s i s of the cryogenic mechanical p r o p e r t i e s of a u s t e n i t i c s t a i n l e s s 
s t e e l s is beyond the scope of the paper , and the reader i s r e f e r r ed to a recent review 
paper [ 1 0 ] . For comparison of m a t e r i a l s t r eng th versus f r ac tu re r e s i s t a n c e , a p lo t of 
4 K p l a n e - s t r a i n f r ac tu re toughness K versus y i e ld s t r e n g t h o ( F i g . 2) i s i n v a l u a b l e . 

All the K _ va lues are convers ions from the values determined by the e l a s t i c -
p l a s t i c J - i n t e g r a l t ea t t i l l . Note tha t the r e l a t i v e l y weak (a < 100 k s i ) but tough 
( K . r > 250 Usi /LTT. ) compositions are those with l e s s than about 0.05% N- and carbon 
l e v e l s below 0.03% [12-15] . For in te rmedia te y i e l d s t r eng th in the range 100-150 k s i , wi th 
f r a c t u r e toughness in the range 180-250 ksi /In,, add i t i ons of N_ to the 304L and 316L 
b a s e s , in the amounts of 0.10-0.16% r a i s e o [14-15] as well as s t a b i l i z e the a u s t e n i t e 

y 
against both thermal- and strain-induced martensite formation [9]. Type 304LN is being 
used as the structural material for the General Dynamics-Convair large coil and the 
Lawrence Livermore Laboratory MFTF magnet case, and type 316LH is being used for the 
General Electric Company*s large coil structure. 

The low carbon content (C < 0.03%) L grades are used to minimize grain-boundary car­
bide precipitation during welding thermal cycles, or "sensit ization," and the resulting 
loss in toughness. Sensitization of 310S steel results in a 382 loss in fracture toughness 
with no change in yield strength (Fig. 2) [15], 

For yield strengths above 150 ks i , i t has been found that i t is diff icult to procure 
304L or 316L bases with the necessary nitrogen levels of 0.15-0.20% from domestic steel 
suppliers, due to problems including production of pore-free ingots at high N„ contents 
and embritt lenient of ingots and blooms by grain-boundary precipitation of Cr_N during 
solidification and hot working [16]. Hence, for yield strengths beyond 150 ks i , 
Cr-Mn-Ni-N- austenitic stainless steels are available, wherein increased levels of Mn are 
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uted to increase H solubility and raise the 4 K yield-strength to levels in excess of 
200 ksi. Unfortunately, some of these materials suffer decreases in fracture toughness at 
4 K to levels below 100 Icsi /in". As discussed by Read and Seed [17] for the Nitronic 5G 
alloy, this loss of toughness is associated with incomplete solution of a grain-boundary 
phase. 

Improper melting practices and/or thermomechanical processing [18] have been thought 
to cause similar behavior in the Nitronic 40 alloy. In addition to these problems, the 
unavailability of welding consumables with matching 4 K yield strengths and adequate frac­
ture toughness has lessened further consideration of these materials for fusion magnet 
structures at this time. 
4 . WELDIHG-RELATED ISSUES 

Austenit ic s t a i n l e s s s t e e l s with 4 K y i e l d strengths l e s s than 140 k s i , are readi ly 
weldable for 4 K service by a l l the common welding methods i f appropriate procedures and 
welding consumables are used. Table IV summarizes composition ranges of commonly used f i l ­
l e r mater ia l s . As shown in F ig . 3 , which is a plot of K.„ as a function of o for 
s t a i n l e s s - s t e e l weld metals deposited by the common welding pract ices [ I S , 1 9 ] , the usual 
inverse re lat ionship between K „ and a preva i l s . For a given y ie ld-s trength l e v e l , say 
120 k s i , the at ta inable range of K „ values i s about 60-120 ks i /in", or about 25-50Z of 
the base metal value. This severe reduction in weld-metal fracture toughness i s attr ibuted 
to the presence of appreciable (above 42) amounts of 6 - f err i t e present to prevent hot -
cracking, and the embrit t l ing e f f e c t s of nitrogen entering the molten weld metal [ 2 0 ] , For 
some of the high-deposi t ion-rate welding processes such as flux-cored metal-arc welding, 
K „ i s reduced to low-enough l eve l s to obtain l i n e a r - e l a s t i c behavior in the weld-joint [ 2 1 ] . 
Present U.S. pract ice in welding s t a i n l e s s s t e e l s for magnet structures intended for 4 K 
operation involves the use of shielded metal-arc welding, with e i ther 316L or 3081. f i l l e r 
metal and the "-15" or lime e lectrode coat ing. Evaluation of f e r r i t e - f r e e welding con­
sumables such as the Avesta [22] or of Sanvik [23] products such as 2RM69 i s just beginning. 

5 . SUMMARY COMMENTS 

1. The development of aus ten i t i c s t a i n l e s s - s t e e l welding consumables that meet 
simultaneous str ingent requirements of high strength, toughness, freedom from hot cracking, 
and low magnetic permeability when deposited by high-depos i t ion-rate welding processes i s a 
prerequis i te to economic fabricat ion of high-performance austen i t i c s t a i n l e s s - s t e e l s t ruc ­
tures with high r e l i a b i l i t y for 4 K serv ice . Uhether t h i s i s achievable through control of 
f e r r i t e content in the weld metal or use of spec ia l f e r r i t e - f r e e welding consumables i s not 
known at th i s time. 

2 . The rapid advances in material requirements for 4 K service may be appreciated 
by a comparison of the "goals of an a l loy development program" as stated by one of the p r e ' 
sent authors 2-1/2 years ago [24 ] , with some of the minimum properties of the type 304LN 
s t a i n l e s s s t e e l being used in the MFTF magnet case at t h i s time. 

HFTF Case 
1977 "Goals" Requirements 

100 k s i Yield strength 120 ks i 
50 ks i ArT. K ^ 120 ks i în". 
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TABLE I. Recommended design factors 
for superconducting magnet 
structures.3 

Design stress < 2/3 yield (primarily 
tension and combined) 

Design stress < 90X yield (primarily 
bending) 

Design stress < 1/3 tensile 

Design stress < 1/2 Kj<j//ira" 

Design stress cycles < 4 lifetimes 

aThe lowest stress value should be used. 
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TABLE II. Desirable material properties. 
Yield strength > 100 ksi 
Tensile strength > 200 ksi 
KIC 1 1 0 ° k s i ^^m 

Charpy lateral expansion > 0.015 in. 
Charpy impact energy > 25 ft-lb 
Thermal contraction » 0.3Z 
Elastic modulus > 30 x 10 6

 p 8 i 
Magnetic permeability < 1.2 



TABLE III. Composition of Austenitic Stainless Steels for Liquid Helium Service. 
Composition (Z) a 

Type C N P S Si Cr Ni Ho Mn Other 
AISI 304 0.08 0 .10 0.045 0.03 1.0 18-20 8-10.5 b 2.0 

304L 0.03 0 .10 0.045 0.03 1.0 18-20 S \2 b 3.0 
3T4IH 0.03 0.10-0.16 0.070 0.015 1.0 18-20 9-12 b 2.0 P+3; 0.03 MRX 
304N 0.08 0.10-0.16 0.045 0.03 1.0 18-20 8-12 b 2.0 
316 0.08 0.10 0.045 0,03 1.0 16-18 10-14 2-3 2.0 
316LN 0.03 0.10-0.16 0.045 0.03 1.0 16-18 10-14 2-3 2.0 

Nitronic 33 0.08 0.20-0.40 0.060 0.03 1.0 17-19 2.75-3.75 b 16.5-14.5 
40 0.04 0.15-0.40 0.060 0.03 1.0 19-21.5 5.5-7.5 8-10 
50 0.06 0.10-0.40 0.040 0.03 1.0 20.5-23.5 11.5-13.5 l.j-3. 0 4-6 Cb: 0.1-0.3 

V: 0.1-0.3 
Kromarc 58 0.02-0.08 0.14-0.20 b b 12-5 14-17 18-24 1.75-2. 75 8-13 V: 0.12-0.24 

TUxiaum unless range is given 
Not stated 
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TABLE IV. Compositions of austenitic stainless steel welding 
consumables for liquid helium service. 

Composition (Z) 

Cr Ni C Other 
AWS type 
covered electrodes 

E308 18-21 9-11 0.08 
E308L 18-21 9-11 0.04 
E310 25-28 20-22.5 0.20 0.75 Si 
E16-8-2 14.5-16.5 7.5-9.5 0.10 0.50 Si 
E316 17-20 11-14 0.08 2-2.5 Mo 
E316L 17-20 11-14 0.04 2-2.5 Mo 

AWS type rod and 
bare electrodes 

/ 

LN 308 19.5-22 9-11 0.08 
LH 308L 19.5-22 9-11 0.03 / 

LN 310 25-28 20-22.5 0.08-0.15 
LN 316 18-20 11-14 0.08 2-3 Mo 
LN 316L 18-20 11-14 0.03 2-3 Mo 

"Maximum unless range is given. 
^Covered electrodes: S: .03, P: .04, Si: .9, Mn: 2.5. 
cRod and bare electrodes: Mn: 1-2.5, Si: .25-.60, P: .03, S: .03. 
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Figure captions 

Figure 1. Effect of increasing ferrite content on liquid-helium plane-
strain fracture toughness of shielded metal arc welds using type 
316 weld metal. 

Figure 2. Liquid-helium plane-strain fracture toughness as a function of 
0.2% yield strength for conventional Cr-Ni, Ci—Mn-Ni-N„, and 
Cr-Ni-N. austenitic stainless steels. 

Figure 3. Liquid-helium plane-strain fracture toughness as a function of 
0.22 offset yield strength for weld metals in austeuitic 
stainless-steel weldments. 
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