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Mirror Fusion Test Facility 
magnet system— 

Final design report 

SECTION 1 
MAGNET DESCRIPTION 

The Mirror Fusion Test Facility (MFTF) is the 
largest of the mirror program experiments for 
magnetic fusion energy It seeks to combine and ex
tend the near-classical plasma confinement achieved 
in 2X1IB' with the most advanced neutral beam and 
magnet technologies available. The product of ion 
density and confinement time will be improved 
while the superconducting magnet weight will be ex
trapolated from 15 tons in Baseball II" to 375 tons 
in MFTF. Other project parameters listed in 
Table 1 show that the MFTF will traverse much of 
the distance in magnet technology towards the reac
tor regime.3 

Authorized to start construction in FY 1978. 
the MFTF project is close to its schedule for com
pletion in October 1981. Following a change in 
geometry at the end of the preliminary design stage. 
detailed design was commenced in May 1978. By-
August of 1979 the design was complete and the 
first coil constructed. The second coil was finished 
in March 1980. Final assembly, including the case 
structure, will be completed and ready for test in 
early 1981. An extension of the project called M FTF-
B has been authorized and will delay project com-
p'-lion three years. 

MAGNET DESIGN 
Figure 1 is a computer graphics display of the 

MFTF magnet with neutral-beam injection access. 
The magnet is a yin-yang pair with an average ma
jor radius of 2.5 m and an average minor radius of 
0.75 m. The geometrical centers of the pair are 
overlapped by 0.7 m to produce a net outside 
dimension of about 8 m and a plasma length be
tween mirrors of 3.6 m. A peak magnetic field of 
7.68 T occurs at the windings in the minor radius. 
Because the field is a cusped magnetic well, it drops 
rapidly to 4.2 T at the mirrors and 2.0 T in the cen
ter. 

A current-versus-field curve is shown in Fig. 2. 
with superconductor stability limits determined 
from test coil results reported by Cornish, et al. 4 

The conductor exhibits cold-end recovery, and the 
stability limit appears to extrapolate in accordance 
with the copper magnet resistance and a modest sur
face heat flux of 0.19 \V-cm~2. This experimental 
observation can be explained by averaging heat 
fluxes of0.4 W-cm~2and 0.1 W-cm" 2 over the open 
external and restricted internal cooling surfaces', in 
accordance with usual heat transfer experiments. 

The MFTF conductor is the result of a two-
year development effort.-' Listed in Table 2 are the 

TABLE 1. MFTF parameters. 

Parameter Value 

I'lasma: 

Ion density x containment time, s -cm - ' i n 1 2 

Ion temperature, keV 511 

Klectron temperature. keV t 

Plasma/magnetic pressure 0.5 

Startup beams, A. koV 10(10. 20 

Sustaining beams. A, keV 7511. SO 

Magnet: 

Maximum field. 1' 7.68 

Central field, T 2.0 

Mirror ratio 2.1:1 

Mirror-to-mirror length, m 3.6 

Major radius (mean), m 2.5 

Minor radius (mean), m 0.75 

Current. A 5775 

Turns 1392 

Stored energy, M.I m 
Conductor current density, A -cm 3729 

Coil current density. A - c m - 2 2525 

Surface heat flux, W-cm 0.19 

Conductor length, km 50 

Total Height, kg 341,000 

* 
1 

file:///V-cm~2


-Yin-yang 
magnet 

FIG. 1. Computer graphic display of MFTF magnet with neutral beam injection access. 

FIG. 2. MFTF magnet load line. 

primary specifications of bolh the core and 
stabilized conductor. It consists of a 6.5-mm-
square, copper-stabilized, niobium-titanium com
posite wrapped in an embossed and perforated 
sheath of high-purity copper. The core-to-sheath 
bond had to be improved by replacing the original 
90/10 Pb-Sn solder with 50/50 Pb-Sn solder for im
proved wetabilily at lower bonding temperature. 
Once initial manufacturing difficulties were 
resolved, bolh quality and production efficiency 
were good. 

A typical cross section of the coil is shown in 
Fig. 3. An inner coil form of 3I6L stainless steel is 
leveled with epoxy and glass fibers. Then five 
overlapping layers of Kapton film are installed as a 
ground-plane insulation, perforated NEMA G-11 
epoxy-glass laminate is placed on top of the Kapton 
for helium circulation before the 58 layers (24 turns 
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TARI.K 2. MIT! conductor specifications. 

Conductor parameters Value 

Superconductor: 

Critical current, kA at 7.5 T , 4.2 K 10 

Copper In superconductor J.7:1 
Number or filaments 480 

HUment diameter, mm 0.20 

Twist pitch, mm 180 
Conductor-resistance ratio 150:1 

Core size, mm 6.5 X 6.5 

Stabilized conductor: 

Maximum conductor field, T 7.68 

Maximum conductor current, A 5775 

Conductor operating temperature, K 4.5 
Overall: copper to superconductor ratio 6.7:1 

Stabilizer copper-resistance ratio 220:1 

Copper resistance 
(at 7.68 T. 4.5 K). nit-cm 46 
I Iclium-cooled surface area, 
cm • c m - 8.17 

Required heat transfer rate, VV • c m - 2 0.19 

Overall size, mm 12.4 X 12.4 

each) of conductor are wound. After closing the 
Kiipion ground-plane insulation around the coil, 
two sheets of Mylar are installed as a siip plane. 

In the small-radius area, an additional 
crushable Dacron-felt layer is applied for controlled 
spacing. All other spaces are filled with G-11 blocks 
and fiber-filled epoxy before the outer coil jacket is 
welded in place. 

A stainless-steel bladder is installed around the 
encased coil so a urcthane shim can be injected be
tween the coil jacket and structure. Disks welded to 
the inner structure surface preserve conductance 
through the guard-vacuum space for differential 
pumping. This arrangement greatly relaxes the 
helium-leakage requirements for both the coil jacket 
and structure. 

The coil-winding operation is shown in Fig. 4. 
A tension of 600 lb is maintained on the conductor 
to control the accumulation of winding tolerances 
below 0.005 in. (0.12 mm) per turn. Compaction 
tests on conductor stacks and computer modeling of 
the winding motion confirmed that such tolerances 
were compatible with the allowable conductor 
strain. On initial energizing the conductor strain is 
0.3%. but is reduced to 0.1% for repeated stress cy

cles. No degradation has been observed for 
niobium-titanium conductors at these strain levels.6 

Conductor joints are made by cold welding the 
central core and soldering the conductor into a cop
per tray. The joint exceeds the strength and stability 
of the core and is redundant, so that some quality 
control problems experienced with the cold welding 
were alleviated. 

Figure 5 shows the coil-winding rate. Much of 
the rate improvement was associated with the ef
ficiency in joint making. Once mastered, joints were 
routinely made in less than four hours. Figure 6 
shows the first completed coil being removed from 
the winder for placement on the shim-bladder 
assembly stand before the structure is v.ciaed 
around the coil. 

THERMAL AND QUENCH 
PROTECTION 

Thermal conditions for the magnet are sum
marized in Table 3. More than 8,000 liters of liquid 
helium will circulate by natural convection between 
the magnet and a storage Dewar located on the 
fourth floor of the building. The convection is the 
result of heat input to the magnet. A computer 
model of the helium loop was developed from the 
Blasius friction equation, Darcy's porous media 
equation, and a three-dimensional orifice model.' 
Estimates of effective hydraulic diameter, flow tor
tuosity, porosity, permeability, friction factor, and 
effective orifice dimensions were made for the 
magnet and connection piping. The effects of two-
phase flow were included by using the Lockhart-
Martenelli correlation.8 Helium How rates were es
timated by an iterative method corresponding to an 

TAHI.K 3. Thermal conditions in the magnet. 

Parameter Location Value 

Helium lemperalurc. K Magnet inlet 4.36 

Pressure, kl'a at 1.28 atm Magnet bottom 130 

Saturation temperature. K Magnet bottom 4.52 

Helium rate 

(natural circulation), g/s =700 

Meat load, \ \ Magnet =.350 

Mean quality of helium, % Magnet outlet < 5 

Minimum transition 
temperature, K (onduclor 4.9h 

3 



-Guard vacuum space 
-Copper injection bladder 
-Injected urethane 
filler 

-316L-steel coil jacket 
-Fiber filled epoxy 
-Mylar-Dacron 
slip plane 

• Kapton ground 
plane insulation 

-G-11 filler block 
-Conductor stabilizer 
-Superconductor 
core 

Perforated G-11 
insulation. 

FIG. 3. Coil assembly detail. 

assigned heal load for each model element. It was 
found that, with a magnet heat load of 350 W, the 
circulating helium flow is 700 g/s with less than 5% 
vapor volume at ihe top of the magnet. 

Quench protection for the magnet is accom
plished by conventional means using an external 
dump resistor and a 1,000-V discharge. The magnet 
time constant (see Table 4) is 69 s and an adiabatic 
conductor temperature rise of 200 K is calculated 
assuming a 10-s delay for the quench detection cir
cuit to sense the quench condition and activate the 
circuit breakers to the power supply. 

TAIil K 4. Quench characteristics. 

Characteristic Value 

Coil inductance, H 11.0 
Mutual inductance, H 1.2 
Peak voltage, V 1000 
Quench time constant, s 69 
Peak conductor temperature 
after 100 s, K <200 
Delay lime, s 10 
Propagation velocity, m-s~* 1.2 
Quench resistor, 11 0.17 
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FIG. 4. Coil winding operation. 

s ol i l i I i l i i 
& 0 12 24 36 48 

Layer number 

FIG. 5. Magnet winding rate. Rate does not include 
out-of-conductor time, but does include turnaround 
time and side glue blocks. 

MAGNET STRUCTURE 

No code or standard guidance exists for the 
design of magnet structures. Instead, reference was 
made to Sections III and VIII of the ASME Unfired 
Pressure Vessel Code. However, blind obedience to 
existing codes can result in either excessively heavy 
or dangerously fracture-prone structures. For ex
ample, paragraph UA-500 of the ASME Code 
recommends that 1 /4 of the tensile strength or 5/8 
of the yield strength be used for design stress. 

FIG. 6. First completed coil being removed from the 
winder for placement on the shim-bladder-assembly 
stand. 

whichever is lower. For some stainless steels like 
304, the design would be limited by yield strength 
and be excessively conservative, considering the 
very high tensile strength and toughness at low tem
perature. Also. Charpy impact iests at 77 K are not 
at all representative of the fracture toughness and 
crack-growth properties at 4 K. so that insufficient 
fracture resistance might result. Figure 7 shows a 
better relationship to compare fracture toughness 
and yield strength of several stainless steels. 

Our criteria'' for the design of the MFTF 
magnet are summarized in Table 5. Note that the 
percents of yield and tensile strength are higher than 
those recommended in UA-500 for Iwo reasons: 
sophisticated electromagnetic computer codes ac
curately resolved the forces on the magnetic struc
ture, and the environment is benign and non-
corrosive. Because of the tendency of materials to 
embrittle at low temperatures, the design stress 
dependence upon fracture mechanics at 4.2 K was 
more restrictive. The plane-strain fracture tough
ness, Kic. had to be compatible with the detectible 
flaw size. a. Equally important was the crack 
growth rate, da/dn. during cyclic loading condi
tions. MFTF was designed for a life of 2,000 stress 
cycles corresponding to a safety factor of four dur
ing the expected 10-year service life. 

When the aforementioned general design 
criteria were applied to MFTF and materials 
properties evaluated, the specific structure-design 
criteria in Table 6 were adopted for the detailed 
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FIG. 7. Decline of fracture toughness with increasing yield strength. 

stress analysis to be performed by General 
Dynamics, Convair Division.10 A finite-element 
SAP IV computer analysis was performed and sup
ported by various detailed calculations. In the peak 
stress region of the structure, three-dimensional ele
ments in the NASTRAN code were used to refine 
the analysis, so that no calculated stress exceeded 
the 80 ksi criteria. 

After a review of available material properties. 
304LN stainless steel was chosen for the structure. 
Extrapolation ofNBS data" indicated that the yield 
strength of 304LN would equal 120 ksi. if 0.14% 
nitrogen could be added, while the fracture 
toughness. Kjo was expected to remain about 200 
ksh/nT. Production of 800,000 lb of 304LN steel was 
successfully completed with the material passing all 

TABU" 5. Design stress criteria for magnetic 
structure.8 TAB 1.1*' 6. Minimum structural materials properties. 

Stress Criteria Property 

Design 
Design 
Design 
Design 
Design, cycles 

2/3 yield strength" 
[00% yield strength* 
1/2 tensile strength 
1/2 K K 7%/™ 
4 lifetimes 

'The lowest stress criterion is chosen from among those listed. 
Primarily tension MM combined stresses. 

€l'rim»rily acrting. 

Design stress, ksi 
Yield stress, ksi 
Ultimate stress, ksi 
Elongation, % 
(harpy impact at 77 K 

Absorbed energy, ft-lb 
Lateral expansion, in. 

Toughness (K|( ), ksK/In". 

120 
160 
20 

40 
0.030 
120 
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chemistry, microMructural, and ultrasonic inspec
tions, and ihe steel was supplied for the coil struc
ture fabrication shown in Fig. 8. 

An extensive development program was 
necessary to achieve weld properties that would 
match those of the base melal. Because 316L weld 
metal promised to have good yield and ultimate 
strength, it was selected for development. Steel 
toughness was known to be influenced by ferrite 
content1" (see Fig. 9), so very low ferrite content 
was necessary. However, below 3% ferrite, miero-
fissuring of this weld metal becomes a problem. 
Several welding methods were attempted, but only 
shielded metal-arc welding produced an adequate 
combination of toughness, sufficient welding speed, 
and versatility.1" Table 7 summarizes a few of the 
weld and base m^tal properties which qualified the 
coil structure manufacturing. Careful control of 
purity, ferrite level, and welding methods achieved 
the demanding requirements. 

\A\ r • i w 4 

TABLE 7. MFTFstructural material properties." 

Yield Ultimate 
K|£ , strength, strength, Reduction, 

ksi\/in". ksi ksi area-Tc 

3I61.-15 
Weld 183 112.(1 183,2 28.1 

304LN 
Ruse material 2112 111.6 237.4 36.0 

a Ali measurements made at 4 K. 
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SECTION 2 
SUPERCONDUCTOR MANUFACTURE 

The MI-TI-' conductor design was developed as 
pari of the general magnet development work at 
I l.M ."" Fach U.S. manufacturer produced one 
hillel o\' proton pe core material and, based on the 
results of this work, a specification (MKL77-
OOI373A) was prepared. After selecting a manufac
turer fhiiermagnetics Cieneral Corporation), the 
details of ihai manufacturer's design were incor
porated into a modified specification (MEL77-
00]3 7 3O which was used as a basis for the produc
tion order, 

•\ coppt'r sheath, shown in Fig. 10, was 
soldered to the core to provide add'Jonal cooling 
lor ci'ostatic stabilitv. This process was contracted 
loAirco." 

In this wraparound technique, the supercon
ducting core is passed through a continuous elec
troplating process prior to applying the stabilizer. 
1 he latter is prepared from an oxygen-free high-

FIG. 10. MFIT superconducting core and copper 
sheath. 

conducting (OFHC) copper by first slitting and roll
ing a strip, followed by punching helium access 
holes. On a roll-forming line, the stabilizer is wrap
ped around the core, and the conductor is then sized 
by a Turk's-head. The completed conductor then 
passes through the soldering furnace, a quenching 
system, and a cleaning process before being wound 
onto the supply drum. 

The choice of a monolith conductor presents 
several manufacturing and quality assurance 
problems not encountered with a cable or braid. In 
order to achieve optimum critical current in Nb-Ti, 
a large amount of cold work is required.'5 This 
cold-work requirement can be met for a cable or 
braid by starting with a billet of 150- to 200-mm 
diameter, because the braid strand size is typically 
0.5 to 2.0 mm in diameter. The final size of the 
MFTF core is 6.5 mm by 6.5 mm; consequently, a 
large-diameter billet must be used, and the 
manufacturing risks are greater. In addition, the 
MFTF magnet requires rontinuous lengths oi 
greater than 380 m; large-diameter billets are 
necessary to produce these lengths in an economical 
manner, and breakage during manufacture must be 
minimized. 

The absence of redundancy in a monolith such 
as the MFTF superconductor requires that the 
quality assurance tests be especially rigorous. Con
sequently, samples from each end of each length 
are checked for critical current (Ic), matrix-resis
tivity ratio (R293K/RIOK). copper-to-supercon
ductor ratio, twist pitch, filament size, and filament 
integrity. A basic premise for the quality assurance 
of the MFTF superconductor is that sampies from 
both ends of each length are sufficient to guarantee 
the quality of each length. Nb-Ti alloy in the com
position range 46 ± 1.5 wt% Ti, balance Nb, was 
specified. The Nb-Ti alloy presented few problems 
and rejections were under 1%. Defects were mainly 
associated with surface quality, size, and 
straightness. Many of the surface quality rejections 
were discovered by the manufacturer to come from 
"fretting" (self-abrasion) of the material during 
transit. The solution was simply to pack such that 
relative motion between the rods was minimal. In
got and product chemistry were always within 
specification. All copper used in the billets was 
either phosphorous-deoxidized oxygen-free 
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(PDOF) or OFHC brand with a guaranteed 
resistivity ratio of greater than 180:1. 

Conductor fabrication followed a relatively 
standard sequence for all Nb-Ti superconducting 
composites.'6 The billets were assembled using hex
agonal copper tubes in which cylindrical Nb-Ti rods 
were inserted. All elements were chemically cleaned 
and stored under dry nitrogen prior to assembly. 
The array was slacked to fit within a copper extru
sion can which became the shell of the conductor. 
The billet was then capped with a nose and lid. 
evacuated, and sealed by electron-beam welding. 
Electron-beam welding was used to ensure repro
ducible welds. 

The extrusion operation reduced the billet to a 
much smaller rod and metallurgically bonded the 
interfaces together to yield a true composite. The 
press capacity of 5000 tonne was almost fully 
utilized in the extrusion of the billet. An initial 
problem of tooling failure resulted in the misextru-
sion of several billets. The problem was remedied by 
the design of special tooling to fully utilize the press 
capacity. 

The ends of the extruded rod were cropped and 
the rod was cut into two lengths. These rods were 
drawn through a series of dies using several draw 
benches. 

After the rods were reduced to 20-mm diam. 
drawing was done on conventional bull blocks 
specially modified to handle the high tensile 
strengths of these conductors. An intermediate heat 
treatment was introduced during the drawing 
process to obtain the maximum superconductor 
properties. Few problems were noted in the drawing 
for sizes below 20 mm. The conductor was twisted 
and Turk's-headed by a special machine designed to 
rotate the pay-off spool. The final conductor sizing 
to a tolerance ±0.05 mm was done with a tungsten 
carbide die. A final annealing step was performed to 
restore high conductivity to the copper matrix. 

QUALITY ASSURANCE 
The various steps in the manufacture of the 

MFTF superconductor were reviewed from the 
standpoint of quality assurance, and a comprehen
sive plan was prepared. This plan specified the 
documentation required for each length of conduc
tor and the method for verifying that each manufac
turing step had been performed. A written dis
crepancy report was required for any condition or 

procedure which differed from the quality assurance 
plan. When manufacture was complete, samples 
from each end of each length were tested to see that 
the specifications were met. These results, together 
with any discrepancy reports filed during manufac
ture, were reported to a MaUrials Review Board 
which made the final decision on any out-of-
specification material. 

CRITICAL-CURRENT TESTS 
A total of 350- to 400-crilical-currenl measure

ments were anticipated and a test fad lit) capable of 
handling this large number of samples was con
structed. A superconducting solenoiu with a 25-mm 
by 50-mm access produces a maximum transverse 
field of 8.5 T. and a regulated 12.000 A(dc) power 
supply provides current to the sample. The sample 
hoider with helium-vapor-cooled lends can be 
changed while the solenoid is maintained at 
cryogenic temperatures. Three of these sample 
holders were constructed so that four samples can 
be tested in one day. Voltage laps spaced 25-mm 
apart were attached 'o Ate sample in ihe unirorm 
field region, and a criterion of 10"' Si-cm resistivity 
(for the Nb-Ti area) is used to define critical 
current. 

One problem encountered in testing large high-
current specimens is that the self-field generated by 
the currer-i. in ihe specimen becomes significant. Fjr 
the ca.se of untwisted filaments, calculation- in 
dicated that the influence of self-field on the 
measured critical current would be small, due to this 
effect enhancing the field on one side of the sample 
but reducing ihe field on the other side. However, 
when the twist pitch (190 mm) of the filaments in 
the MFTF conductor is taken into account, the self-
field acts to reduce the measured critical current by 
about 7%. Measurements of critical currents on 
identical samples in the twisted and untwisted con
dition verified this effect. However. IL for the 
MFTF samples were typically 15 to 20'~r above the 
specification of 10.000 A at 7.5 T. so self-field ef
fects have not created a problem in acceptance of 
samples. Another consideration for testing high-
current samples is the current-transfer length: both 
the length necessary to transfer current from the 
sample holder to the sample and the length for 
redistribution of the current from the outer fila
ments to the inner filaments as the sample passes 

10 
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from the low-field to the uniform high-field en
vironment ;ire important. Insufficient area for 
current transfer from sample holder to sample can 
result in heating. Insufficient length in the uniform 
field region on either side of the voltage taps can 
result in a voltage signal due to current transfer, 
rather than due to exceeding the critical current. 
The length in the first case can be obtained from 
Rcfs. 16 and 17. The second case is more difficult to 
calculate, so we determined it experimentally by 
placing voltage laps spaced 25-mm and 50-mm 
apart. As a result, we found that using a 610-min-
long sample with 100-mm-long solder joints al the 
ends and voltage taps spaced 25-mm apart would 
prevent current-transfer problems from occurring. 

COPPER-TO-SUPERCONDUCTOR 
RATIO 

The copper-to-superconductor ratio {Cu:S.C.) 
is required to be between 1.63 and 1.77. The choice 
of this range was based on considerations of 
stabilil}. strength, and quality of cold-welded 
joints. l s This parameter is determined by weighing a 
100-mm length of core, dissolving the Cu matrix. 
and weighing the Nb-Ti filaments. The major 
variable affecting the Cu:S.C. ratio (assuming the 
current ratio is used in billet construction) is the 
amount of cropping done al the nose and end of the 
extruded rod. Initially, a number of lengths were 
found lo be outside this specification. Ho'vever. a 
master curve of ratio versus distance along the con
ductor length at final size has been developed, so 
that the amount of cropping necessary can be deter
mined from the Cu:S.C. ratio al any point along the 
leniith. 

MATRIX RESISTIVITY 
RATIO 

The matrix resistivity ratio is specified to ex
ceed a value of 150. This ratio is determined by 
measuring the resistance at 293 K and at 10 K: the 
i0 K value is obtained by lowering the sample and 
its thermometry through the temperature gradient 
above liquid helium. We mount up lo six samples in 
a horizontal plane and connect them in series, so 
thai six measurements can be made in each experi
ment. Only one lenglh of MFTF core failed to meet 
the resistivity ratio specification. A review of the 

records indicated that this length has missed the 
final annealing step; after annealing, it met 
specification. 

FILAMENT TWIST PITCH 

The twist pitch requirement for mirror fusion 
magnets such as MFTF are not as stringent as for 
Tokamak magnets, since the mirror magnets are not 
exposed to rapidly varying fields. The twist pitch for 
the MFTF superconductor is dictated by the 
proposed charging rate and should be less than 
100 cm. A specification for twist pitch was chosen 
as between 16.5 cm and 19.0 cm; this range is easily 
achieved in a conductor the size of MFTF without 
danger of the twisting operation causing filament 
breakage. 

Samples were found with out-of-specification 
twist pitch at the early stages of conductor delivery. 
This problem was traced to a method of starting the 
twisting operation. The manufacturing procedure 
was changed to avoid this problem by performing 
the end-cropping operation after the twisting opera-
lion. 

The only olher problem involving twist pitch 
resulted from a malfunction in the twisting-squaring 
operation when a pin sheared in the twist machine 
drive. This resulted in a 12-m length having no twist 
and required that the entire length be rejected. This 
experience is one case in which sampling each end of 
each lenglh was inadequate to guarantee the quality 
of the length; it was necessary to rely on manufac
turing quality control to note the problem and to 
file a discrepancy report. 

FILAMENT SIZE 
AND INTEGRITY 

Since MFTF is a cryostable, steady-state 
magnet, filament size does not play an important 
role. However, fiiament uniformity and filament in
tegrity are an important indication of good 
manufacturing practice. A specification of filament 
size between 0.18 mm and 0.23 mm was established 
for this conductor. Metallographic examination of 
sample cross sections indicated that lengths from 
billets prepared in the early stages of this program 
contained nonuniform filaments. A typical case en
countered contains several filaments measuring 0.4 
mm in diameter (the worst case identified showed 
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one filament measuring 0.8 mm by 0.4 mm). This 
condition can arise if a billet is not packed densely 
enough and can occur anywhere along a given 
length. This is the other instance in which we found 
a problem that can remain undetected in samples 
taken from each end of each length. 

Subsequently, improved billet assembly 
procedures were introduced and these extreme 
ranges in filament sizes were reduced. This ex
perience suggests that applications needing a close 
tolerance on filament size, e.g., those requiring in
trinsic stability or low ac losses, should specify close 
tolerances on billet density. 

Filament integrity was not anticipated to be a 
problem for the Nb-Ti core, sir.ix ;he filament size 
(0.2 mm) is rather large and the amount of cold 
work is moderate for Nb-Ti. However, routine ex
amination after removal of the matrix revealed slip 
lines on the filaments and occasional breaks. The 
density of breaks, i.e., approximately one in a 2-cm 
length, suggestec* that broken filaments should not 
affect the short sample critical current, and the ex
perimental measurements bore this out. The other 
concern was that broken filaments might af'fecl the 
strength of the core, so a series of tensile measure

ments were made at 4.2 K. Again, there was no dif
ference between samples with and without broken 
filaments. Consequently, lengths with up to 1% 
broken filaments in a 2-cm length have been ac
cepted. 

Analysis of the problem indicates that filament 
breakage occurs in the final sizing steps; filament 
breakage occurs only in the outer filaments where 
the deformation due to converting from a round to 
a square cross section is greatest. This problem can 
most probably be eliminated by the addition of an 
annealing step prior to final sizing or by changing 
the filament distribution. However, these corrective 
actions are not being attempted at this time, since 
the properties of the MFTF core still exceed 
specification and the manufacturing changes would 
result in considerable delays in conductor 
manufacuture. 

A benefit of this quality assurance program has 
been significant improvements in manufacturing 
techniques: (1) better billet assembly procedures. (2) 
less reliance on outside rod drawing capabilities. (3) 
controlled rod-cropping procedures, and (4) careful 
monitoring of the manufacturing steps to ensure 
that each step is performed to all specifications. 
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SECTION 3 
MECHANICAL BEHAVIOR OF CONDUCTOR WINDING 

INTRODUCTION 
The following is ;: immary of analytical and 

experimental studies into the mechanical behavior 
of the Mirror Fusion Test Facility (MFTF) magnet 
superconductor pack. The superconductor pack is 
here defined as the 24-turn by 58-layer coil with its 
interturn and interlayer insulation and any fillei 
material between the superconductors and the coil 
jacket. The relative shapes and sizes of the MFTF 
conductor, structural case, and plasma fan are 
shown in Fig. 11. Mechanical behavior is defined as 
the stress and strain that the superconductor pack 
components experience during magnet winding and 
normal 2-T central field operation, us well as any 
anticipated conductor motion that impacts the in
ternal design of the coil. 

Mechanical properties of the coil components 
at 4 K are reviewed. This is followed by a descrip
tion of the electromagnetic loads that the coil will 
experience, their method of calculation, and the 
redistribution of these loads due to structural com
pliance. Investigations of the possible buckling ef
fects of superconductor pretension on the jacketed 
coil are also discussed. 

Superconductor stress and strain analysis, per
formed by using a selected range of coil mechanical 
properties, are summarized, as are the possible ef
fects of static and cyclical strain on the niobium-
titanium superconductor and its copper stabilizer. 
Finally, an analytical prediction of superconductor 
motion is detailed, including a diagram of the ex
pected superconductor pack displacement with 
respect to the coil jacket. 

MECHANICAL PROPERTIES 
The first step in modeling the mechanical 

behavior of the MFTF coil was to determine the 
physical properties of its components at 4 K. The 
MFTF superconductor pack may be thought of as a 
modified orthotopic composite that, can carry only 
compressive loads in two directions and only tensile 
loads in the third direction. In addition, the proper
ties in each direction are nonlinear and exhibit 
hysteresis in their stress-strain responses. 

The MFTF superconductor core is a 0.25-in.-
square cooper-stabilized niobium-titanium com
posite consisting of 480 superconducting filaments 
in a copper matrix with a copper-to-superconductor 
ratio of 1.7. An embossed and perforated copper 
wrap is soldered around the core to provide heat 
transfer and mechanical support to the core. The 
final assembled conductor is 0.490-in. square.*"' 

Tensile tests of the MFTF superconductor 
were performed in liquid helium lo establish both 
the stress-strain response curves and the tensile 
failure loads."" Strain-gauged samples were used to 
obtain the stress-strain curves up to an elongation 
of 1% using foil gauges designed for use in liquid 
helium.2 3 Figure 12 shows the stress-strain response 
of the wrapped superconductor at liquid helium 
temperature. Unload/reload cycles always followed 
hysteresis loops while loadings beyond the previous 
peak always followed the envelope curve until being 
unloaded. 

The bare MFTF superconductor core was 
found to fail in tension at about 8200 lb. while the 
wrapped superconductor assembly was pulled lo 
beyond 10,600 lb without tensile failure. The addi
tion of a cold weld joint to the superconductor core 
reduced the failure load to 7100 lb, showing very lit
tle sensitivity to the number or length of cold welder 
strokes. The technique chosen for MFTF joints was 
five cold welder strokes at 1/2 in. per stroke. An
nealing of the cold weld due to soldering of the cop
per stabilizer further reduced its strength to 5700 lb. 

The cold-weld tensile tests showed a large 
spread in tensile failure values. The design require
ment of high reliability placed on the magnet system 
meant that adequate joint strength must be guaran
teed. This matter was resolved by the addition of a 
monolithic copper joint-reinforcement bar. Joint 
assembly verification tests showed that the copper-
reinforced cold-weld joints can withstand three 
times the maximum anticipated axial load of 
3000 lb and are stronger than the parent supercon
ductor even when no cold weld is applied, thereby 
providing 100% joint strength redundancy. 

The coi! pack is made up of the above super
conductor in 58 layers of 24 turns each.' Interturn 
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FIG. 11. Relative size and shape of MFTF conductor, structural case, and plasma fan. 

insulation is composed of 0.045-in.-thick NEMA 
G-l 1 buttons glued to a woven string. 2 6 Inlerlayer 
insulation is 0.0625-in.-thick slotted NEMA G-l I 
sheets. 2 7 

The compressive response of the superconduc
tor coil pack was measured at liquid nitrogen and 
room temperature using a coil pack mock-up."8 

This series of tests revealed a linear compressive 
modulus of 2.0 X 106 psi in the interturn (button) 
direction and 3.0 X I0 6psi in the interlayer (slotted 
sheet) direction. Both response curves exhibited an 
early soft region followed by a stiff linear modulus. 
Figure 13 shows compression test dan in the in

terlayer direction which illustrates this phenom
enon. The initial nonlinear coil pack behavior is 
associated with the uneven surfaces of the pack 
components. If ideally "flat" mating surfaces are 
assumed, the early softness can be interpreted as a 
0.005-in. gap per layer of superconductor. 

Accumulated stack height measurements per
formed on the coil winder showed actual winding 
gaps to be less than 0.005 in. per layer per turn at all 
monitored stations on the coil. 2 9 Coil winding 
procedures such as tensioning at 600 lb. clamping, 
and coil-height measurements place an emphasis on 
obtaining a tight winding. This reduces the 
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FIG. 12. MPfF superconductor tensile test done in liquid helium. 

magnitude of coil pack motion during magnet 
energizing and de-energizing. 

A plenum region is provided between the top of 
the 58th layer and the inside surface of the coil 
jacket for the collection of helium bubbles outside 
of the superconductor itself. The plenum filler 
material is composed of laminated sheets of slotted 
NEMA G-ll . The laminated assembly was com
pression tested and found to be structurally sound 
to beyond 4000 psi.— Compressive strength was 
needed only during coil closure since the bubble 
plenum region experiences very small compressive 
loads during magnet operation. 

The outside face of the 58-layer coil pack bears 
against a slip plane on the large radius of both 
magnets as shown in Fig. 14. The slip plane, con
sisting of two sheets of 0.007-in.-thick Mylar, allows 
relative motion between the superconductor pack 
and the surrounding coil jacket to occur without 
damaging the Kaplon or NEMA G-ll insulation. 
Analysis of the slip-plane requirements found a 
coefficient of friction of 0.9 or less to be 
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FIG. 13. Compaction of MFTF conductor pack in-
terlayer (slotted G-ll) direction at LN temperature. 
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KIG. 14. Bearing face of MFTF superconductor pack. 

satisfactory.'0 Laboratory tests on a slip-plane 
mockup showed a friction coefficient of 0.17 for the 
Mylar-on-Mylar configuration. 3 1 ' 3 2 

Tests were also performed to verily the com
pressive strength of the filled epoxy used to grout 
the completed coil prior to applying the jacket. 
This investigation included a thermal shock test us
ing an embedded steel washer. No damaging effects 
due to differential thermal contraction were found. 

The compressive load, at which the soft copper 
wrap on the superconductor begins to be perma
nently indented by intertum insulation, was found 
by testing to be 4500 psi. 3 4 The coining load in the 
interlayer direction is 5400 psi due to the larger ef
fective contact area of the NEMA G-ll sheets. 
These compare favorably with the anticipated 3400-
psi interturn and interlayer compaction pressures 
exerted during magnet operation at full field.35 

ELECTROMAGNETIC LOADING 

The MFTF yin-yang magnet geometry and the 
direction of current flow in each coil is illustrated in 
Fig. 15. As the diagram suggests, the large and 
small radii of the two coils behave somewhat like 
segments of solenoids. The peak magnetic field 
value of 7.68 T occurs on (he inside surface cf the 
coil pack in the small radius region, as seen in 
Fig. 16. The similarity to a solenoid diminishes, 
however, when the transition from large to small 
radius is considered (as shown in Fig. 17) where the 
transition region displays high gradients of elec
tromagnetic forces. 

Most of the electromagnetic load calculations 
for the MFTF yin-yang magnet were performed us
ing the Electromagnetic Fields. Forces and Induc
tance (Fl-T-T) computer program. 3 6" 3 8 FI-FI is 
capable of modeling an arbitrary system of coifs 
made from circular arc and/or straight segments of 
rectangular cross-section conductors, and was used 
extensively in the analysis of the MFTF magnet. 

The internal pressure exerted on the side vails 
of the coil jacket by the superconductors has been 

(2 out of page) 

FIG. 15. MFTF magnet current direction. 
FTG. 16. MFTF magnet field distribution—minor 
radius symmetry plane. 
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FK». !7. MFTF magnet. Average magnetic pressure—EFFI calculation prior to redistribution. 

calculated using an HFFI computer program model 
and the load redistribution extracted from integral 
coil/structure finite element modeis. The analysis 
models built by General Dynamics/Convair used 
six rod elements to represent the coil pack. 
Transverse coil pack members with appropriate 
pack modulus properties transferred the applied 
loads to the structural case. The finite element 
model is illustrated in Fig. 18. 

Another way to illustrate the EFFl-generated 
loads in Fig. 17 is to use a coil sketch with applied 
load vectors, as Fig. 19 shows. These loads do not 
account Tor the effects of the structural case. 3 9 Due 
to the compliance of the supporting case and the 
motion of the coil pack with respect to the coil 
jacket, the electromagnetic pressure exerted on the 
surrounding material is lessened in the small radius 
region. 4 0 This effect can be seen by comparing 
Fig. 20 with Fig. 19. 

The superconductor and copper bus lead-outs 
penetrate the coil jacket and structural case at the 
helium vapor exit pipe in the manner shown earlier 
in Fig. 15 and with the applied loads from Fig. 21. 
The lead support structure has been designed to 

withstand the maximum expected electromagnetic 
loads. ' The geometry selected for the iead-out path 
allows coil pack motion to occur without jeopardiz
ing the lead-out assembly, as dealt with in more 
detail later in this report. 

COIL WINDING TIGHTNESS 
As Fig. 14 shows, the MFTF coil pack is made 

up of alternate layers of superconductor and 
NEMAG-11 insulation. The tightness of the wound 
coil influences the superconductor pack motion and 
pressure load redistribution. The degree of pack 
tightness is quantitatively described as the stack-
height buildup per layer of conductor above the 
sum of the individual component heights. This 
phenomenon is the result of surface features of the 
superconductor and NEMA G-ll which prevent 
continuous surface-to-surface contact. 

When fictitious, perfectly flat surfaces are con
sidered in analyses, the early reduced compressive 
stiffness shown in Fig. 13 is interpreted as an initial 
per-layer '"gap." As a result, reference to the word 
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"gap" in the context of coil winding has come to 
represent iiis analog of a surface contact phenom
enon. 

Several methods were employed to maintain 
the tightness of the MFTF coil pack. The supercon
ductor was continuously held at a tension of 600 lb 
during coil winding. Small-radius clamps helped 
retain superconductor pretension, and side clamps 
closed interlurn gaps on the large radius of the coils. 
The clamping, tensioning, and compaction measur
ing techniques are described in the MFTF coil 
winding specificaton. The actual winding tightness, 
achieved with the tensioning and clamping scheme 
described above, was found from stack height 
measurements lo be from 0 lo 5 mils per conductor. 

An intermediate effect of this pretensioning is 
the dislorlion or possible buckling of the jacketed 
coil during transfer to the structural case sub
assembly. An early analysis indicated that a poten
tial problem existed and that further investigation 
was needed. Interference between the jacketed coil 
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FIG. 20. MFTF average redistributed magnetic pressure (psi). 

and the structural case due to coil distortion would 
result in assembly delays and possihly the design 
and fabrication of" additional hardware. 

A comprehensive buckling analysis was laier 
performed b\ General Dynamics/Convair which 
took into account a conservative 50f.> relaxation of 
the winding pretension. This analysis predicted 
that the jacketej coil would not buckle when the 
coil-form adapter strongback was removed. The 
analyses also predicted a displacement of about 
0.9 in. at the large-radius symmetry plane which is 
within the allowable range for structural case 
assembly. 

These, as well as earlier analyses, were very 
conservative and highly dependent on an accurate 
prediction of superconductor pretensile load reten
tion. A program of strain measurement was under
taken to experimentally determine actual winding 
load on the coil form. Permanent strain gauges, 
meant to be read during magnet operation, were 
read during coil winding. Additional temporary 

coil-form strain gauges were applied to complement 
the permanent installations.44 All of these gauges 
were also read during coil demounting and transfer. 
Preliminary results from these efforts confirmed the 
conservative nature of the analytical assumptions. 

SUPERCONDUCTOR 
STRESS AND STRAIN 

The analytical prediction of superconductor 
stress and strain in the MFTF magnet evolved from 
early hand analyses to sophisticated finite element 
analyses and parametric studies. Hand calculations 
were performed using simplifying assumptions such 
as no relative motion of conductors with respect to 
other conductors and the supporting case, 4 5 or of 
uniform stress or solenoid-like behavior. When a 
relationship between superconductor winding 
tightness and strain was shown, 4 4 tests were ini
tiated to determine the actual stress-strain response 
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FIG. 21. Klectromagneric forces on MF'I'F superconductor leads. 

of the wound coil pack for inclusion in analytical 
models. 

The stress analysis of the MFTF magnet struc
tural case'"*16 led to improved methods o\~ 
predicting the effects of case deflection on supercon
ductor strain.4"1 This early work, however, did not 
address the effects of winding tightness and coil-
pack motion which tend to redistribute stresses 
across the pack, as Fig. 22 shows. 

The effects of winding tightness on conductor 
stress and strain were investigated by General 
Dynamics Convair.4' A parametric study was con
ducted to measure the degree of coupling between 
coil-pack modulus and conductor stress. Using 
three different simulated coil-pack moduli to ad
dress winding gaps of 0. 5. and 10 mils per conduc
tor, it was found that although the coil motion in
creased with larger gap si/e. superconductor stress 
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tended to redistribute itseliwith a slight reduction 
in the peak from a value of 22 ksi with no gaps to 
about 19 ksi with 10-mil gaps. Figure 22 graphically 
illustrates the change in superconductor stress 
distribution. 

The analyses have indicated a new conductor 
stress of about 22 ksi when the magnet is at its max
imum operating current of 5775 A. Due to non
linear superconductor behavior and hysteresis, the 
superconductor strain can reach a peak of 0.25*5 
during the first energizing. This number is reached 
by neglecting any radial support of the coil pack in 
ihe small radius. However, of this 0.25%. 0.15% is 
nonreversible permanent set and 0.10% is clastic 
strain with little variation in the hysteresis loop for 
subsequent load unload cycles. 

The wrapped superconductor and reinforced 
joint assemblies were successfully pulled in liquid 
heJium to about three times the expected axial load 
levels. Of greater concern was the possible reduction 
in the critical-current value of the superconductor 
and degradation of the residual resistivity ratio of 
the copper stabilizer due to static and cyclical 
straining. 

A comparison o^ MFTF operating strains with 
current literature on strain effects revealed no 

measurable degradation of the critical-current value 
for a peak strain of 0.25% or for repeated strainings 
to the same level, even to the point of fatigue failure 
of the specimen. A 3%. reduction in the copper 
stabilizer residual resistivity ratio was predicted for 
a single strain of 0.25%. However, no further 
degradation could be found for subsequent cyclical 
straining lo 0.10 r?. 4 s 

COIL PACK MOTION 

Superconductor motion was considered when 
designing the internal components of the coil pack 
such as lead-outs, joint and ramp designs, slip 
planes, helium-bubble plenum details, and various 
fillers and supports. The motion of the MFTF coil 
pack with respect to the jacket and structural case 
w;»s predicted by postprocessing finite element com
puter output provided by General Dynamics/ 
Convair. - 2 , 4 7 The diagram in Fig. 23 depicts the coil 
pack with exaggerated displacements to emphasize 
the directions of motion. Displacement value will 
vary due to actual as-wound conditions. 

The slip plane previously discussed allows the 
magnet to safely accommodate several limes the coil 
motion that is anticipated. An analysis of the design 
requirements of the slip plane depicted in Fig. 14 
showed that a coefficient of friction of 0.9 or less 
would prevent damage lo the slotted NFMA G-l 1 
inlerlayer insulation. This was because 95ri of the 
conductor motion occurs before 40% of the peak 
magnetic field is reached and when electromagnetic 
loads are relatively small. Tests of several slip-plane 
designs showed two sheets of 0.007-in.-thick Mylar 
to be more than adequate, with a coefficient of fric
tion of 0.17 or less at cryogenic temperatures. 

Conductor stress and motion analyses revealed 
that a reduction in normal load on the slip plane in 
the small radius and a more favorable mechanical 
environment for conductor lead-outs and coil 
diagnostics would occur if radial motion in the 
small radius was allowed. In the small radius region. 
General Dynamics/Convair analyses indicated a 
tendency of the conductor pack lo self-support or 
lightly bear on the jacket wall if radial motion was 
not heavily restrained. As a result, the radial inside 
surface of the coil jacket in the small radius was 
designed lo include a layer of highly compliant felt 
padding in addition to the Mylar-on-Mylar slip 
plane. This reduced or eliminated damaging radial 
loads in the end regions where internal anomalies 
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FIG. 23. MFTF average superconductor pack motion (inches). 

such as lead-outs and permanent clamps must be 
installed. 

Predicted coil motion also impacted the design 
of penetrations in the NEMA G-l I sheets where the 
superconductor must ramp up from one layer to the 
next. The possibility of a short circuit due to relative 
motion of adjacent layers was eliminated by sur
rounding the conductor penetrations with NEMA 
G-11 blocks. This arrangement safely allows over 
3/8 in. of relative interlayer motion, 30 to 40 times 
the amount that is predicted by idealized analyses. 
Large excursions could occur if layers were to seize 
rather than slip. Even though this is highly unlikely. 

the conservative penetration design allows for these 
movements. 

Several other details of eoii internal design 
were influenced by predicted coil motion. Supercon
ductor strain-gauge leads were routed and strain-
relieved to allow for motion of the gauged region. 
Interturn button insulation was glued to a woven 
string and slots in the interlayer sheets were made 
too small for the butlo/s to pass through, in order 
to mechanically trap the buttons if they are scoured 
off of the superconductor. Coil lead-outs were 
positioned to' allow coil pack motion to occur 
without mechanically loading the lead assemblies. 
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Glue blocks on the outer edge of the inlerlaycr in
sulation provide J flat machined surface for slip-
plane motion. 

The MFTKcoil pack mechanical behavior may 
best be summarized by two statements: Much effort 
was pul into winding tight coils to minimize the coil 

pack motion that was predicted by analyses. Given 
the directions and relative magnitudes of the expec
ted motion, coil internal details were designed to 
allow for several times the anticipated loads and 
motion without compromising magnet perfor
mance. 

23-24 



SECTION 4 
COIL WINDING 

INTRODUCTION TABLE 8. C-coil dimensions. 

This section describes the basic criteria used in 
the winding of the MFTFyin-yang magnets. It also 
covers the equipment, special tooling, and materials 
necessary for the winding and enclosure of the coil 
in a 0.5-in.-thick stainless-steel jacket. 

COIL GEOMETRY 
The yin-yang magnet consists of two C-shaped 

coils that are enclosed in a structural case and at
tached roughly in the shape of a ball. Figure 24 
depicts the geometry of one coil and Table 8 lists 
coil dimensions. 

FIG. 24. MFTF coil geometry outline. 

Value 

Parameter Meters Inches 

Major radius 2.51) 98.45 
Minor radius 0.75 29.53 
Cross section 

Height U.<)H 38.5H 
Width (1.39 15.35 

The coil is wound in pancake construction with 
superconducting conductor. There are 58 layers of 
24 turns giving a total of 1,392 conductor turns. 

The total length of superconductor used in 
each coil is 25,000 m (82,000 ft). A grand total of 
50,000 m (164,000 ft or 31 mi) of superconductor is 
required to wind the pair of coils. 

COIL WINDING 
EQUIPMENT 

Before the MFTF coils could be wound it was 
necessary to design and develop the equipment re
quired. The initial concepts provided by A. R. Har
vey were based on experience winding the baseball 
coils and other similar coils. These concepts were 
pursued by R. C. Ling, R. E. Hinkle, and EG&G 
designers. The winding machine, reel support, con
ductor spools, button dispenser, and cold-welding 
process were the first to be developed. 

MFTF Coil Winding Machine 

The coil winder design was started in August 
1976 and the initial design specification49 was 
released in September 1976. Constructed by 
Teledyne Readco, York, PA, the winder in Fig. 25 
was delivered to LLNL in September 1977. 

The coil winder was designed with maximum 
versatility to allow for future changes in the coil 
geometry. It is capable of winding a two-axis coil 
with a major radius from 60 in. (1.5 m) to 130 in. 
(3.3 m) with 360° ofrotation. The minor radius can 
vary from 12 in. (0.3 m) to 60 in. (1.5 m). 

The design characteristics50 of the coil winder 
are given in Table 9. 
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FIG. 25. MFTF coil binding machine. 

Keel Support 
The reel support (Fig. 26) was designed by 

EG&G designers under the direction of R. C. 
Ling5' and fabricated by Hopper Manufacturing, 
Bakersfield, CA. 

The reel support provides two basic functions. 
One is to support the 11-ft reel of superconductor 
during winding. The other is to provide constant 
tension for the conductor between 50 and 1,000 lb. 
A counter-balanced weight system is coupled to a 
torque motor with a center sending device that ap
plies more or less torque to the reel to keep it bal
anced with the weights. This system was tested with 
a dynamometer and strain gauges and found to be 
accurate within ±50 lb. The entire upper assembly 
that supports the reel is floated on air bearings to 
provide a friction-free motion, and is capable of be
ing elevated and pivoted to keep the conductor in an 
ideal winding position. 

Other design characteristics*2 for the reej sup
port are given in '. jbJe 10. 

Button Dispenser 
The button dispenser was initially designed and 

developed by the LLNL coil shop to apply the inter-
turn insulation buttons to the MFTF test coil. It 
was redesigned by EG&G for MFTF winding and 
later modified by the winding technicians. 

The dispenser (Fig. 27) was designed to apply 
the interlurn insulation (buttons) to the conductor's 
side continuously while the conductor is being 
wound onto the coil form. The basic principle is to 
apply one drop of Loctite #414 super glue to each 
button, rotate the button, and hold it tightly against 
the conductor for a second while the glue sets. Loc
ate #414 was selected after extensive testing.5-1 

Cold Welder 

Figure 28 shows the cold-welding process 
adapted for the MFTF conductor after use on the 
MFTF test coil. 5 4 Purchased from the Heinlz divi
sion of the Kelsey Hayes Co., Phtladephia, PA, the 

26 



TABLE 9. MKTF magnet winder characteristics. TABI.K 10. Reel support characteristics. 

Parameter 

Design load, lb 172 X 10 3 

Design torque, in.-lb 6 X I 0 6 

Operating torque: 

No load, in.-lb 5.2 X I 0 6 

Full load, in.-lb 5.1 X I0 6 

Rotation: 
C\\ and COV, both 
azimuth and elevation axes Continuous 

Drive speed: 
Arimuth axis, max., rnm 0.75 
Elevation axis, rpm 0.20 

Operating temperature. °K 32to Iltl 
Design lire, yr 5 
Suniial seismic load, g 0.25 
Power: 4811 V, 3 phase, SO Hz, 15(1 1W: 

Elevation drive. A 150 
A/imulh drive. A 100 

Dimensions: 

Height: 
No load. Tt 23.17 
With toad, rt 30 

Diameter: 

Service platform, ft 32 
Base, ft 21 

Weight: 
No load, lb 350 X 10-' 
With load, lb 522 X 10 3 

welder hydraulically preKses the Iwo ends of con
ductor together, causing a cold flow and molecular 
bonding of the copper. The Nb-Ti strands do not 
bond, but do intermesh. The resulting joint is 
stronger than copper, but not as strong as the com
posite. 

TOOLING 
Auxiliary tooling encompassed three major 

areas, adaptors for mourning the coil to the winder, 
clamping systems to maintain conductor tightness, 
and the miscellaneous tooling required for coil 
finishing. Where possible, initial designs and con
cepts were fabricated and tried during the construc
tion of the MFTF test coil. 

Adaptors 
The need for two adaptors was apparent from 

the onset of the design: one for holding the coil form 

Design load, lb 

Design tension, !b 

Vcrliclc travel, ft 

Vcrlicle speed, in. • min 

Pivot (ravel, deg 

Pivot speed, deg- min 

Reel drive: bidirectional 

Operating temperature, °l" 

Operating humidity, % 

Operating tire, yr 

Seismic loud, g 

Dimensions: 

J.englh, ft 

width, rt 

Height, ft 

Weight: without reel, Ih 

Reel sizt-: 

o.d., ft 

\ \ idth, ft 

Hub diameter, ft 
Keel weight: with 
9,000 ft of superconductor, lb 

12,000 
600 

•1.5 

3.6 
±7.2 

2.4 
Continuous-duty 

ac torque motor 

32 to HO 

12 to 95 

5 

0.25 

If) 

1(1 

30 

21.000 

11,17 
2.33 
Hl.5 

11.500 

while winding and one for mounting the coil-form 
adaptor to the coil winder. Figure 25 shows the cuil-
form-to-coil-winder adaptor in place on the winder. 
This was designed at LLNL in conjunction with 
Teledyne Readco55 during the winder construction. 

The coil-mounting adaptor was designed by 
EG&G 5 6 and constructed by F-'MC Corporation, 
San Jose, CA. along with the coil form. The design 
was to support a dead weight of 60 tons and a 
winding torque of 5,000 fl-lb with a safety factor of 
2.5. It had to be easily removable so that minimum 
strain would be placed on the finished coil during 
disassembly. 

Clamping Systems 

The need for quick-aciing movable clamps for 
winding, and permanently fixed clamps for holding 
a layer after winding, was evident from experience 
with the baseball coil and the MFTF lest coil. 

The clamps were reduced to two types, end 
clamps?7 and side clumps.58-''9 Four end clamps, 
shown in Fig. 29, are mounted on each end of the 
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Soil winding mjwhihe 

FIG. 26. MFfF reel support. 

FIG. 27. MFTF winding button dispenser. FIG. 28. Cold-welding process. 
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FIG. 29. End winding clamps. 

coil-mounling adapter. Each clamp is pneu
matically operated and capable of being swung out 
of the way. Each exerts an axial downward ihrust of 
1,500 to 2,500 lb. 6 0 

There are five sets of side clamps (see Fig. 30) 
on each side of the large radius of the coil form. 
They use a screw thread with a quick acting spring 
detent to produce fast lateral movement and 
telescope for verticle movement. The side clamps 
are designed lo exert a lateral force of 500 lb 6 1 to 
hold each turn in position during the winding. 
Upon completion of the layer, the clamps are reset 
to hold the first turn of the next layer. To hold the 
previous layer in place fixed clamps were required. 

The tower clamps shown in Fig. 31 were 
designed and constructed by EG&G to support the 
sides of the windings. They are stackable I-in.-thick 
plates capable of exerting 500 lb of force in two 
places by the use of set screws. 

Permanent end clamps in Fig. 32 were 
designed6" :o replace the end winding clamps. They 

are 1/2-in.-thick. 316L stainless-steel plates, held in 
place by I/2-in.-diam bolts on the outside and by 
3/8-in.-diam bolls on the inside. The inside bolls are 
pan of the weld-backing bar. The entire system of 
bolts is torqued lo 40 ft-lb each to replace the ac
cumulated 6.000 lb of end-clamping force. 

Tooling tables were designed and constructed 
by EG&G to provide a stable support for the tower 
clamps and side clamps. This can be seen in Fig. 30. 

Miscellaneous tooling covers items that have 
been developed by the winding technicians and 
LLNL design team. The major item is the routing 
fixture (Fig. ^}). it is constructed from two sets of 
linear ball bushings and shafts that arc mounted to 
the coil form to support an air-operated router.6~ 
The prime purpose of this tool is to machine a 
smooth surface on the side of the NEMA G-l I filler 
blocks. This machined surface is further sanded to 
become a smooth load-bearing surface that trans
mits the electromagnet forces to the slip plane and 
subsequently to the structural steel case. 
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FIG. 30. Side winding clamps. 

INSIXATION 

The insulation materials have been successfully 
used in previous coils. No new or unusual materials 
have been needed to meet the MFTF magnet in
sulating requirements in Table It. 

TABLE 11. MFTF magnet voltages, 

Magm-I area Voh age 

(irvund plant-. \ nk- J 
l.a>tT-lo-layi-r, V(dc) 
Turn-tn-t urn, \'(dc) 

1000 

17.3 

0.7 

The biggest insulation problem is to prevent 
arcing in gaseous helium as predicted by the 
Paschen curve in Tig. 34 for helium at 20°C and 
I atm. 

Intertum Insulation (Buttons) 
The design of the interturn insulation was 

taken from the Baseball II coil with improvements. 
The insulation must be capable of bending in two 
directions to conform to the coil geometry: it must 
also leave space Tor the liquid helium to circulate. 
The button approach that was developed for the 
Baseball II coil depended upon the glue bond to 
keep the buttons spaced along tile conductor. The 
improved version (Fig. 35) added a Dacron string 
attached to the buttons for spacing. 
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FIG. 31. Tower clamps. 

FIG. 32. Permanent end clamps. 

The button is an octagonally shaped 0.040-in.-
thick piece of' iVf: MA C7- It u ith a groove in The cen
ter. Since the breakdown voltage 6 4 on the N E M A 
G-l 1 is 700 V • m i l - ' at room temperature the inter-
turn insulation requirements were easily met. 

Because of poor vender performance L L N L 
was forced to underiake the job of designing the 
machine to produce the buttons at the rate of at 
least 1.500 ft/day. R. Leber (MFI fD) was responsi
ble for the success of this task. The M F T F winding 
technicians now produce the interturn buttons on 
three machines in accordance with the manufactur
ing process as outlined: 

Sheet Material. Sheet material of N E M A G-l I 
is procured by L L N L and surfaced to maintain a 
uniform 0.040 in. with a 0.002-in. Harness. 

Strips. The sheets are sent to a second vendor 
to be sheared into strips 0.437-in. wide. A groove 
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FIG. 33. Router guide assembly. 

Pressure spacing product (bar-mm) 
I l I 1 I L 

1 0 -6 1 0 - s 1 0 - 4 1 0 - 3 1 0 - 2 to- 1 

Density spacing product (gm-cm"3-mm) 

FIG. 34. Paschen curve for helium (20°C). 

< 

1. Dim. to l . ± 0.015 except as noted. 
2. Cement items 1 to 2 with LLL approved adhesive, 
3. Mat*) for item 1 to have surface sanded to 

thickness tol. shown. Edge finish to be clean 
sheared or punched. 

Spaced 0.725 on centers 

\/TS /T\ rr\ 
\ \ / / I ^-Laminate sheet, / + 0 

W 0.045-rn.thick^ ' o ^ O " * 
/ \ t-Woven tape, 0.048 X 0.00? in-7 - * - — fbot .ofc 

0.437 ' N — 0.437 

H-1—0.43 AH dimensions typical 
and in inches 

fbot. of groove} 

±0.003 

Laminate sheet ̂ - ^ 
=o=o=o= -=-\-<\ s-\ryr> 

CT ^ W W 

Apply cement ' Edge j Finished 
I and tape Inotchi Spacer strip 
I l i 

Suggested method of production 

FIG. 35. MX coil intertani spice strip. 
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0.050-in. wide and 0.025-in. deep is milled in the ex
act center of each strip, and the strips are sent lo 
LLNL. 

Square Punching. The strips are inspected for 
thickness and groove depth and then run through 
the machine in Fig. 36 to punch a square hole in an 
evenly spaced pattern. 

Applying the String. The punched strips arc fed 
into the string machine (Fig. 37) which feeds 
Dacron string into the milled groove and applies a 
single drop of Loclite ^MgluL 0- 1 to the joint. This 
newly formed ribbon of punched strips is wound 
onto a plastic spool. 

Button Punching. The square-punched ribbon is 
run through a second punching operation which 
removes the remainder of the square hole and 
chamfers the edges of the remaining center piece. 
What remains is an octagonal-shaped button glued 
lo the string. This is respooled onto a 400-ft-
capacity spool with a ribbon of Mylar between each 
layer of buttons to prevent them from twisting. 
Figure 38 shows the button punch with some loose 
buttons being refastened to the string. 

Inter I aver Insulation 
The interlayer insulation (Fig. 30) is fabricated 

in 36-in.-wide by 48-in.-long sheets 1/16-in. thick. 
LLNL drawing No. AAA78-110166 depicts the 
geometry of the perforations. Nominally the 
material is punched with a 3/ i 6-in. wide X 1.5-in. 
long slot spaced 3/16-in. apart. 

FIG. 36. Square-punching machine. 

These sheets are sand blasted at LLNL and 
then cut lo lit the coil form in such a manner that 
the slots arc 45° off the vertical centerline of the 
conductor. 

Giound Plane Insulation 

The material selected for the ground plane in
sulation is Kaplon. It was selected because of its ex
cellent breakdown voltages of 3,600 V-mil - 1 at 
room temperature, which increases to 10,800 
V-niiH at -I95°C.(1-S Table 12 shows the mechan
ical properties of Kapton. 

The Kapton is applied to the coil form in 2-
and 4-in.-wide strips (see Fig. 39). Each strip is 
bonded with 3M =714 glue and placed so it overlaps 
the previous one by 50%. A second layer is placed 
over the first in the same manner with the over
lapping being 50%. This process is continued for 
five layers to produce a type of baffled pathway that 
is at least 2-in. long for protection from arcing to 
ground. 

Kapton exhibits an additional characteristic of 
being able to withstand 400°C which gives ad
ditional protection from damage during closure 
welding. 

Plenum Chamber 

When the magnet is operating the liquid helium 
coolant has bubbles of gas for which a paih of es
cape must be provided. To accommodate the gas 
bubbles, 3 in. of space was left between the last Wiyer 
of conductor and the coil jacket. It is this space that 
is referred lo as the plenum chamber. 

The 3-in. space has to be filled with a porous 
material that is capable o( transmitting loads from 
the conductor pack lo the jacket. The material se
lected was the inierlayer insulating material 
previousl} described. The orientation ol' the per
forations was studied lo determine an optimum 
path for the bubbles. The selected scheme was to 
bond four sheets together with the perforations in 
line. These then were bonded lo loin sheets of 
similar construction except that the perforations 
were rotated 45-90°. This scheme of four sheets one 
way and then four the other was continued until the 
entire space was filled. 

Slip Plane 
The conductor motion analysis-- shows that 

the conductor is going to compress until all the 
winding gaps are closed and then move out towards 



MS"-'' 

KIG. 37. String-application machine. 

the 1/2-in. jacket. To accommodate this motion a 
slip plane has been provided to reduce ihe coef
ficient of friction and provide a sacrificial layer of 
material if local deformations are excessive. 

Samples were produced that duplicated the 
edge construction of the NEMA G-11 glue blocks 
and tested in a special fixture at both room and liq
uid nitrogen temperature. They were placed against 
sample slip planes and loaded with a controlled 
force while a measured force was applied to start the 
materials slipping. Table 13 is a summary of the lest 
results. 

The Mylar-un-Mylar system was selected 
because it did not exhibit stick-slip behavior and 
avoided the uncertainties of the addition cf the 
moly-disulfide power into the system. 

Glue Blacks and Filler Blocks 
The material selected to fill the inside of the 

coil from the conductor to the slip plane is NEMA 
G-11. 

Glue Blocks. The glue blocks (Fig. 33) are 
fabricated with l/2-in.-wide X l/32-in.-thick X 40-
in.-long strips of NEMA G-11. Each strip is 
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bonded, on a curved form, to the next strip using 
Epoxy 815 and versimide hardncr. These strips are 
built up to approximately 0.45-in. thick. 

The inside edges of the completed blocks are 
chamfered approximately 1/8-in. wide by 1/8-in. 
deep, and grooves are cut every inch to provide 
cooling along the surface of the conductor. 

Once a glue block is bonded to the interlayer 
insulation it will provide 5001b-in.-1 of support, in 
shear, to hold the layer tight against the coil form. 
Once these permanent side damps are installed they 
can hold the conductor in place and the Tower 
clamps are removed. 

Filler Blocks. The filler blocks are of a similar 
design except they are machined to lit the outside of 
the conductor pack at the small radius. They 
provide a solid filler between the conductor and the 
jacket. 

Felt Filler. To provide for the conductor pack 
motion previously discussed, it is necessary to allow 

• 

FIG. 38. Button-making machine. 

FIG, 39, Coil form No. 1 ground plane installation. 
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TABLE 12. Properties of Kapton-Iype H. 

Typical values, 1 mil film 

Property - I95°C 25°C 200°C Test method 

Physical 
Ultimate tensile strnegth, psi* 35.IHMI 25,000 17,000 ASTM D-882-64T 

Yield point, psi at 3%* 10,000 6,0011 ASTM D-H82-64T 

Stress to produce 5% elongation, psi* 13,000 8,50(1 ASTM D-HH2-64T 

Ultimate elongation, %* 2 70 •Ml ASTM D-H82-64T 

Tensile modulus, psi" 510,000 430,000 260,000 ASTM D-882-64T 

Impact strength. Kg'cm-mil 6 Pneumatic inpact test 

Folding endurance, cycles0 

Tear strength-propagating, g-mil 

10.IMHI ASTM D-2I76-63T Folding endurance, cycles0 

Tear strength-propagating, g-mil 8 ASTM D-1022-6IT 

Tear strength-initial, g-mil - ' 510 ASTM IM004-61 

Tear strength-initial, Ib- in - ' IIIIII ASTM U-1004-61 

Hunting test, psr 75 ASTM U-774-63T 

Density, g-cm -- 1.42 ASTM 1)-1505-63T 

Kinetic coefficient of friction 
(film-to-frlm) 0.42 ASTM D-I8M-63 

Refractive index^ I.7H Kncyclopedic dictionary 

Thermal 
Melting point 
Zero-strength temperature. °C 

Cut-through temperature, °C 

Coefficient of thermal expansion, in./in./°C 
Coefficient of thermal conductivity, 
Cal'cm-cm 'S-°C 

Flammability 

Heat scalable 

Specific heat, cal-gm"'*°C 

Test condition 

None 
815 20 psi load 

for 5 s 
Hot harb 

435 1 mil 
2 to 5 mil 

Weighted probe o 
heated film b 

2.0 X l ( T 5 -14 to +38°C ASTM D-696-44 

3.72 X ]0~ 4 25°C Model TC-KI00 
3.8» x I0~ 4 75°C twin heatmeter 

4.26 X I 0" 4 200 oC 
4.51 X I 0" 4 300°C 
Self extinguishing when flame is removed 
No 
0.261 40°C Differential calori 

275°C 300°C 400°C 

Shrinkage, % 0.3 0.5 3.0 30 min ASTM D-1204 
Heat aging (in air) Syr l y r 3 mo 12 h Circulating 

air oven 
Time to reach 
1% elongation 

* M D 'Elmemtorf 
"Dupont 'Graves 

<MlT rMull:n 

SBecke line 
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TABLE 13. Coefficient of static friction test sum
mary. 

Room LN 
Material temperature temperature 

C - l l cinG-1! 0.3 lo 0.35 0 J to 0.35 
Mylar/moly/Mylar 11.13 to 0.16 0.13to0.16a 

Mylar-on-Mylar 0.13 to 0.16 0.13 to 0.16 

a('oeflieient of sliding Friction dropped to 0.99 Kith moly 

cuatinj!. 

the conductor at the small radius to move radially 
outward. This motion is permitted by pJaeini! 3/8 
in. of felt between the Kaplon and the filler blocks. 
The felt will compress allowing the conductor lo 
displace about 0.120 i n " 

Filler Material 
Upon completion of the coil winding the coil is 

built up with the glue blocks, slip plane, Kapton 
and NEMA G-ll sheets. The jacket, I /2-in.-lhick 
3I6L stainless steel, is fitted to the exterior of the 
coil pack. Nominally there is l/4-in. of clearance. 
This volume is filled with Epon 815 with chopped 
fibers and versimide hardener. Figure 40 shows the 
lop filler on the end of the first coil. When this filler 
is cured the jacket is welded into place. The filler 

FIG. 40. External joint. 

provides a light load transmitting media lo Ihe 
jacket from the conductor pack. 

A washer test was made using the Epon 815 
and glass-fiber compound A large steel washer was 
imbedded into a sample of the material and then 
thermal cycled 10 limes in liquid nitrogen. No 
cracking was observed from expansion and contrac
tion. Compression tests were made in the LLNL 
Test Laboratory using the same composition. The 
results were 10,000 psi to failure in compression, 
corresponding to a safety factor of 4 compared to 
Ihe 2500-psi maximum load predicted by analysis."6 

WINDING TECHNIQUES 
Prior to the commencement of winding the first 

MFTF coil a practice coil form was built and 10,000 
fl of l/2-in.-square copper wire was wound to 
debug the winding equipment and tooling. From 
this effort a detailed winding procedure2-'' was 
prepared which is a living document that is main
tained by the engineer in charge of winding. 

The first MFTF coil winding was staried in 
February 1979 and completed six months later. Sep
tember 1979. This included unwinding the first six 
layers, delays due to slivers in the conductor wrap
ping process, and several weeks of delay due to con
ductor shortages. Winding rates of four layers per 
week were achieved during ihe last pari of winding 
when the material logistics were corrected. 

CONDUCTOR JOINING 

Joining two pieces of Nb-Ti superconductor 
together has been a subject of extensive study over 
the past years. Several methods were tested in
cluding soft soldering, silver soldering, and cold 
welding. As mentioned earlier, the cold welding 
process was Ihe most satisfactory one. It was used 
successfully for the MFTF test coil although the 
joint is no; as strong as the parent material. It was 
decided to increase the cold-weld strength and 
redundancy by adding additional stabilizing copper 
to the sides of the core. 6 7 The result of this change 
was a machined joint tray into which the core is 
soldered after it has been cold welded. Figure 40 
shows an external joint completed in the first coil. 

The joint is made by stripping back and remov
ing a section of the copper stabilizer, and then cold 
welding54 the ends of the core together. The cold-
welded joint is then soldered into the copper joint 
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tray th:it provides the mechanic;!! strength as well as 
the electrical path to assure lhal there is continuity 
even if the cold weld were to break. Extensive tensile 
testing has been done-^ to verify the design concept. 
The joined conductor is stronger than the parent 
material, even when no cold weld was made in the 
core. 

A detailed operating procedure''1' as well as 
detailed check lists have been prepared for joints. 
The finished coil has a total of 5N joint*-. Twenty-six 
are internal joints (against the cod form) and 26 are 
external joints as .shown in Fig. 40. 

CURRENT LEADS 
Two current leads an.* requited lo hook the coil 

to the external power supply. Both leads have been 
designed'1'' to meet the worst case conditions; i.e., 
when the I'uii current is carried ii, gaseous helium, if 
the superconductor goes normal. 

Interna) J.tad 

The lead that connects the end of the llrst layer 
and travel1- \erlicafly across all ^ layers at the cen
ter of the small radius and along the top of layer 58 
and finally out the helium exhaust port is called the 
internal lea (J. This lead is constructed of three 
massive pieces of copper or bus bars. 

K\ferny) Lvad 
TIK* external lead is the one lhal carnes the end 

of the last turn of the last layer on through the 
helium exhau-4 port. It loo is constructed of a heavy 
piece of copper bus bar. 

The joining of the conductor to the busr. is 
done in a similar manner as the joint tray except 
there is no cold weld. 

The copper bus bars have cooling channels for 
free helium flow and a piece of Nb-Ti supercon
ducting core is soldered into a grove along the sides. 
The superconductor is continuous except for two 
places where joining the buses made it impractical. 
The joining of the copper bus bars was done using 
Handy and Harman "Easy How" silver solder. It 
has a melting temperature of 1160°F. The supercon
ductor was soft soldered in the groves with a 50-50 
soft solder after the silver-solder joints were made. 

Figure 41 shows the current-lead installation 
for coil No. I. LLNL drawings AAA79-I07723, 
AAA79-107724 and AAA79-I0774? describe the 
bus bars in detail. Drawing AAA79-107727 shows 
the assembly of the lead buses. 

FIG. 41. Current lead installation for coil No. I. 

The leads are brought out through the helium 
exhaust port. Analysis"41 shows a magnetic attrac
tion bejiveen the leads. They are separated by 2.5-
in.-thick NHMAG-M dividers lhal have been glued 
together. The divider is locked into place in the ex
haust lube by means of welded guides. The leads are 
boiled lo the divider in such a fashion that the bolts 
do not go through and are separated by a minimum 
2-in. space. 

COIL CLOSURE 
Figure 42 shows a typical cross section of the 

coil at the large radius. The closure is done sequen
tially starting at the small radius ends and progress
ing towards the center. 

The general sequence of events in closing the 
coil are as follows: 

a. install all the NEMA G-l 1 glue blocks, 
b. rout the glue block surface, 
c. install the weld backing bars, 
d. install the slip plane, 
c. install the plenum chamber, 
f. complete the ground-plane Kaplon insula

tion, 
g. fill the remaining volume to within l/4-in. 

of the jacket with solid NEMA G-ll material. 
h fill the remaining 1/4-in. with fiber-filled 

Epon 815, 
i. install the jacket section and tack weld in 

place, and 
j . continue the process working from the coil 

ends to the center. 

file:///erlicafly


3 1 6 L Crescoil 
jacket 

Fiber-f i l led F.pon815 

1/16 NEMA G-11 

Kapton 

G-11 perforated plenum 
chamber 

-G-11 interturn insulation 

-Interlayer insulation 

-G-11 fi l ler 

- Kanton 

KIG. 42. Large radius—typical cross section. 
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INSTRUMENTATION 
Strain gauges have been installed on the coil 

form prior to winding as part of ihc General 
Dynamics Instrumentation Plan.7 0 Additional 
strain gauges were installed on conductors at layer 2 
and 26 to monitor the conductor motions and 
strains.47 

Other strain gauges were added to the under
side of the coil form to monitor the coil form strains 
during winding. Voltage laps 7 1 were installed as 
part o[ Ihc coil closure to monitor the voltages at 
various layers of the coil during operation. Ad
ditional voltaic laps have been added lo the current 
leads for similar reasons. 

QUALITY ASSURANCE 
The basic Qualit} Assurance program for 

winding is described in the Magnet System Quality 
Assurance Pian (M-078-06-01). This plan describes 
i!.e type of records lo mai.'Uain as well as respon
sibilities oT individuals. 

The detailed Qualit} Assurance requirements 
for the winding of the coils arc given as p:irl of the 
lesl of the Ml-TF Coil Winding Procedure (MKL-
78-001432). This defines the responsibilities as well 
as ihe forms used lo report the measurements and 
inspections made during the winding operation. 

Several inspections are routinely made al Ihe 
completion of winding a la\er: 

a. visual inspection for debris, flatness, and 
any protruding insulation; 

b. electrical resistance and Hi-Pol measure
ments to detect any shorting or debris that may ex
ist: 

c. winding gap measurements at four points, 
measuring ihc stack height and width; and 

d. joint inspection for cleanliner-s. 
All anomalies are corrected before continuing 

f o wind the next layer. 
Check lists are used for each joint to assure that 

no detail is overlooked in the process. Each step of 
the procedure is signed off by the operator, and the 
final li.-a is suied by the shift supervisor. 

Operating procedures are specified for each 
oper 'lion. These are referenced in the coil winding 
procedure and all are available on the winding plat
form . 

Shift log books and photographic records arc 
maintained lo re ord problems and progress. Each 
shift supervisor completes a new page each shift. 

All of the data is reviewed daily by the engineer 
in charge of winding. Any discrepancies are re
corded t)ii a Nonconformance Report which is 
reviewed hy a Materials Review Board that decides 
upon the corrective action or disposition of the 
discrepancy. 
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SECTION 5 
THERMAL ANALYSIS 

The cooldown and warmup thermal analyses of 
the Lawrence Livermore National Laboratory 
(LLNL) Mirror Fusion Test Facility (MFTF) 
magnet system included investigation of a broad 
range of flow rates and supply temperature 
schedules. At the onset of these studies there were 
several objectives or design goals: (1) to cool down 
and warm up the magnet system within three to five 
days; (2) to yield acceptable levels of thermally in
duced stresses resulting from transverse and 
longitudinal temperature differentials; and (3) to 
yield acceptable stress levels with or without flow 
imbalances in separate sections of the magnet. All 
of these analysis objectives were met. 

Details of the initial studies are contained in 
Ref. 72. As the design evolved and the interplay be
tween thermodynamic and structural analysis 
became better understood, an iteration of the 
detailed cooldown and warmup analyses was per
formed. This analysis particularly emphasized 
longitudinal temperature variations and is con

tained in Ref. 73. This document is a condensation 
and integration of the results of those two prior 
studies. 

COOLDOWN AND WARMUP 
BASIC ASSUMPTIONS 

Cooldown and warmup of the MFTF magnet 
is achieved by means of helium through-flow in two 
separate, parallel-flow passages: one through the 
conductor bundle, and the other through the guard 
vacuum. A mass flow fraction for each of the 
parallel flows was apportioned on the basis of the 
relative mass to be cooled or warmed, 19% of the 
total flow to the conductor, and 81% to the guard 
vacuum. The latter flow split was established early 
in the program and maintained throughout. Subse
quent incorporation of additional mass to the 
magnet case in the form of stiffeners did not alter 
this recommendation. 

The magnet assembly was modeled numerically 
(Fig. 43) in terms of successive arrays of block-type 

Conductor 
helium, 19% 

Large model © , 
644 nodes 

Impose boundary 
temps T B from small 
models 

Typical section nodes 

Large model © , 
661 nodes 

- Intercoil, guard vacuum helium, 81% 

Plan as viewed from below magnet 

FIG. 43. Cooldown and warmup analysis large models (1) and (2) address transverse thermal gradients. 
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nodes (i.e., rectangular parallelepipeds) repre
senting elemental masses of conductor region, 
potting, jacket, case, coil-extension structure, and 
intercoil structure. The block-type nodes were 
provided with convective linkages to adjacent 
helium-flow nodes, which were ordered direc-
tionally to appropriately model the helium through-
flow. Convective linkages between flow nodes and 
surfaces of conductor nodes were based on a 
laminar flow Nusselt number of 4.0, an effective 
hydraulic diam of 0.131 cm, and a surface area per 
conductor of 8.17 cm 2/cm. Each conductor region 
node contains 348 conductors. 

Guard-vacuum-space helium flow includes 
flow between the jacket and the case, and between 
the guard-vacuum baffle and the case. Flow 
passages of l/8-in. depth in the jacket cavity and 
1/4-in. depth in the baffled cavity cover 50% of the 
case inner surface, and a laminar Nusselt number of 
4.0 was again assumed. Helium flow passes through 
the inlercoil and coil extension structures prior to 
entering the guard-vacuum space. For the intercoil 
and coil extension surfaces, a turbulent-flow 
natural-convection Nusselt number was computed: 

N N l l = 0.13(GrPr) 1 / 3 . (1) 

The flow rates employed in the cooldown and 
warmup analyses, up to 340 g/s, represented a 
preliminary value supplied by LLNL. Supply tem
peratures for flow schedules were assumed to be 
controlled on the basis of a measured case tem
perature located at the lower minor radius. Local 
flow rates contacting each conveclively cooled or 
heated node were apportioned based on ratios of 
local-to-lotal cross-sectional flow area. 

Effective properties of the conductor region 
nudes were computed by an independent analysis, 
in which mass-weighted average specific heats were 
generated as functions of temperature, and 
series/parallel conductive linkages were resolved 
into directional thermal conductivities, also as func
tions of temperature. Appropriate heat and conduc
tivity data for 316 SS. 304 SS, and NEMA G-ll 
fiberglass epoxy were obtained from the exit near 
the topmost location of the coil jacket. These 
several flow paths and splits were simulated in both 
large and small analysis models. Figure 44 show? a 
worst-case flow-rate schedule where 340 g/s of 
helium enters the magnet during the time that 
return temperature is 300 K and varies linearly to 

150 g/s with return temperature decreasing to 
100 K and remains at 150 g/s for return tem
peratures decreasing to 4.5 K. The accompanying 
inlet temperature profile consisted of two steps: 
80 K for return temperature >100 K and 4.5 K for 
return temperature < 100 K. 

Because the external case sliffeners of Large 
Model 1 do not have a direct convective linkage to 
the cooldown/warmup helium, it was anticipated 
that they would sustain the most severe transverse 
temperature differentials. Large Model 1 was 
therefore run with the severe cooldown flow 
schedule of 340 g/s and 136 g/s at 300 K return 
temperature to assess the effects of flosv rate on 
transverse differentials. Large Model 2 was run only 
with the cooldown flow schedule with 136 g/s initial 
flow rate. The small model was run with these as 
well as several other cooldown and warmup flow 
schedules including constant flow rates. 

ANALYSIS RESULTS 
Figure 45 shows resulting transverse differen

tials and cooldown duration as a function of the 
flow rate with 300 K return temperature. This 
severe flow rate and inlet temperature profile is 
responsible for the large temperature differentials. 
Structural analysis of this maximum differential be
tween the stiffencr. which is not directly cooled, and 
the rest of the magnet which is "wetted" by 
cooldown helium gas, shows that the temperature 
differential up to 180 g/s yields acceptable stress 
levels. This corresponds to a minimum cooldown 
duration of 44 h. 

Figure 46 shows the detailed temperature 
history data during cooldown with an initial flow 
rate of 136 g/s and two-step inlet temperature 
profiles. These data are for the cross section midway 
in the major radius section of the magnet where 
maximum transverse gradients occur. The "wetted" 
portions of the magnet exhibit temperatures in a 
narrow band during cooldown. The stiffener, which 
is not directly cooled, remains warmer than the case 
temperatures. In this case, the stiffener is about 
95 K warmer (max) than the rest of the magnet and 
it has been determined that this condition is accept
able by structural analyses. 

In contrast. Fig. 47 shows similar transverse 
gradient temperature histories for the two-
temperature step cooldown with maximum initial 
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FIG. 44. Cooldown and warmup analysis small model addresses longitudinal thermal gradients and 
cooldown/warmup durations. 
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PIG. 45. Cooldown flow rate at 300 K return tem
perature must not exceed 180 g/s for allowable 
transverse gradient. 

flow rate of 340 g/s. The wide and increasing depar
ture of the sliffener temperature Prom the more uni
formly cooling case temperatures is evident and is 
so large as to be unacceptable structurally. This is a 
symptom of the extremely rapid cooldown with this 
high flow rate. 

Figure 48 shows the corresponding 340 g s 
(high flow) longitudinal temperature gradients in
duced in the lower leg of the yin or yang magnet 
from the coolant inlet to the exit region. Duration 
into the cooldown is the time parameter. These data 
are from the literature. The latter data were em
ployed in the cooldown/warmup model for the 
magnet jacket, case, and potting material, respec
tively. Data for oxygen-free high-conductivity 
(OFHC) copper was taken from Ref. 74. Reference 
75 was employed for helium properties, and N EM A 
G-l I epoxy properties were taken from Ref. 76. 
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FIG. 46. Cooldown initial flow rate of 136 g/s results in acceptable transverse gradients. 
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FIG. 47. Maximum cooldown flow rate (340 g/s) causes severe transverse temperature gradients. 
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Properties of 304L and 316 SS were obtained from 
Refs. 77 and 78. 

COOLDOWN AND WARMUP 
ANALYSIS MODELS 

The cooldown and warmup thermal analysis 
models were formulated for an improved, un
published version of the Convair thermal analyzer 
computer program: the original version is docu
mented in Ref. 79. There are two program 
modifications affecting the analyses of this report: 
(1) provision for accepting "block-type" node 
representation, and (2) optional explicit, forward-
marching solution of the heat balance equations. 
The latter option was employed in cooldown/ 
warmup analysis. All analysis runs were executed 
on the National Magnet Fusion Energy Computer 
Center (NMFHCC) at LLNL. 

Two major models were used during the course 
of the magnet thermal analysis. A three-
dimensional model (shown schematically in Fig. 43) 
was developed primarily to examine transverse 
gradients: this model also produced longitudinal 

gradients. This model was so large it was deemed 
economical to break it down into two models: Large 
Model I (644 nodes) in the major radius zone of the 
magnet, and Large Model 2 (661 nodes) in the 
minor radius, coil-extension zone of the magnet. 
For the large model, the cross section was nodalized 
in block-node form, as shown in the cross section in 
Fig. 43. so that iransverse temperature differentials 
across the magnet cross section could be predicted. 

A smaller, essentially one-dimensional model 
of a total yin or yang magnet (Fig. 44) provided 
longitudinal temperature distributions and boun
dary conditions to initiate and drive the large 
models of Fig. 43. All the transverse nodalizalion of 
the large models were collapsed mathematically into 
one iransverse node at each station along the 
magnet resulting in 44 longitudinally-arrayed nodes 
around the entire magnet. This model, having much 
fewer nodes, (total of 119), in addition to providing 
the boundary conditions for the large model, 
provided an economical solution for longitudinal 
gradients, cooldown durations, and thermal effects 
of the unbalanced How split into the two legs of the 
maiznel. 
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Figures 43 and 44 show the guard-vacuum 
helium (81 % of Ihe total), entering the lower coil ex
tension, flowing through it, and then entering the 
guard-vacuum cavities which surround the coil 
jacket. While flowing through the coil extension, 
57Tt of the guard-vacuum helium is diverted by 
relative hole sizes into and out of the intercoil struc
ture to condition its mass. At the top of the magnet 
the guard-vacuum helium similarly flows through 
the upper coil extension before exiting the magnet. 
The coil helium (19% of the total) enters the magnet 
ir;ar the low point and flows up each leg of the 
winding to join at the top outlet. Magnet cooldown 
was analysed using the small model with transverse 
nodes collapsed into a single node: thus at any sta
tion along the magnet, the node represents a 
weighted average temperature. With rapid 
cooldown in 28 h. very large longitudinal gradients 
and bottom-to-top differentials occurring at about 
12 h (.XT = 275 K) are evident. Because the 
longitudinal temperature differential could be 
driven to such a large value, effort was thereafter 
concentrated on reducing the longitudinal differen
tial. 

Since longitudinal differential was known to be 
less a function of flow rate than of severity of inlet 
temperature schedule, a mitigated four-step inlet 
temperature profile for cooldown was selected. 
Figure 49 shows the schedule, the cooldown dura-
lion, and the bottom-to-lop longitudinal tem
perature differential as functions of constant flow 
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FIG. 49. Longitudinal 'temperature differences are 
acceptable for 3.6- to S-ity cooldown durations. 

rates. The data confirms the longitudinal tem
perature differential to be relatively insensitive to 
flow rate and to decrease with higher flow rates. 

The structural analysis was performed for a 
119 g/s flow rate that corresponds to a 195 K 
longitudinal temperature difference and cooldown 
in 88 h and was certified as acceptable with 
moderate stresses. The longitudinal-temperature 
differentials can be accepted for 3.6- to 5-day 
cooldown durations with the four-step inlet tem
perature schedule. Figure 50 shows the corre
sponding detailed magnet longitudinal-temperature 
profiles from bottom-to-top with cooldown time as 
a parameter. The acceptable maximum longitudinal 
differential of 195 K occurs at about 63 h into the 
cooldown. 

Figure 51 shows warmup time and magnet 
longitudinal-temperature differential as functions of 
constant warmup flow rate. Warmup is considered 
to be completed as an accesible condition at 285 K. 
Again, the four-step inlet temperature schedule was 
used and is defined in the figure. Because of the less 
effective use of the heat capacity of the helium by 
this warming profile relative to that of the cooling 
profile, this figure shows that the warmup is slower 
than the cooldown. The maximum longitudinal dif
ferentials are milder (and, again relatively insen
sitive to flow rate) and the transve:se gradients 
would also be milder. The figure shows warmup can 
be achieved in 122 h (approximately 5 days) with a 
constant flow rate of 150 g/s. All of these mild 
longitudinal-temperature differentials during warm-
up have been deemed acceptable structurally by 
comparison to the larger differentials of cooldown. 

Figure 52 shows the magnet temperatures 
versus distance from the conditioning flow inlet 
during warmup with 150 g/s flow and the four-step 
inlet temperature schedule. Time into the warmup is 
shown as the parameter. The maximum differential 
of 120 K occurs about 65 h into the warmup. 

The effects on transverse gradients and 
longitudinal-temperature differentials of the yin or 
yang magnet, or between the two magnets, may be 
assessed structurally. The temperature data could 
be taken in detail from Refs. 89 and 90. However. 
the gradients in the two legs of a magnet or be
tween magnets are essentially independent one to 
the other, depending only on the different flow rates 
in those individual paths. Therefore, Figs. 45. 49, 
and 51 indicate the differences in temperature 
gradient and differentials for different flow rates 
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FIG. 50. Longitudinal temperature gradients for 119 g/s flow rale with 4-stfy cooldown inlet temperature 
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FIG. 51. Warmup in 3 to 5 days yields mild longi
tudinal gradients. 

(unb>iur.ced How splits) into the different portions 
of the magnet system. Structural analysis for a 
severe flow imbalance in the separate legs of a single 
magnet in which the helium How rate in one leg was 
WJ- greater than that in the other leg results in mild 
and acceptable stresses. 

CONCLUSIONS AND 
RECOMMENDATIONS 

1. Cooldown analyses employing the large 
model (Fig. 43) yielded detailed temperature xcur-
sion and transverse temperature differential data. 
Resulting thermal stress?s are acceptable to a max
imum flow rale uf 180g/s at 80 K inlet and 300 K 
return temperatures. Resulting cooldown time is 
44 h. 

2. Longitudinal temperature differences em
ploying the small model (Fig. 44) have been struc
turally certified acceptable at a 119 g/s flow rate 
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FIG. 52. Warmup to accessible conditions is achieved in 5 days with 150 g/s flow rate and 4-step inlet tem
perature. 

will l llic four-step inlcl temperature profile achiev
ing conldown in 88 h. Reduction of longitudinal 
gradients with higher flow rates also implies accept
ability for higher flow rates. 

.1. With the following four-step inlet tem
perature schedule: 

Cooldown Hel urn supply 
time (h) temperature (K) 

0 to 18 225 
18 to 36 150 
36 to 54 75 
>54 4.5 

Total How rates to I 19 g/s and cooldown tn 3.6 to 5 
d;;vs accommodatL' stress constraints and are 
acceptable. 

4. Warmup with the following four-step sup
ply temperature management schedule: 

VVarmup He ium supply 
time (h) temperature (K) 

0 to 18 75 
IS to 36 150 
36 to 54 225 
>54 300 

Total flow rate o\' 150 g/s yields mild and accept
able temperature gradients. Warmup time to 2S5 K 
is 122 h (approximately 5 days). 

5. Since magnet gradients are influenced 
more by reduced severity of inlet temperature 
schedule than by flow rale, gradually decreasing (in
creasing) or finer step-wise decreasing (increasing) 
helium supply temperatures could permit even 
higher How rales and faster conldown (uarmup). If 
deemed expedient these options would require 
further study and thermodynamie/strueuiral 
analvsis certification. 
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SECTION 6 
CRYOGENIC SYSTEM 

The cryogenic system for the MFTF magnet 
provides liquid helium to the magnet coils to main
tain a superconducting stale. Several interfaces and 
effecls must be accounled for in ihe magnet system 
design to achieve this condition. Moreover, the 
magnet system must be able to survive numerous 
rapid discharge cycles without detrimental effects. 
These topics are reviewed in the following text. 

INTERFACES 
The magnet will be supplied wilh liquid helium 

through dedicated lines running between me 
vacuum vessel ports and ihe magnet. As illustrated 
in Fig. 53, each magnel coil has separate supply and 
return lines. 

The magnet assembly will be supported by two 
hanger and five stabilizer struts. Heat conduction in 
these slruts is minimized by liquid nitrogen-cooled 
barriers. 

Liquid niliogen-cooled heat shields will com
pletely envelope the magnets for thermal radiation 
protection. Figure 54 shows these shields, wilh ad
ditional water-cooled shields in critical areas, lo 
protect the nitrogen shields from beam and plasma 
heating. 

Another interface with the magnet is the 
current leads penetrating the vacuum vessel wall, 
where the lead temperature must make a 5 lo 300 K 
transition. Also, the temperature and strain .sensors 
on the magnet will be a source of heat transfer lo the 
liquid helium. 

LIQUID HELIUM 
SYSTEM 

The piping system for supplying liquid helium 
lo ihe magnet is illustrated in Fig. 55. Each magnel 
coil has dedicated supply and return lines and valves 
except at the helium Dewar penetrations. Flow 
through the magnet is by natural convection with 
liquid entering the bottom of ihe magnet, splitting 
at the bottom of each coil, (lowing up each half coil 
and rejoining beforeexiting out at the top. The prin
cipal reason that the yin-yang pair is oriented ai 45° 
is so ihe helium will flow in this manner. 

Important to the thermal control of the magnet 
is an adequate circulation of LHe. Forced pumping 
is not practical, so natural circulation was chosen. 
because it has been satisfactory in smaller magnet 
systems. A computer model of ihe LHe natural cir
culation was developed to estimate steady-state 
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~X ;""! ; .- . Plasma^ 
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, ( He l ium out 'e t 

Vacuum vessel 

FIG. 53, Schematic of magnets in the uicuum vessel 
showing LHe lines, support struts, and current leads. 
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IIC. 54. Sectional ("A-A") view of l.ie magnet showing its construction and thermal shields. 

mass llov. rale and vapor quality. Also, a sensitivity 
study was made to delermine which paran eters 
have the greatest influence and to estimate the range 
of uncertainty for LHe flow rale. 

The principal requirement of the LHe system is 
1.0 maintain quality with less lhan 10 vol% va[ or in 
the magnel. Heat-transfer analyses indicate that 
signilicantly higher vapor qualities would probably 
reduce cr>oslabllll>. 

The conductor pack and magnet shape do not 
immediately lend themselves to a simple flow-
modeling approach. Therefore, three approaches to 

modeling Ihe magnet were considered: (I) the 
Blasius friction equation. (2) Darcy's porous media 
equation, and (3) u three-dimensional orifice model. 
In selecting an appropriate method, estimates of 
hydraulic diam, flow tortuosity, porosity, per
meability, friction factor, and effective orifice 
dimensions were made, and the three approaches 
were compared by means of their respective 
pressure drops. The porous media approach 
resulted in the smallest pressure drop, the Blasius 
approach yielded a pressure drop 10 limes greater, 
and the orifice approach gave a pressure drop that 
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FIG. 55. Schematic of (he piping systems for sup
plying LHe to the magnets. 

was 1000 times greater. We rejected the orifice 
assumption as unrealistic, and chose the Blasius 
friction method over the porous media approach 
because it was more conservative. Thus, the magnet 
pressure loss _iP was estimated with a modified 
Blasius friction equation in the following form: 

A P = ( l m , d h M - 7 2 r A 2 02 (2) 

Flow in the magnet is expected to be laminar 
by the Reynolds number definition, so that the fric
tion factor (f) is given as: 

procedure provided a means for determining the ef
fect of heat load on flow rate (Fig. 56a). Also, vapor 
quality was determined and appears as a function of 
heat load in Fig. 56b. 

Because the modeling procedure entails some 
uncertainties, we were interested in how sensitive 
the results were to changes in certain variables. 
Tabic 14 shows the maximum expected range in 
these flow parameters, and Table 15 shows our es
timate for the total LHe-system heat input. The 
results of the sensitivity study are reflected in 
Figs. 56a and 56b by the uncertainty range curves. 

The effects of two-phase flow are significant for 
helium mass qualities as low as only 1% and flows 
near 300 g/s. Surprisingly, the static head inside the 
LHe Dewar is the most significant parameter af
fecting mass flow rate because of the relatively low 
fluid-flow resistance of LHe. Also, pipe friction is 
far more influential on flow than either magnet fric
tion or heat input. 

On the basis of this calculation we selected a 
pipe with a 6-in. (15-cm) inside diameter for the 
LHe supply and return lines. This pipe size and our 
estimated system heat load of 510 W yields an 
equilibrium mass flow rate of approximately 
750 g/s. Vapor quality at the top of the magnet is 
less than 5 vol% (0.7% by mass), and it is less than 
25 vol% at the top of the return line. These results 
imply that an adequate safety margin has been 

. provided in the thermal control of the magnet. 

f = 64M Ap0/i) Mdh (3) 

Pressure losses in the piping system were sim
ply modeled using loss coefficients for bends, 
valves, entrance-exit regions, and other effects. 
These were calculated as functions of the friction 
factor f. The effect of two-phase flow was also in
cluded by using the Lockharl and Martenelli 
correlation: flow in the piping system was assumed 
turbulent. 

Helium flow rates were estimated by an 
iterative computing method. Using an assigned heat 
load for selected flow model elements and an 
assumed How rale, helium properties were deter
mined by each element node using NBS data. The 
resulting pressure imbalance in the flow circuit due 
to cumulative contributions of friction, momentdi, 
and gravity was computed. The flow rate was read
justed and the calculations repeated until the 
pressure imbalance was acceptably small. This 

> 200 300 400 500 600 700 

Heat load (W) 

FIG. 56. Steady-state LHe natural circulation 
through the magnets. 
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TABLE 14. Uncertainly range of flow parameters. 

Parameter Range 

0.56 m 

0.95 m 

Friction factor, f 

Tortuosity factor, y 

Porosity, O 

LHe Dcwar head, tn 

Hydraulic diameter (d n ) , cm 

Piping heat leakage, W 

Length of piping, m 

0.014 to 0.018 

1.5 to 2.0 

0.30 to 0.35 

0.5 to 1.0 

0.15 tu0.35 

31) to 80 

SO tn HHI 

TABLE 15. Liquid-helium-system heat sources. 

Heat input. 
Parameter \V 

i N shietd radiation 

LN shield conduction 

Magnet hanger rods 

Conductor joints 

Instrumentation leads 

Helium ducts 

Total 

Curi nt leads. ma\. vent rate 

160 
90 

60 

45 

70 

85 

510 

1.6 K/s 

A plenum space is included at the top and bot
tom of each coi' near the supply and outlet ports, as 
illustrated in Fig. 57. These plenums are 6-cm thick 
and constructed of 6.5-mm-lhick layers of NEMA 
G-l 1 having 5- by 37-mm slots alternately oriented 
90° to each other. They provide a 50% bearing sur
face for the conductor and a 0.5 porosity for helium 
How. Both plenums distribute flow entering and 
leaving the coil, and the lop plenum also provides a 
space for vapor to flow outside the coil so the con
ductor will always be liquid-cooled. 

A detail of the helium outlet from the conduc
tor pack is shown in Fig. 58. Current leads con
tained in these ducts are wrapped with Kapton to 
prevent voltage breakdown to the conductor pack 
and surrounding structure. The supply duct at the 
bottom of each coil is identical except for the ab
sence of the current leads. 

Outermost turns of the conductor in the out
side flat areas in the large-radius regions of each coil 
are supported by beveled NEMA G-11" backing 
blocks. These blocks support magnetic pressures of 
nearly 20 MPa (2900 psi) and are beveled, as il
lustrated in Fig. 59, so that vapor can migrate up
wards through (he channels to the plenum. 

2.91 m 

Plenum 

Helium supply 

FIG. 57. Jacket around coil showing dimensions 
and locations of helium plenums. 

CR YOST ABILITY 

The MFTF superconductor is cryostable from 
experimental and analytical studies. The High Field 
Test Facility (HFTF) at LLNL has demonstrated 
the conductor will recover if driven to a normal 
slate in a horizontal solenoid configuration at the 
MFTF peak field and current conditions. Convair/ 
General Dynamics and General Atomic made 
analytical studies of conductor cryostability and 
concluded there is sufficient heat transfer for the 
conductor to recover in the peak field and current 
condition. 

A comparison of calculated surface heat flux 
on the conductor when in a normal condition to ex
perimentally measured heat flux is shown in Fig. 60. 
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FIG. 58. Helium outlet for magnet. 
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FIG. 59. Conductor and support iilocks in outside 
layer of large-radius region of magnet coil showing 
channels for helium Dow. 
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FIG. 60. Conductor heat flux. 

The available cooling exceeds the surface heat flux 
by approximately 5%. resulting in a small margin 
for uncertainties or flaws. Moreover, a calculation 
by Convair of the effect of solder flaws on 
cryoslability indicated that a worst case had prac
tically no effect. (A worst-case solder flaw is defined 
as no more than 27 flaws of 40% contact or less per 
1.5 m of conductor, or less than 13 flaws per 7 cm, 
or less than 8 consecutive flaw-s on one side.) 

Plenums and flow channels are provided in the 
magnet to inhibit vapor accumulation, as described 
in the foregoing section, anu thus help assure 
cryoslability. 

CURRENT LEADS 
A pair of copper bus conductors with super

conductors will carry current from the vacuum 
vessel wall to each magnet. These conductors will 
normally be in liquid helium, but they are designed 
to be superconducting in vapor flow. II' the liquid 
level in Ihe current lead pipes should be depressed, 
the leads will be cooled by cold-end conduction and 
by controlled vapor How. A heal transfer analysis of 
these leads has provided a design thai should 
guarantee cryostability for all operating conditions. 
By using 2.5- by 7.5-cm (1- by 3-in.) OFHC copper 
conductors having a residual resistivity 'alio greater 
than 150. a NbjSn superconductor with a 0.4-g,'s 
vapor flow per lead, the vapor-cooled length 
operating at 6.000 A can be over 4 m, which is more 
than sufficient. A section view of these conductors is 
shown in Fig. 61. 

The portion of the leads penetrating the 
vacuum vessel w'ull will have a temperature transi
tion from approximately 5 K in the ct.rrent lead 
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FiG. 61. Helium-cooled current bus. 

pipe to 300 K outside the vessel. They are designed 
lo use near-optimum helium flow and to have a suf
ficient amount of thermal mass for safe operation 
by using concentric copper and stainless steel tubes. 
The leads will be constructed of approximately 60 
copper tubes 0.25-in. o.d. (6.35 mm) by 0.025-in. 
wall (9.65 mm) by 60-in. long (1.5 m). Each copper 
lube is encased in an 0.3I-in.-o.d. (8 mm) stainless 
steel tube. This design gives a mass ratio of stain
less steel to copper of about 2:1 and should permit 
approximately 20 min of adiabatic operation at 
6000 A before a fast discharge of the magnets must 
be initiated. 

The effect of the stainless steel on the lead elec
trical resistance is small as can be shown by 
analysis. Equating joule heating in the lead to con-
vective cooling gives an expression for the l;ad 
length in the following form: 

( = (4) 

where m is the helium mass flow rate, Ae is the 
helium enthalpy change. I is the lead current, A cand 
A s are copper and stainless steel cross-section areas 
and p is the electrical resistivity integral over the 
dimensionless length x/C. 

• / . ' - ( ? ) • (5) 

Flow circuitry for these leads is shown in 
Fig. 62. A by-pass open-close valve is included lo 
maintain flow in the event of a failure of the flow-
control valve. Helium flow will ordinarily be 
regulated proportional to lead current with a con
troller using the lead voltage drop as the input 
signal. A 2.5-cm venl line will be connected to the 
helium duct, as shown in Fig. 62. to prevent the liq
uid level from being depressed too far. 

QUENCH 

In the event of a quench, the magnet will 
automatically be put into a fast-dump mode by a 
quench detection computer. Voltage taps on ihe coil 
bundle and current leads will be used to detect nor
mal conduction zones. The contained energy will be 
dissipated in an external discharge resistor that will 
be sized to limit both voltage and maximum con
ductor temperature. 

A conservative method for estimating the max
imum conductor temperature T, in time T with 
current I and resistance R, is to compute an 
adiabatic temperature rise of each element, in
cluding the mass m(. length L, and heat capacity CJ. 

Bypass 
valve 

300 K -

GHe line 
Control valve 

Controller 

Transition lead 

Current lead duct 

GHe vent line 

Superconducting bus 

u Room temperature bus 

FIG. 62. Transition lead. 
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Rdr = 2J l-mi J qdT . (6) 

Instantaneous thermal communication be
tween the conductor and adjoining materials is 
assumed. The participating materials are the super
conductor, copper, interlayer and interturn insula
tion, and helium gas. 

The current history is defined according to the 
dela\ lime 7,1. 

' lo. 0 < r < ,-d 

(<>exp(-r ro). T > 7-J 
(71 

Since R can be expressed in terms of resistance 
length and area. /iL /A. Hq. (5) can be restated in the 
following form: 

T W „ 2) •• ZJ m i ( c i -

i J T „ 
i//')dT. (8) 

Solution of liq. (8) yields the maximum tem
perature as a function oi delay until a discharge is 
initiated. This decay constant corresponds lo a peak 
voltage of 1000 V across a 0.17-!! quench resistor, 
with a 12-H inductance in the magnet (i.e.. rn = 
lil<)/V„,ax). Copper properties assumed in liq. (8) 
are those of OFHC copper having a residual 
resistivity ratio equal to 150 and a 7.76-T magnetic 
field. 

Figure 63 shows that a maximum temperature 
of 200 K is reached if a 10-s delay in initialing dis
charge is allowed. Longer decay tinie constanls (i.e.. 
lower quench voltages) result in higher tem
peratures. This temperature is considered permissi
ble since it is a conservative estimate and is limited 
10 a small region of the coil where both initial tran
sition to normal conduction and peak field could 
occur. A 200 K temperature rise from 5 K should 
result in less than 0.1% thermal expansion of the 
conductor. Also. 10 s is adequate time to initiate a 
discharge with an automatic quench delecting 
system. 

Magnet structural materials can also develop 
resistive heating during a fast discharge by a 
transformer coupling effect between the magnet coil 

and surrounding structure. Because of its proper-
lies, a copper guard-vacuum bladder would show 
the greatest temperature increase from this source. 
Assuming adiabatic conditions, resistive and sensi
ble heating of the copper can be equated. 

For a 1392:1 turn ralio. a peak coil voltage (V) 
of 1000 V. and a current-decay time constant (TO) of 
69 s. the temperature (T) can be found by Eq. (9). 

0.26 r 0 

Vl-5 in 

T„, a , 
r<cdT (9) 

where L cis the effective length and pc is ihe product 
of resistivity and specific heat. 

Solution of this equation yields a maximum 
temperature of 5 K for the copper bladder: it is 
much less for a stainless steel bladder. 

A similar analysis of the stainless-steel case 
yields a temperature of 10 K. Total energy dissipa
tion in the case, bladder and coil jacket is approx
imately 6 MJ. or less than 1.5'V of the cnerg> con
tained by the magnet before discharge. 

Heat transfer to the helium occurs at a much 
slower rate than the inductive healing and has no ef
fect on conductor stability because any appreciable 
amount of vapor is formed long after the curreni 
has decayed to a low value. 

Rupture discs in the vent lines will limil \apor 
pressures during a quench 10 approximately SO psi 
The gaseous helium recover, swem can accept up 
to 16.000 g/s. which will be adequate. 

0 10 20 30 40 

Discharge delay time (si 

FIG. 63. Maximum conductor temperature during 
a quench. 
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REGENERATION 
All liquid helium cooled surfaces of the magnet 

.swetn must be warmed periodically to more than 
15 K for boil-off of condensed hydrogen. This is to 
be accomplished by radiating heat to the magnet 
case and piping from the nitrogen shields. However, 
the shields must fir.it be filled with a warm gas and 
the magnet must be diseharged. Helium vapor 

generation in the magnet system will be used to 
depress the liquid helium level to the bottom of the 
vacuum vessel and pump liquid into the storage 
system. After regeneration, the nitrogen and helium 
systems will be returned to their normal stales as 
soon as possible. 
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SECTION 7 
POWER SUPPLY SYSTEM 

The power supply system for the yin-yang 
superconducting magnet provides controlled power 
and protection in case of quench or other poten
tially destructive conditions. Principal requirements 
for the power supply system are: provide a con
trolled current of 0-6000 A in each coil with an 
offset of up to 1200 A between coil currents; 
provide a means to energize and deenergize the 
magnet within 4 hours; provide detection of quench 
or other abnormal condition in the magnet; and 
deenergize the magnet, either in a slow or rapid 
mode, upon detection of an abnormal condition. 
Two identical power circuits are used for each of the 
superconducting coils (Fig. 64). Control and coor
dination of the two power circuits and detection of 
an abnormal condition in the power supply system 
or the magnet is done locally in the power supply 
and magnet protection controller. 

SYSTEM DESCRIPTION 
The power circuit for each coil consists of a 0-

12 V, 0-6000 A(dc) power supply for energizing the 
coil and maintaining the current during steady state, 
a 0.0015-ohm resistor in parallel with a pneumatic 
controlled switch for slow de-energizing of the coil, 
and two 6000-A, 750-V(dc) circuit breakers with a 
center tapped 200-MJ resistor for fast de-energizing 
of the coil. The dc power supply is a conventional 
thyristor phase-controlled rectifier with a free
wheeling diode path rated for full current. A 
pneumatic switch is in parallel with the power sup
ply to bypass the supply if its cooling water fails. 
The slow de-energizing resistor and pneumatic 
switch are used to insert resistance in scries with the 
magnet coil during operator controlled turndown or 
an equipment failure of a noncritical magnitude. 
Two fast de-energizing dc circuit breakers are used 
to interrupt the current from the power supply and 
transfer it to the 200-MJ resistor if a critical condi
tion in the magnet is detected, such as a propagating 
normal zone or overheated current lead. The 200-
MJ resistor is a passively cooled resistor of the 
natural air convection type. It is center tapped with 
a soft ground to limit the coil voltage to 500 V or 
less from ground. 

The power supply and magnet protection con
troller interfaces with the MFTF computer system 

besides being a complete local system which can 
operate independently. Its most significant function 
is to: monitor key signals such as voltage taps in the 
coils, current lead voltages, helium level and 
pressure, and failure indicators in the cryogenic 
system; process the information to determine if an 
abnormal condition exists and its severity; and then 
initiate a hold on the current rise, a slow de-
energizing command, or a fast de-energizing com
mand. 

An uninterruptable power system is used to en
sure operation of the magnet protection compo
nents during a power outage. A 120-V(dc) battery 
supplies control power to the circuit breakers and 
input power to an inverter which powers the power 
supply and magnet protection controller. The ac 
building power is used as a backup in case of in
verter failure. 

ENERGIZING AND 
DE-ENERGIZING 
CHARACTERISTICS 

Figure 65 shows the energizing and slow de-
energizing characteristics of the power supply 
system. With 12 V from the power supply and an in
ductance of 12 H in series with the cable resistance 
of 0.5 m£2, the current increases at nearly 1 A*s _ I . 
Actual energizing characteristics will be slower and 
will use the full 4 hours allotted. This is to minimize 
probability of rate-induced normal zones develop
ing in the magnet at high current. With the power 
supply turned off and with 2 mil in series with the 
12-H inductance, the magnet current decays com
pletely in 3 hours. A slower rate of decay can be ob
tained by leaving the power supply on; however, it is 
not anticipated that this w-'l be needed. 

The fast de-energizing characteristic is not 
shown in the figure. It would be an exponential 
decay with a time constant of approximately 70 s. 

POWER COMPONENTS 

The major power components are the power 
supplies, pneumatically controlled switches, 1.5-mft 
resistors, dc circuit breakers, 6-kA bus, the 200-MJ 
fast de-energizing resistors, and the battery/inverter 
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FIG. 64. Magnet power-supply system. 
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FIG. 65. Energizing and de-energizing characteristics. 
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system. With the exception of the fast de-energizing 
resistors and the 6-kA bus, all the power compo
nents are located on the third floor, northeast end of 
Bldg. 431. The fast-dump resistors are located on 
top of the southeast vessel support pillar. 

Power Supplies 

Each power supply will be built to El: Depart
ment Specification LES 22249. The supplies will 
produce 0-12 V, 0-6000 A with a series connected 
load of 12 H and 0.5-2.0 miJ. The n._s mil is the 
cable resistance and the 2.0 mil is the cable 
resistance plus 1.5 mil of the slow de-energi/ing 
resistor. A continuously rated free-wheeling diode 
path will be provided so that the magnet current will 
not be interrupted if the power .supply or the input 
ac line voltage fails. 

The power supply is required to produce full 
output with 480 V ± 5% input. It will operate con
tinuously at reduced output voltage down to 416 V 
and for 0.2 s down to 330 V. This latter voltage oc
curs during starting of motors in the cryosystem. 

The power supplies will operate either in a local 
or remote mode, but local mode is onh for opera-
lion of the power supplies into u dummy load dur
ing initial checkout and maintenance. The remote 
mode is used during operation of the magnet and 
corresponds to operation of the supplies from the 
power supply and magnet protection controller. 
Power supply current and voltage demands will be 
four 20-mA analog signals provided from the con
troller, while digital inputs and outputs of zero and 
24 V will be for on/off, local mode inhibit, and 
power supply diagnostic indicators. The power sup
plies will be capable of both current and voltage 
regulation with automatic crossover, but the 
magnet will be primarily operated in current regula
tion with the voltage regulator serving as a voltage 
limit. The maximum absolute errors are ±60 A and 
±0.5 V with maximum repeatability errors of 
±30 A and ±0.5 V. 

The power supply output terminals are isolated 
by ±1000 V(dc) from the power supply enclosure, 
ac input terminals, and control ground. This is to 
prevent a ground fault during the fast de-energizing 
mode where ±500 V exist between each magnet ter
minal and ground. 

No filtering is required in the power supplies 
because of the high magnet inductance. A ripple fre
quency of 350 Hz or greater was specified with 

special precautions for minimizing lower frequency 
harmonics. 

Pneumatically Controlled Switches 
The switches which parallel the power supply 

outputs and the 1.5 mii slow de-energi/ing resistors 
are Square D type DB or equivalent. These switches 
are capable of continuous operation at 6000 A and 
can interrupt 6000 A up to 20 V. They are mounted 
in series with the interconnecting bus bars which arc 
used in the magnet power supph area. 

Control of the switches is with a conventional 
pneumatic control system employing an air-cylinder 
operator, a four-way solenoid valve, and a pressure 
regulator. An accumulator will be used with a check 
valve to provide a backup source of air to allow 
operation with loss of building air. The lbur-wa\ 
solenoid valve is connected to the switch using 
pohpropvlene tubing to separate the switch and the 
controls by ±IOOOV(dc). 

The switches which parallel the power supph 
outputs are normally open and close automatically 
when commanded by the power supph water How 
and overtemperature monitors. The switches which 
parallel the 1.5-mi2 resistors are normally closed 
and open when commanded by the power supph 
and magnet protection controller. AN of the 
switches have limit switches for monitoring by the 
controller. 

1.5 Milliohm Resistors 

The l.5-mi2 resistors arc used for slow de-
energi/ing of the magnet. They are rated at 54 kW 
and are natural-convection air cooled. 

dc Circuit Breakers 

Two dc circuit breakers per EE Department 
Specification LES 22250 are used for each magnet 
coil for redundancy, and will be mounted on open 
frames in the power supply area. They are capable 
of operating at 6000 A(dc) continuously and will in
terrupt up to 300 kJ of stored energy in the induc
tance of the cables and the fast discharge resistors. 
Although rated to operate in a 750-V(dc) circuit, 
they actually can operate up to their arc voltage of 
2200 V. 

The control circuit of each circuit breaker will 
be powered from a I20-V battery. Each breaker will 
have an undervoltage release which will auto
matically open the breaker if the control circuit 
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voltage falls below 70 V. The primary means of 
opening the circuit breakers is the shunt trip coil, 
which will be controlled from the power supply and 
magnet protection controller. Individual driver cir
cuits are used for each breaker. The breaker posi
tion auxiliary switches are used for monitoring by 
the controller and also for interconnecting the 
breakers to ensure opening of all four breakers 
simultaneously (Fig. 66). 

6-kA Cable Bus 
The cable bus runs from the power supply area 

lo the magnet lead exit ports are approximately 100-
ft long. Cable bus will be used which is similar to 
cable tray but with maintained spacing between 
conduciors for sufficient cooling lo allow the cables 
to he sized as single conductors in free air. The ad
vantages of cable bus over rigid bus are: continuous 
cable runs without needing expansion joints; and 
redundani personnel safetv due to having insulated 
cables in an enclosed, grounded duel. Details of the 
cable bus design will be done b> the manufacturer. 

20U-M.I Fast-Dump Resistors 
During a fast de-energi/ed condition, the 

magnet energv is dissipuied in the fast dump 
resistors. The resistors will be passively cooled using 
natural air convection. The resistors will have 
several parallel paths to provide redundancy. 

A cable independent o^ the 6-kA bus will be 
used to connect the magnet l^ads at the top of the 
vessel to the dump resistors which are located on 
top of the southeast vessel support pillar. Indepen
dent cable is used to ensure that the dir-ip resistors 
are connected in ease of damage lo the 6-kA bus. 
These cables are .-.i/ed for short time ratings and will 
not operate ai 6-kA continuously. 

Battery and inverter System 

A 120-V. 100-Vhbattery.25-Acharger.anda 
2.5-kVA inverler comprise the uninterruptable 
power supply system (Fig. 67). The battery is of 
lead-calcium construction with a translucent jar for 
high reliability and ease in maintenance. The bat
tery is composed of 20 separate units mounted in a 
seismic, two step rack. The inverler operates from 
the battery and supplies power lo the power supply 
and magnet protection controller. It has an elec
tromechanical transfer switLh which transfers the 
power source from the inverter lo the building ac 
power in case of inverter failure. The estimated 

mean lime between failure for the combined power 
source is more than 100,000 h. As shown in the 
figure, several conditions in both the charger and in
verter are monitored by the controller. 

POWER SUPPLY AND MAGNET 
PROTECTION CONTROLLER 

The power supply and magnet protection con
troller is a local control system which can operate in 
conjunction with the MFTF computer system or in
dependently. It will be located in the power supply-
area in the northeast corner of Bldg. 431. 

Functions 

The controller has a means for selecting locai 
or remote operation using a keylock switch, check
ing out components prior to application of power to 
the magnet, monitoring of component failures, and 
selecting a hold, slow, or fast de-energizing com
mand. It also communicates to the Local Control 
Computers in Bldg. -439 through a CAMAC crate. 
Based on digital commands from the local control 
computers it provides analog current and voltage 
demands to the power supplies, generates the 
energizing trajectory, controls insertion of the 1.5-
mi! resistors, and controls on. off commands to the 
power supplies. 

The most critical controller function is to 
provide magnet protection. Il monitors; voltage 
taps in the magnet for detection of a normal zone 
(quench), voltage taps across the current leads for 
detection of overtemperature. helium level and 
pressure in the helium supply Dewar for detection 
of quench or near quench conditions, and failures in 
ihe crvogenie and \acuum s\ stems to anticipale a 
polentiil loss in cooling of the magnet, or large heat 
influx. Based on the severity of an abnormal condi
tion, the controller selects a hoid. slow, or fast de-
eiiergi/ing command. 

Required Features 

Beeau^: uf the critical nature of magnet p: elec
tion, the following features will be included in the 
controller The quench detection and current lead 
voltage monitoring will have fully redundant 
s\ stems. Self-checking will be used in low reliability 
components such as microcomputers. Checkout of 
ke\ components prior to operation will be done 
automatically where possible. Checkout will con
tinue during early stages of energizing the magnet. 
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FIG. 66. Circuit breaker interconnections. 
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FIG. 67. Batterv and inverter system. 

De-energize Modes 

As staled earlier, there are three modes of 
operation if an abnormal condition in the power 
supply system or the magnet occur: hold, slow de-
encrgi/e. and fast de-energi/e. The hold mode stops 
the increase in current during energizing. The slow 
de-energi/e mode turns the power supplies off and 
inserts 1.5 mil m series with each magnet coil. The 
fast de-energi/e mode opens all four dc circuit 
breakers and sends a signal to the cryogenic system 
to close the supplv * alves from the Dewar and open 
the valves to the helium recovery system. 

Table 16 shows the main failure conditions and 
the appropriate action which will be initiated. The 
basis for this table is the failure modes, effects, and 
criticality analysis performed by Intermagnetics 
General Corporation (IGC).S<) This table also 
reflects the use of the fast de-energize mode as the 
last line of protection. This is to minimize disrup
tion to the MFTF operation and to minimize 
probability of voltage failures' in the magnet. 

Quench Detection 
Detection of a normal zone in the magnet will 

be done by monitoring the voltage taps in both coils 
and by monitoring helium pressure in the helium 

supply Devvar. Use of the voltage tap> enables 
detection of normal /ones as short as I m. iden
tification of their approximate location in the coils, 
and their growth behavior. Use of the helium 
pressure enables detection nf normal regions in the 
coil but not their location or growth characteristics. 
It is used to cmcr potential blind spots in the elec
trical quench detector, and because it is a com
pletely different type of detcctoi and woulo not 
have a fault mode in common wnii the electrical 
detector. 

Based on temperature rise calculations and ex
perimental normal /one propagation rates of ap
proximately 1 m s. the magnet w ill enter the fast de-
energi/e mode m a normal /one length of approx
imately 10 m. To delect small stable normal /ones 
and to monitor growth rates it is required to detect a 
normal /one as small as 1 m. Detection of growth 
rates is required to discriminate against fast signals 
which occur due to conductor motion and elec
tromagnetic interference. 

Detection of a l-m length requires detection of 
26 mV of resistive voltage (at 6000 A) in the pres
ence of ±12 V of inductive voltage during energiz
ing or de-energizing. A well known method for 
quench detection with a single coil is the balanced 
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TABLE 16. Failure conditions and appropriate 
action.* 

Appropriate action 

Condition Fast Slow Hold 

X 
X 

X 

a Based on failure mode*, effects, and criticalily analysis per

formed by Intermagnelics General Corporation. 

Quench detector, current-lead voltage alarms, and helium 

pressure alarm have backup systems. 

self-inductance bridge method. Because MFTFhas 
two coils which are coupled together with a cou
pling coefficient of approximately 0.1, and because 
the large dimensions of the coil cross-section result 
in varying coupling depending on voltage tap loca
tion, the self-inductance bridge method cannot be 
used in the conventional manner Based on calcula
tions using the EFFI code, approximately 70 mV 
result in the bridge due to mutual inductance im
balance. IGC in their quench detection and magnet 
protection study proposed using current rate in
dicators to compensate for the mutual inductance 
imbalance. 

An analysis done by LLNL resulted in a 
quench detection method which successfully com
pensates for mutual inductance imbalance without 
requiring current rale sensors. Two voltages be
tween coils are used in addition to the self-
inductance bridges to form a detector equation 
(Fig. 68). The gains K| and K? are functions of the 
partial mutual and self inductances in the two coils. 

HARDWARE IMPLEMENTATION 

Detailed design of the hardware for the power 
supply and magnet protection controller has not 
been completed. One implementation was described 
in the IGC study. 8 0 The selected design uses a 
programmable controller with an analog backup for 
quench detection and current lead monitoring. 

Growing normal zone, {> 10 m) X 
Stable normal zone ( < 10 m) X 
Current lead overheating 

Voltage alarm, kvel 1 X 
Voltage alarm, level 2 X 

Low helium level in Dewar X 
High helium pressure in Dewar 

Pressure alarm, level I X 
Pressure alarm, level 2 X 

Valve from helium Dewar closes X 
Main vacuum failure, major X 
Guard vacuum failure, major X 
LN system failure 

Helium refrigeration failure 

Magnet-protection controller failure X 
MI-IT" computer failure 

dc power supply failure X 
Battery charger failure X 
Inverter failure X 
I2(l-V(ac) power failure X 
Inverter and I20-V(ac) power failure X 
120 V(acl to circuit breaker failure X 
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SECTION 8 
STRUCTURAL ANALYSIS 

INTRODUCTION 
A baseline structural analysis was performed in 

support of the preparation of the MFTF design 
drawings. This analysis demonstrated the basic 
structural integrity of the MFTF structure using the 
best available loads and material data. Subsequent 
to the completion of the MFTF design, additional 
analyses were performed. These refined the finite 
element analysis in the critical stress region, and in
terpreted the finite element results in light of the 
latest material properties and actual structural ef
fects such as stress concentrations. Also investigated 
were the potential effects of assumed structural 
faults in critical magnet structure. These analysis 
tasks are summarized in separate sections. The 
following discussion summarizes the structural re
quirements analysis methods and results from the 
baseline structural analysis documented in Ref. 10. 

STRUCTURAL REQUIREMENTS 
Materials 

The structural case material for the MFTF 
magnet is 304LN CRES steel with a nitrogen con
tent of 0.14% (minimum). The weld metal is E316L. 
The coil-jacket plate material is 316 CRES steel as is 

the jacket weld metal. Design stresses for the MFTF 
case and weldments were based on anticipated yield 
strengths of 120 ksi at4 K and on the expectation of 
adequate fracture toughness and flaw growth rates. 
The preliminary plate and weld mechanical proper-
lies were obtained from the National Bureau of 
Standards (NBS) for use in the case design 
(Table 17), along with properties for the other struc
tural materials in the magnet. 

Factors of Safety 
The basic requirement imposed on the magnet 

case structure was that there should be a factor of 
safely of 1.5 on an anticipated 120-ksi yield strength 
for the operating magnetic and thermal loads. The 
factors of safety on the remainder of the magnet 
structure are consistent with the ASME code as in 
Table 18. 

Design Load Conditions 
The MFTF magnet must withstand both 

operating and fault conditions. Design loading con
ditions include cooldown, warmup, and normal 
operating conditions, operating and faull magnetic 
conditions, and seismic inertia conditions In addi
tion to these conditions, the magnet is also designed 
to a 2.0 g handling condition. 

TABLE 17. Structural material mechanical properties. 

Material Usage 
Temp, 

K 

Ultimate 
strength, 

ksi 

Yield 
strength, 

ksi 

Elastic 
modulus, 
I 0 6 psi Source 

304L Support struts RT 
4.5 

100 
245 

40 
70 

28.5 
29.5 

LLL 

304 LN Magnet case and 
intercoil 

4.5 244.6 111.8'' 29.7 NBS 

E3I6L -IFc = 4.5 
.IFc = 9.2 

Case weld metal 4.5 
4.5 

193 
187 

116" 
128" 

31.9 
31.9 

NBS 

316L Jacket RT 
4.5 

80 
200 

40 
80 

29.5 
31.9 

EPON 828/Vtrsamid 125 
with chopped glass fiber 

Conductor shimming 20 -14700 - - GDC EMS 
04)096-51 

CPR Upjohn 
Polycast 1009-78 

Jackct-to-casc RT -13250 - 0.387 Mfgr Data 

A286 Support holts RT 140 95 29.1 AMS 5737H 

"120 ksi was usei for design pending determination or final allowables. 
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TABLE 18. Magnet structural safety factors. 

Factor of safety 

Structure Yield Ultimate 
or condition strength strength Factor 

Case, jacket, intercoil 1.5 - 4.0 

Support structure 1.5 3 . 0 a , b 4.0 

Shields, shield supports 1.5 3.0" 

Seismic safely factor 1.25 2.5 C 

a Based nn ASME codes requirements. 

Ultimate strength safely factor is 2.0 in welds. 
C ASMK codes allow an increase in allowable working stress for 

seismic conditions of 120%. 

Magnet loads were determined for both normal 
operating (both coils 100% energized) and fault con
ditions (one coil 100% energized, one coil in
operative). The case plate magnetic pressures for the 
more critical normal operating condition are shown 
in Fig. 69. Also defined were the ground accelera
tions for the seismic inertia conditions. Magnet ac
celerations and support system loads are a function 
of both magnet system and fusion chamber and 
were determined by a dynamic analysis. Magnet 
case loads for seismic condition were calculated by 
General Dynamics Corp. (GDC) based on assumed 
1.0 g vertical and 0.75 g horizontal accelerations. 
Thermal loads in the magnet due lo longitudinal 
and transverse thermal gradients during cooldown 
were calculated using finite element structural 
analyses thermal distribution. 

ANALYSIS METHODS 
The stress analysis of the MFTF magnet and its 

support sys' /t is based on data from three separate 
finite ele.i -.it analyses: a large 7000-degrce-of-
freedom GDSAP analysis of one-quarter of the 
magnet, detailed MSC/NASTRAN models of 
typical case cross-sections, and a simple beam-
element model of the complete magnet and its sup
ports. The large GDSAP model determined the 
overall stresses and deflections for the magnetic 
loads, quench pressure loads, and the normal 
opera t ing 4.5 K tempera ture condi t ion . 
MSC/NASTRAN models were used to refine the 
local case bending stresses for the magnetic load 
conditions, and a GDSAP beam element model was 

used to determine the overall magnet loads (or the 
unsymmetric seismic and cooldown thermal condi
tions. These models are discussed below and are 
documented in Ref. 10. 

The 7000-degree-of-freedom plate model of the 
MFTF magnet is shown in Fig. 70, representing one 
quarter of each magnet and the interconnecting 
load-block structure. 

The coil jacket, case structure, and intercoil 
structure are represented by linear-strain thin-plate 
elements, which simulate the axial and bending 
stiffnesses of the plate structure. The conductors are 
represented by six continuous rod elements that 
represent the lumped axial stiffness of the pack. 
These elements are connected to the surrounding 
case and jacket structure by other rod elements that 
simulate the transverse stiffness of the conductor 
pack including the conductor, insulation, and effec
tive gaps. 

The loading conditions for the GDSAP plate 
model are all quarter symmetric. Magnetic loads for 
both the normal and fault conditions were 
calculated for an idealized (5 X 12) conductor grid 
used in an EFFI analysis. The loads on the EFFI 
grid were lumped together at the GDSAP conduc
tor nodes and applied to the finite element model. 
Loads for the normal operating condition assume 
100% operating current in both magnets, while 
loads for the EFFI fault condition are based on 
100% current in one magnet and no current in the 
other. A quench pressure condition consisted of a 
uniform 700 psi bursting pressure applied to the 
case plates surrounding the conductor pack. The 
normal operating 4.5 K temperature cordition was 
analyzed to determine the residual stresses in the 
magnet caused by the differences in thermal con
traction between the case and the conductor. 

The output from this analysis consisted of the 
overall stresses and deflection in the magnet con
ductors, jacket, and case. However, the element 
mesh in this model was too coarse to provide a 
detailed definition of the local bending stress dis
tributions in the magnet case plates. Therefore, a 
detailed MSC/NASTRAN model of the case cross 
section was created to refine the overall GDSAP 
analysis results. This NASTRAN model refined the 
local case bending stresses as illustrated in Fig. 71 
and documented in Ref. 10. 

The NASTRAN /node! was used to analyse 
three typical sections in the magnet's major radius. 
Models of the case at 0 = 24°. 48°, and 72° were 
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FIG. 6°-. The conductor pack exerts high pressures on the magnet case. 



Conductor 
pack 

• Quarter symmetric model 
• Plate elements (separate jacket & case) 
• Conductor pack modeled 
• Reflects current geometry and stiffness 

Case 
plate elements 

Jacket 
pla;e elements 

Conductor 
axial elements 

(b) Typical model cross section 

FIG. 70. The GDSAP finite element model accurately represents the MKTF structure. 

created with the only differences between the 
models being the thickness of the side plate stif-
fener, the depth h of the guard-vacuum section of 
the case, and the applied loads. 

The magnetic loads are applied directly to the 
NASTRAN model case plates as distributed 
pressure loads, shown in Fig. 69. Additional 
pressure loads were applied to the NASTRAN 
model to simulate the effective radial pressures 
created by the axial stresses existing in the curved 
crossover plates. These pressures were calculated 
from the longitudinal stresses obtained from the 
GDSAP analysis. By assuming that a longitudinal 
stress fL in the curved plate with radius R and 
thickness t would create an effective radial (normal 
to the plate) pressure P = fj.t/R in addition to the 
pressure loading, forced displacements were applied 
to the NASTRAN model to ensure deflection com
patibility with the overall GDSAP analysis. 

The GDSAP beam element mode! illustrated in 
Fig. 72 was created to determine the overall magnet 
and support loads for the unsymmetric inertia and 
thermal condition and is also documented in 
Rcf. 10. Because the inertia and thermal stresses 
were expected to be small, the simple beam element 
model was considered adequate to confirm that the 
seismic and cooldown conditions were not critical. 
The model grid points, which are shown in Fig. 72. 
are located at the centroid of the conductor pack. 
The mass and axial stiffness of the coil are repre
sented by rod elements connected to the model grid 
and the axial and bending stiffnesses of the magnet 
case are represented by beam elements whose cen-
troids are offset from the conductor thermal condi
tions. The cooldown thermal conditions addresses 
temperature gradients due to three symmetric and 
three unsymmetric helium flow' distributions during 
cooldown. Temperature distributions for these 
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KIG. 71. The NASTRAIN finite element model refines (he case bending moments. 

various flow distributions arc documented in 
Rcf. 72. 

ANALYSIS RESULTS 
Case Stress Analysis 

The case stress analysis can be broken into two 
categories: the analysis of the major radius, and the 
analysis of the minor radius. In the major radius, 
the primary in-plane (membrane) stresses are 
caused by the C-clamp action of the magnet. The 
secondary bending moments are caused primarily 
by redistribution of the magnetic pressure loads ap
plied to the side plates as shown in Fig. 73. In the 
minor radius, the in-plane stresses are caused 
primarily by the spreading or opening up action of 
the major radius lobes. The secondary bending mo
ments are caused by redistribution of the seven 
million pound intercoil load and by the effects of 
the high in-plane stresses acting in the curved minor 
radius plates, also shown in Fig. 73. 

Major Radius Analysis 
The critical in-plane stresses in the major 

radius case plates were determined entirely by the 
GDSAP plate model finite element analysis. The 
plate secondary bending moments were determined 
by the same analysis but were also refined by the 
Naslran analysis of typical case cross sections. In 
the center crossover plate where the Nastran and 
GDSAP moments differed because of the manner in 
w'hich the magnetic pressures were applied, the 
structure was analyzed for the worst combination of 
moment and in-plane loads. Fig. 74 shows the com
bined primary and secondary stresses at several 
locations in the case. All principal stresses were less 
than SO ksi. 

Peak stresses in the magnet case during 
cooldown arc caused by the temperature gradients 
between the case side plates and the external stif
feners. The curvature produced in the stiffener by 
the temperature gradients causes high bending 
stresses in the case plate adjacent to the stiffener as 
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FIG. 72. GDSAI' beam element model determines overall magnet stresses for seismic and cooldown thermal 
conditions. 

' Redistribution of applied loads > Geometry changes that cause 
effective pressure toads 

Intercoil load 
( P « 6 . 5 X 10 6 lb ) 

X 
1 iiiuife^g 

Magnetic 
pressures 

(P = 2500 psi) 

FIG. 73. Critical case stresses are caused by secondary bending moments. 
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0 = 4 8 ° Note: (N) = N A S T R A N data 

(S) = GDSAPdata 

| f s l l e a r = -7500 psi (S) 

l f l o n G . = - ^ 1 4 p s i ( S ) 

22000 l b / i n 

<N> 9061 psi (S) 

6458 psi (S) 

32162 psi (S) 

10.0 in K/in (N) 
F m a x = 38829 psP 

FlC. 74. The major radius stresses an* less than HO ksi. 

shown m Kill- 75. However, these stresses do not ex
ceed the vield strength of the structure at the tem
perature at w hich the stress occurs. The case stresses 
caused b\ the longitudinal thermal gradients did not 
exceed 12 ksi. 

Minor Radius Analysis 
The stresses in the minor radius are determined 

primarily b\ the GDSAP plate model. Membrane 
stresses are caused by the opening up of the minor 
radius due to magnetic loads, but 4.5 K operating 
thermal loads subtract slightly from these stresses. 
The secondan bending moments are due to 
redistribution of the intercoil load and In elet'.ive 
pressures caused by the case plate curvature as 
shown in Fig. 73. 

Figure 76 shows the stresses at several location.-, 
in the case minor radius. The stresses were taken 
directly from the finite element analysis except for 
the secondary moments in the chamferred surface of 
the inner case plates. The secondary bending mo
ment in that location was modified to account for 
inaccuracies in the finite element analysis caused by 

the consiani strain irianguLr elements used in that 
portion of the model. The peak principal stresses 
predicted h> the baseline analysis exceeded the in
tended SO-ksi design stress by 2 to b''i in both the in
ner and center crossover plates as shown in Fig. 76. 
However, an evaluation of sever.il known inade
quacies in the GDSAP anahsis indicated that the 
predicled stresses would be red"ced by a refined 
unalvsis <>f this area. The anaKsis refinement task 

22500 psi (235 K) 

43500 psi (140 K) 

Kl(j. 75. Cooldown temperature gradients create 
significant stresses. 
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- Coil extension 

89670 in lb/in —p' 

Element no. 30 

12970 in lb/in 

19206 psi 

62832 psi 

40907 psi 

25594 i n. lb/in. } ^ 
35450 in lb/ in 

25387 psi ^ ^ j , (^~——___ 

138680 in lb/in »- i 

125653 in lb/in ~-~r<^~~--~^ 

48128 psi 

79492 psi 

2733 psi 

Element no, 250 

Element no 1959 

88348 in lb/ in 

14752 psi 

FIG. 76. The peak magnet slresses occur in Ihc minor radius. 

was accomplished and is discussed in a separate sec
tion of this report, and documented in Ref. 83. 

Intercoil Structure Analysis 

The intercoi! structure connects Ihc major lobe 
of one magnet with the minor radius of the other 
magnet. The primary slresses in the iniercoil struc
ture are caused by the normal operating magnetic 
loads that create a seven million pound compression 
load in the intercoil member. Additional low 
stresses are produced in the intercoil structure by 
thermal and inertia conditions. 

Design loads for this structure were obtained 
from the large GDSAP plate model and from the 
smaller GDSAP beam model. Figure 77 shows the 
membrane slresses in the intercoil structure for the 
normal operating condition. Slresses for the normal 
operating thermal condition are less than 500 psi 
everywhere except in the inner plate near the major 
radius iobe where the values are shown in Fig. 77. 
Overall intercoil loads due to cooldown and inertia 

conditions obtained from the GDSAP beam model 
arc superimposed >.n these stresses. It -.ho. !d be 
noted that the stresses sliould be .milupi.ed b\ I _5 
to account lor the diffeience between the -.5-in. 
thickness used in Ihc an'.lysiN .uul the 3..U-in. 
thickness used in the final design. 

Support Structure Analysis 

The support structure consists of two support 
rods (' .2) that support the weight of the magnet and 
five stabilizer rod- (3-7) that react horizontal 
seismic loads as show n in Fig. 7S. The struts and the 
lugs attaching the struts to the magnet were 
analyzed by hand to the loads shown in Table ll>. 
Also shown in Table 19 arc the margins of safety for 
various components in each support stial. The 
margins of safely are based on the following expres
sion: 

F.s 
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(7231 

(719) 

1596 
-6701 
5828 

1901 
8986 
4633 

Outer cover 

-3285 
11024 
2918 

(719) 

(703) 

1862 
-1303 20966 

-8748 18528 5846 -1496 -20065 4672 
-24180 -4370 
-3875_ 

-1917 -1975 2108 
-21237 

-3167 -26839 -24243 -3700 
-28165 2505 -3629 

160 
2070 1789 -3692 

-4689 33002 29776 -24319 
- 33345 
-2718 

-1672 -94 -1755 

-6776 673 125 -5989 
50050 -36036 33159 -33278 
-3029 1867 1387 4844 

Side plate 

Location 2 

Typical 
(727) 

{521 

(703) 

5589 5925 2494 9934 J— 
31881 27117 30539 33972 
14551 5654 1433 -4238 

/ -1060 V 
-10 

\ 330 / 

Inner cover .— L 1 (52) 
stresses for 4.5° operating case 

FIG. 77. The stresses in (he intcrcoil structure are acceptable. 



TABLE 19. Support struts have adequate margins of safet\. 

Rod LLNI." t Design Slrut Slnil Bearing Strut Cle>is fle»i» 
No. load load tension compression capacil) end lug pin IllS 

1 +6H7 + X(H> 

- -.175 + 11.09 +(1.95 + 0.15 -0.1(1 -0.2K - 0.52 
2 + 724 

-16R 
+ K0O 

-175 

3 + 5IK + 5211 
-2.17 -275 + 0.6K + 1.M + 11.17 -11.14 + 11.99 -11.15 

4 + 424 
-2*1 

+5211 
-275 

5 + .11(1 
-18.1 

+ 175 + 1.1.1 -0.95 + 11.12 -11.11 -11.76 •11.15 

6 + .159 + 52(1 -0.C.S + (1.19 -11.17 -0 .14 - 0.99 -11.15 
7 -242 

-5115 
+ 5211 

'Rvfcrutrv Tclvcon MFTf-SHW-M-105 of 17 Octubcr i«)7H. 

when: 

FALLOW ' s l n t ; lesser of 

(F U /3 )X 1.2 = F I u .2.5 and 

<F n /J.5)X 1.2= F u 1.2? . 

lb) 

(c) 

The lugs were checked for tension and 
shear •'bearing failures using an industry-wide stan
dard lug analysis documented in Lockheed Stress 
Memo No. 1. Bolls were checked for shear and 
bending failures. The struts themselves were 
checked for tension and for beam column compres
sion loads. In compression, an initial bow of 1 in. 
was assumed in all rods. 

FRACTURE ANALYSIS 
A fracture analysis was performed in support 

of the MFTF design to confirm the selection of 
304LN for the structural case material and to 
demonstrate adequate life al the 80-ksi design stress 
level. 

A linear elastic fracture analysis of the 304 LN 
plate and 316L weld filler was documented in 
Ref. 10. The analysis was based primarily on frac
ture toughness and flaw growth rate data obtained 
from NBS. Where data was not available, the 

anaKsis used material properly estimated Ir.im 
data lor similar materials obtained Irom literature 
sources. The anaKsis was performed using the 
FLAGRO II anaKsis program, a linear Hastic IT.K-
ture mechanics program developed hv Rockwell In
ternational Corporation. 

The case parent material was anaK/ed lor a 
t\pieal surface flaw (0.150-m. long X 0.0~5-in deepi 
and for a i>pical corner Haw (0.050 X 0.0501 at the 
edge of a penetration hole \ parametric stud) with 
various stress levels was made for both Haw con
figurations using NHS material data and the 
FLAGRO N analysis program. The anaKsis in
dicated that the required four design lives could be 
obtained with a stress level of 90 ksi in the basic 
plat- material and wiih a stress level of 43 ksi at 
t>pis.al penetrations. 

The 3I6L weld material was anah /ed for 
ivpical surface flaws, that were 0.150-m. long and 
0.075-in. deep. However, during the baseline 
analysis, there was no Haw growth data available 
for this material. As it uas fell thai the charac
teristics of F.3I0 filler would be \er\ similar to those 
of 316L. the analysis was performed using F310 
filler (law-growth data. An anaKsis u>.ing 304LN 
flaw-growth data was also performed, resulting in 
design life stress of 90 ksi with 304LN flaw-growth 
data and 100 ksi with I£31() data. 
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FK;. 78. MKTF supports are designed for magnetic, 
rods. \os . 3-7 are stabilizer rods.) 

CONCU SIONS 

The Mt-TI- baseline -analysis confirmed the 
basic structural integrity of magnet, and that the 
support system mei ASME factor of safety criteria. 
Cooldown thermal stresses were acceptable for the 
cooldoun time of 3.6 days which met design objec
tives, fracture analvses showed acceptable magnet 

I, and seismic loads. (Rod Nos. 1 and 2 are support 

life at ihe design stress level of HO ksi. Analysis 
showed that stress levels in the magnet were within 
the SO-ksi design limit everywhere except for several 
locations in the minor radius where peak stresses 
reached S6 ksi. A subsequent refinement of the 
finite analysis which is discussed elsewhere in this 
report and is documented in Ref. S3 reduced the 
calculated peak stress levels to less than 80 ksi. 
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SECTION 9 
STRUCTURAL FINITE ELEMENT ANALYSIS REFINEMENT 

SUMMARY 
The baseline structural analysis of the MFTF 

magnet confirmed the structural integrity of the 
magnet. However, the peak stresses at several loca
tions in the magnet mirror radius exceeded the 
allowable design limits of 80 ksi by 2 to 6%. These 
stresses were determined by a GDSAP finite ele
ment analysis and are documented in Ref. 10. It was 
recognized at .:.e completion of the baseline 
analysis that a refined analysis of the critical stress 
region using the NASTRAN program would 
probably reduce the calculated peak stresses. 
Therefore, a revised finite element analysis of the 
MFTF magnet was conducted and documented in 

Rcf. 83. This analysis incorporated a refined mesh, 
updated material thicknesses and a NASTRAN 
plate element that accounts for the out of plane 
shear flexibility not represented in the GDSAP 
analysis. 

MODEL DESCRIPTION 
For this analysis the case, jacket, and ini_;coil 

structure were modeled by isoparametric, 
quadrilateral, plate elements (Fig 79). The conduc
tor pack was modeled by "lumping" the stiffness of 
the individual conductor strands into six equivalent, 
continuous, axial rod elements. Rod elements in the 

Magnet 
case 

• Quarter symmetric model 
• Plate elements (separate jacket & case 
• Conductor pack modeled 
• Reflects current geometry and stiffness 

-Case 
plate eleme' ts 

-Jacket 
plate elements 

-Conductor 
axial elements 

(b) Typical model cross section 

PIG. 79. Finite element model—typical cross section. 
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transverse directions were aKo i::ck;dcd ui mode! 
the conductor pack stiffness in those directions 
(Fig. 80). 

The loading conditions analyzed included 
'hose loads due to electromagnetic forces, the 
residual thermal loads after eooldown to 4 K. the 
internal pressure load resulting from a quench, and 
the critical combination of noima! operating elec
tromagnetic loads and residual thermai cooldown 
U ads. The electromagnetic load distribution was 
determined b\ LLN'L and uas propor'ioned ac
cording to the nodes of the conductor pack. 

The structural anahsis was accomplished in 
two steps. First, the haseline analysis (Ref. 79), us
ing the G D S \ P finite element program, identified 
those area-, where peak stresses exceeded the KO-ksi 
allowable stress level. This allowable stress level ac
counts for a ,'actor of safen of 1.5 on \ield strength 
(120ksi) for the 304LN ease material. Regions oi 

critical stress were found in the inner and inter
mediate crossover plates in the minor radius sec
tion. 

The model refinements included: increasing the 
number of elements in the min^r radius region. 
changing the case plate thickness from 3.00 in. lo 
.1.20 in. (to account for the actual thickness of the 
received case material), and modeling the offset of 
the mid-surfaces at the transition from 3.20-jn. to 
5.00-in. crossover plate (at the transition from ma
jor to minor radius) (Fig*. 81 and 82). Also, in addi
tion to a GDSAP analysis, the model was analysed 
using the NASTRAN Unite element program. 
NASTRAN accounts for transverse shear stiffness 
in plates and also utilizes some higher order ele
ments. The refined model has fewer triangular ele
ments than the baseline model and no highly dis
torted quadrilateral elements. 

Coil 
one 

"-is&ir 

Rod elements modeling 
conductor pack 

Complete model - plate elements 

IK;. SO. Refined finite clement model—c»se structure and conductor pack. 
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Inner ANALYSIS RESULTS 

Narrow row of 
inclined elements 

at transition^ 

Inner case 
plate 

Fid. HI. Refined model accounts for nonalignment 
of neutral surfaces at transition from 3.2-in.-thf-;k 
plate to 5.0-in.-thick plate. 

The maximum principal stresses predicted in 
the critical regions of the minor radius showed 
reductions ofW lo 8% for NASTRAN and 07 to 
1% for GDSAP from those predicted b\ the baseline 
model. The largest stresses occurred with elec
tromagnetic loading applied by itself. 

For this loading the NASTRAN analysis 
found the peak principal stress of SI.5 ksi occurring 
ul 45° from the axis of symmetry in the inner 
crossover plate of the minor radius {Fig. S3). This 
was the only location showing a stress larger than 
the 80-ksi allowable stress level for the NASTRAN 
analysis. The GDSAP anaKsis found stresses above 
80 ksi over a 25° span with a peak stress of S3.4 ksi 
(Fig. 83), These stresses represent reductions of 77 
by NASTRAN and 57 b> GDSAP from the 
previously predicted peak principal stress of Ks ksi. 
GDSAP stresses also exceeded the SO ksi :e\ el 
slight!) lor the intermediate crossover plnte ove; i 
10° sp;;n at the axis of symmetry with a peak stress 
of 81.$ ksi (Fig. S4). NASTRAN predicted all 
stresses below SO ksi in this area. 

V ̂  \ > \ } T 

Transition being modeled 

Neighboring elements in tension 

Desired deformation if unconstrained 

Sid? plate resist longi
tudinal bending at edges 

-Positive 
longitudinal 
bending 
moment 

Actual deformations which induce transverse bending 
moments due to side plate constraints 

Longitudinal 
direction 

Positive transverse 
bending moment 
(NASTRAN) 

PIC, 82. Schematic of behavior at transition from 3.2-in. In 5.0-in. crossuvcr place. 
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FIG. 83. Principal stress distribution—inner crossover plate—electromagnetic load only. 
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FIG. 84. Principal stress distribution—inner crossover plate—combined electromagnetic and residual thermal loads. 



When the residual thermal loads due to the 
cooldown from room temperature to 4.5 K 
operating temperature are superimposed on the 
electromagnetic loads, a .slight reduction of stresses 
is oburned (Figs. 85 and 86). It is important to note 
for this load combination that NASTRAN showed 
all stresses in the magnet to be below the 80-ksi 
design allowable stress level. GDSAP predicted a 
peak principal stress of 81.2 ksi. with a span of 10° 
in the inner crossover plate at stresses over 80 ksi 
(I-'ig. H5). The intermediate crossover plate, for this 
load combination, showed a peak principal stress of 
80.6 ksi at the axis of.symmetry (Fig. 86;. 

Discontinuities are evident in the stress dis
tributions predicted with the refined model al the 
transition from 3.20-in.- to 5.00-in.-ihiek crossover 
plate material. These discontinuities had not shown 
up in the baseline analysis. The cause of the discon
tinuities was that the refined model accounted for 

the offset of the mi Surfaces al the transition from 
3.20-in. to 5.00-in. plate material. This offset, in
duces both longitudinal and transverse bending mo
ments as is shown schematically in Fig. 82. These 
discontinuities, which are discussed in more detail 
in Rcf. 83, were found to not have any critical effect 
on the stresses. 

CONCLUSIONS 
The refined finite element analysis verified the 

structural integrity of the MFTF magnet system 
with a factor of safety of 1.5 on yield stress for the 
304LN case materia). This verification is based on 
the NASTRAN finite element program for the 
worst compatible load case (normal operating con
dition) of electromagnetic plus residual thermal 
loading. 
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SECTION 10 
STRUCTURAL CASE FAULT ANALYSIS 

INTRODUCTION 
A case fault analysis documented in Ref. 84 

was performed to assess the criticality of selected 
failures in the magnet case, jacket and inlercoil 
structure. The locations of the five failures selected 
for analysis wrere determined on the basis of the 
manufacturing processes, structural geometry and 
local stress levels at these locations and, ultimately, 
on the possible consequences of the failures. Since 
this task followed the program to confirm the struc
tural integrity of the MFTF magnet case, jacket and 
shield system (Rtif. 10), every effort was made to 
utilize analysis methods and tools developed earlier. 
The large, 7000-degree-of-freedom GDSAP model 
developed during that program was used extensively 
throughout this analysis task to determine the 
overall stresses and deflections in the vicinity of 
assumed faults. Sub.;jquent to the finite element 
analyses, hand analyses were used to determine the 
stresses normal to the approaching fault front. Us
ing this stress data a Mode I linear elastic fracture 
analysis was performed to quantify the criticalily of 
each fault. 

ANALYSIS METHODS 
A common methodology was used to analyze 

each of the five selected faults. The analysis used' lie 
7000-degree-of-freedom GDSAP model to deter
mine the overall changes in stresses and deflections 
caused by the assumed faults. Data from this 
analysis was then used to determine the local 
stresses normal to the fault front and a simple Mode 
I linear elastic fracture analysis quantified the 
criticality of the faults. 

The 7000-degree-of-freedom finite element 
model used in the fault analysis is basically the same 
as the model used in the original MFTF analysis 
and documented in Ref. 10- However, several minor 
changes that are documented in Ref. 84 were made 
to the model prior to the Mart of the fault analysis. 
The faults were simulated in the GDSAP analysis 
by additional nodes coincidental to existing nodes 
in the baseline finite element model and changing 
fault boundary plate connectivities. No attempt was 
made to refine the finite element mesh adjacent to 

the fault boundaries subsequent to the analysis. 
Model deflection data was used to calculate the 
local slresses normal to the assumed fault front. 

A simple Mode I fracture anuKsis was per
formed using the stresses calculated from the finite 
element data to determine the criticality of the fault. 
The fracture analysis used the stress intensity solu
tions for a finite crack in an infinite plate and for a 
0.5-in. edge crack in an infinite plate to approximate 
the stress intensities resulting from the faults. The 
expressions for the stress intensities in these cases 
are: 

Kj = <J\/TTH finite crack in infinite 
plate (Ref. S5) 

K |= 1 .J2I5fT\/7ra 0.5-.. edge crack in in
finite plate (Kef. ,S5J 

where a = nominal stress, normal to fault, and 
a = half-crack length. 

The stress intensities resulting from the anahsis 
were compared to the plane-slrain fracture 
toughness (Ku) data used in the original MIT1 
fracture analysis. This data î  shown in Table 20. 

ANALYSIS RESULTS 
A total of five fault conditions were an;il\/ed 

during this study. Isometric sketches, selection 
rationale, and analysis results are summarized 
below for each of the following faults: 

1. Minor radius intermediate 3- to 5-in. plate 
intersection in the chamfer region at caucr line of 
symmetry. 

2. Conductor pack jacket close-out weld in 
the major-to-minor radius transition. 

3. Inlercoil member shear transfer weld, bot
tom closure plate to side plate corner weld. 

4. The 3-in. close-out weld at the center line 
of symmetry in the minor radius at the bottom of 
the 9 section. 

5. The 3- to 5-in. transition butt weld joint at 
the major to minor radius transition on the conduc
tor case top plate. 

Fault number ! is shown in Fig. S7 along with 
the rationale for selecting it for analysis. In the finite 
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TABI.K 211. I'ault fracture analyses Here based on preliminary material data used during the MFTF design. 

1II4I.N IN.12'; N ] a 

I JK.I «dd filler 

. l i e 4.5" 

i t i- v.2 a 

I llll-ll. »dd filler'1 

I MSI IHIS. S \ l \ « I 

Temp. 
K 

4.5 

4.5 

Case-material fracture-analvsis properties 

ksi 

lit. 
!2H 

da/dn 
(low groMih rate. 

uin . /oc l t 

1.(154 X Id" 4 (_iK ,- T- 5 M 

an Not mailable 

15 Ni>t available 

1116 4.9H A HI-** |AK 

bs«rar^ < Kvf. H7. 

L'k'iiicni • , ! ^ - i - . coincident grid points were in
stalled ,ii I!K' Jmniler region. C'ontinumis connec
t s i t , '•.!- ; " • ided for m the 3-in. pl;itc, while con-
: IL-L ; i \ n\ m the ^ in. was interrupted throughout ;i 
."••' A\- (,ippni\jinatel_\ 6.82 in.J. 

\ iKi l \s is of the 5-in.-plate delleelion data in-
.ite> ' h.n I he stress field normal to I he ap-

p r n . K l i i i i ; : 1 nu l l front is approximately 25,880 psi, 

neuiec ln ig bending. Assuming an infinite plate with 

a f i n i te cr . ick. 

Kj = 2^Ml \.'(\H2TT psi v'Tn. (10) 

Bav.-.! ,tn the haseline anahsis reported Kjt-
\.due lot I M6weldnilerUI-e = 9.2)al4.5°Kor95 
ksi ^ n... a eoniparison of calculated and critical 
stress iniensit} values indicates that this fault would 
continue to propagate under static loading until a 
lower -.tress field is encountered or a crack arrest 
mechanism is encountered. However, current NBS 
testing predicts a minimum fracture toughness in 
the weld metal of 140 ksi yin. Based UII this data, 
the assumed fault would not propagate under static 
loading hut would continue to grow under cyclic 
loads until failure. 

Fault number 2 and its selected rationale are 
shown in Fig. 88. For the analysis of fault number 
2. coincident grid points were installed in the model 
along the entire 0.5-in. plate "L" section. It was 
assumed that the transition from 0.5-in. to 1.0-in. 
jacket plating would act as a crack arrest 
mechanism. Continuity was provided for an all case 
plating while continuity of the 0.5-in. jacket plate 
was interrupted al the plane in question. 

L\aliialion of the finite element analysis results 
indicates that the peak tension stress normal to the 
assumed fault occurs at the bottom of the "L" sec
tion where the stress is 40,200 psi. This stress results 
in a Mode I stress intensity of: 

K| = SOksiv/TrT 

Because this stress intensity is less than the 
predicted KK- for the 316 plate material, this fault 
would not propagate statically. The fault would 
propagate to failure under cyclic loading. But. the 
analysis indicates that a total failure of the jacket 
plate would have little effect on the overall struc
tural case stresses. 

Fault number 3 is illustrated in Fig. 89. For the 
analysis of this fault, the finite element model was 
modified by installing coincident grid points along 
the intercoil member fault corner. The plate connec
tivity was altered so there could be no load transfer 
between the bottom and side plate locally along the 
fault perimeter. 

The analysis results indicate very little 
redistribution of stress as a result of the assumed 
failure. Because the stresses were primarily com
pression, however, the failure mode of concern was 
not Mode I fracture. The primary concern was the 
precipitation of an instability failure in the large 
plates. However, an updated stability analysis of the 
intercoi! plates with revised boundary conditions to 
simulate the cracked weld predicted buckling failure 
stresses in excess of the peak intercoil stresses. 
Based on this analysis, there were no significant ef
fects due to the assumed fault. 
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Joint geometry 

Selection rationale 
•Weld joint 

- Complex unbalanced weld-on-weld joint 
- Heat sink gradient 

•Joint geometry 
- Chamfer region increases welding 

difficulty but has no significant effect 
on gross stress distribution 

• Stress 
- Plate membrane stresses parallel to this 

weld joint approach 80 ksi 
- Principal stresses in the 5-in. plate 

approach SO ksi 
• Concern 

- Loss of the 5- to 3-inch joint (basically 
a shear transfer member) may result in 
excessive case deflection and subsequent 
conductor pack crushing 

2,0-in. plate 

2.0-in. plate 

3.0-in. plate 

2.0-in. plate 
Conductor 
pack 

I'IG. 87. Fault No. 1: minor radius intermediate J- to 5-in. plate intersection in the chamfer region at the ccntcrline of symmetry. 



Joint geometry 

Selection rationale 
•Weld joint 

— Close-out weld increases weld inspection 
difficulty 

•Joint geometry 
— Joint oriented normal to significant plate 

membrane stresses 
•Stresses 

— Principal stresses in the area of the joint 
approach 50 ksi 

•Concern 
— Decreased weld inspectability increases 

probability of potentially critical flaw 
existing 

— Previous stress analysis assumed that the 
jacket plating contributed to the case 
stiffness. Jacket failure will increase the 
primary case plate stresses 

3.0-in. plate 

Fault 
(0.5-in. plate) 

5.0-in. plate 

Section plane at 
major-to-minor 
radius transition 

3.0-in. plate 

Vacuum 
guard 

FIG. 88. Fault No. 2: conductor pack jacket close-out weld in the major-to-m nor radius transition. 



G_ Sym coil no. 2 
minor radius 

Selection rationale 
•Weld joint 

— Joint geometry - no significant effect 
• Stress 

— Compressive only 
• Concern 

— Loss of joint may cause intercoil 
member instability and system 
catastrophic failure 

4.0-in. plate 
wedge 

Joint geometry 

KIG. 89. Fault Nr. 3: intercoil mcmbei shear transfer weld, bottom closure plate to side plnte corner weld. 



I-aull numher 4, which is shown in Fig. 90, was 
a ..umed to extend from the minor radius center line 
of \ \mmetr> through a 20° arc (half length = 6.82 
in.j. Coincident grid points were installed in the 
nasch:e model along existing fault lire grid points. 
Conlinuitx of the 3- to 5-in.-plate joint was in
terrupted b \ redefining existing CQl . 'AD element 
LIH! point L'onneclnilie^. 

Deflection data near I he approaching fault 
front was extracted from llic computer output for 
use in a Mode I traclurc analysis. I r o m this deflec
tion data the local plale membrane stress was del r 

mined lo be approximate!} r.667 psi. 1-rom !i, 
plague niCLlianics thcors. for an infinite plale w 
Unite cenlei crack. 

5667 \ 6.82- 26.23 ksi y in. (ID 

This stress indicates that although this crack is not 
catastrophic, it will continue lo propagate under 
cyclic loading until failure or a crack arrest 
mechanism is encountered. 

Fault number 5 was the most critical of the live 
failures that were analyzed. The fault, which is 
shown in Fig. 91, caused a significant reduction in 
the overall bending strength of the magnet case in 
the minor radius and a resulting increase in stress. 

The finite element results indicated a significant in
crease in stresses approached 99,300 psi. At this 
stress le\el. the stress intensity for a 5-in. edge crack 
in an infinite plale is: 

K, = 1.22 X 9 9 3 0 0 ^ 2 ^ - = .340ksi y m". 112) 

This Kj reflects a catastrophic failure when com
pared to the critical stress intensities lor 3C4I.N and 
3161. welds. 

CONCLUSIONS 
Results of (his study are summarized in 

Table 21. Of the live conditions analyzed, one is 
considered to have structurally catastrophic effects; 
catastrophic meaning these faults would be reflected 
b \ sudden and violent changes in the geometry of 
the structure. The fault considered structurally 
catastrophic (Mode I analysis) was Fault No. 5 (the 
.3- to 5-in. transition butt weld joint at the major-to-
minor radius transition on the conductor case top 
plate). 

Fault number 4, the 3-in.-plale close-out weld 
at the center line of symmetry in the minor radius at 
the bottom of the 9 section, is considered to be 

TABLE 21. Case fault analysis summary. 

Fault description 

Minor iadius intermediate 3- to 5-in.-plate intersection 
in tliu chamfer region at the center line of symmetry 

K| equals K[(-. Fault will be self propagating. 
Catastrophic failure assumed.1 1 

Conductor pack jacket dose-out Held in the major-to-
minor radius transition 

50 ksi v /hT K| lower than K| f . Fault will propagate under 
cyclic loading. Overall system integrity not 
significantly affected. 

Imercojl member shear transfer weld, bottom closure 
plate lo side plate corner weld 

M.S. calculated assuming compressive-* icld 
allowable of 12(1 ksi. 

3-in.-pIate close-out weld at the center line of symmetry 
in the minor radius at the bottom of die 9 section 

26 ksi \/in. Kj loner than Kjf. Fault will propagate under 
cyclic loading. 

5 3- to 5-in.-transition butt weld joint at the major to minor 441 ksi \/\n. 
radius transition on Ihc conductor case t<-- jilate 

Kj higher than K\£. Fault will be self-
propagating. Catastrophic failure assumed. 

3 Updated fract.:e mechanics data ( K j f % J4M ksi \/\n.) Indicates that thi« fault is not initially catastrophic. However, it will propagate 
quickly under cyclic load lo the failure poinl. 
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Selection rationale 
•Weld joint 

— Close-out weld; increases weld 
inspection difficulty 

•Joint geometry 
— Not significant 

• Stress 
— Moderate plate longitudinal membrane 

stress 
•Concern 

— Decreased weld inspectability increases 
probability of potentially critical flaw 
existing. Joint failure and subsequent 
redistribution of stresses may result in 
excessive deflections and conductor pack 
crushing 

2.0-in. plate 

2.0-in. plate 
Conductor 

3.0-in. plnte 

5.0-in. plate 

-J 
Fault i 

(1=6.82 in.) -1 

FIG. 90. Fault No. 4: 3-in. plate close-out weld at the eenlerline of symmetry in Ihe minor radius at the bottom of the 'I section. 



5.0-in plate 

Selection rationale 
•Weld joint 

— One sided butt joint (unbalanced) 
— Weld bead reinforcement (K-r) 
— Heat sink gradient 

•Joint geometry 
— 3- to 5-inch plate transition produces 

local stress raiser 
•Stress 

— Plate membrane stresses normal to this 
joint appr. -ach 60 ksi 

— Transverse secondary bending moments 
approach 95 in.- kips/in. 

•Concern 
— Joint failure causes a significant 

reduction in magnet section modules 
resulting in redistribution of stresses 
and possible system catastrophic failure 

5.0-in to 3.0-in plate 
transition joint 
fault (<!:i23.50-in) 

3.0-in plate 

Coil extension 
structure 

tW' Joint geometry 

FIG. 91. Fault No. S: major-to-minor radius transition, 3-in, lo 5-in. buil-»cld joint on the conductor case top plate. 



potentially catastrophic; i.e., the calculated stress 
intensity factors are lower than the critical stress in
tensity factor but under cyclic loading this fault will 
continue to propagate until repaired or a suitable 
crack arrest mechanism is encountered. 

Fault number 1, the 3- to 5-in.-plate intersec
tion in the chamfer region of the minor radius, is 

potentially catastrophic, even with updated NBS 
fracture toughness data. At the calculated Kj of 120 
ksi y/\r\., the stress intensity is less than the K I C of 
140 ksi \firT. measured for the 316L weld. This in
dicates tha. the fault would not fail immediately but 
would continue to grow under cyclic load until 
failure. 

95-96 
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SECTION 11 
STRUCTURAL METALLURGY 

INTRODUCTION 
Following the Baseball II magnet experience 

Nilronic40was first selected for the MFTF magnet 
structure. However, plate of sufficient size was un
available, and welding across major stress planes 
was necessary. Accordingly, an effort was made to 
develop a weld procedure using Inconel 625: a 
nickel-base alloy, which, it was hoped, could match 
the parent metal strength and toughness. Because 
poor fracture toughness of both the Inconel 625 
weld and the Nilronic 40 base metal precluded 
design stresses above 80 ksi, it was decided to aban
don the this approach and use a tougher and less ex
pensive austenilic stainless steel, 304 LN, with a 
ferrite-free 316L weld metal. In this section the ex
perience with both base-metal systems are 
described. 

INITIAL WELD DEVELOPMENT 

Initial weld development programs were ori
ented toward development of procedures to join 
Nitronic-40 stainless steel for the case structural 
material, whose nominal composition is Fe-21%Cr-
6%Ni-9%Mn (Refs. 87-90). Fusion-welding of thick 
sections of this alloy (thicker than 1/4-in.) had been 
greatly hampered by the inability to develop a weld 
filler metal that matched both the base metal's high 
yield strength (5*180 ksi) and moderate fracture-
toughness («75 ksi v/IrT.) at 4 K (Refs. 87-90). The 
filler metals selected for evaluation were a modified 
Nitronic 40, with nominal composition Fe-20%Cr-
7%Ni-9.5% Mn, and a nickel-base alloy, known as 
"Alloy 625," with nominal compositions Ni-
22%Cr-9%Mo-3.5%Cb-3.5% Fe. The latter material 
was selected on the basis of its known good 77 K. 
ductility as a weld filler-metal for joining both stain
less steels and nickel-base alloys (Ref. 91). Welding 
processes evaluated were shielded-metal arc (SM A), 
gas-metal arc (GMA), gas-tungsten arc (GTA), and 
submerged arc (SA). All four processes were 
evaluated using the Alloy 625 filler, while modified 
Nitronic filler was used with the GMA and GTA 
processes. 

MODIFIED NITRONIC-40 
FILLER METAL 

Details of welding are presented in Ref. 92 and 
summarized in Table 22 of this report [see informa
tion tabulated for welds No. I (GMA) and No. 2 
(GTA)]. Weld-metal chemical compositions were 
typical for this material (Table 23). Weld-metal 
Charpy V-nolch impact tests performed at 77 K 
were used as a screening tool to avoid extensive and 
expensive 4 K lesting of many specimens. Results of 
77 K charpy impact tests are presented in Table 24. 
Average energy absorption values were 17.5 ft-lb for 
the GTA weld and 27.0 ft-lb for the GMA weld, as 
compared with typical annealed-base metal values 
of 60-70 ft-lb at 77 K (Ref. 90). Microscopic ex
amination of both welds showed the usual duplex 
austenite-ferrite microstructure with ferrite contents 
of 4.5% for the GMA weld and 8% for the GTA 
weld. The disappointing 77 K Charpy V-notch im
pact performance confirms the SMA results pre
sented at the October 1977 Vail Workshop on 
Structural Materials for Low Temperature Service, 
(Ref. 90), and further work on evaluation of 
modified Nitronic-40 weld metal was discontinued 
in favor of increased efforts on the Alloy 625 weld 
metal. 

ALLOY 625 WELD METAL 

Details of weld manufacture and resulting 
chemical composition, microstructure, and 
mechanical-property performance are discussed in 
detail in Refs. 93 and 94 and summarized in 
Tables 22 through 26 of this report (see information 
tabulated for welds Nos. 3-6 for the SMA, GTA, 
GMA, and SA welds, respectively). Welds were 
made in 2-in.-thick Nitronic-40 plate, heavily-
restrained by welding the free edges of the plates to 
a 4 to 6-in.-thick steel plate, to simulate the high 
degree of restraint that would be imposed on weld-
ments in the actual case structure. Chemical com
positions were usual for Alloy 625 weldments 
(Table 23). Welds were evaluated for soundness by 
radiography, which revealed no unacceptable 
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TABLE 22. Welds made in the multiprocess study. 

Process 
Flux or 

shielding gas 

Electrode 
WcM joint 

Process 
Flux or 

shielding gas Filler 
Diam 
(in.) Supplier Heat No. Lot No. 

WcM joint 

No. Process 
Flux or 

shielding gas Filler 
Diam 
(in.) Supplier Heat No. Lot No. Type Origin Position metal 

1 Gas-metal arc Argon + 2% O2 Nitronic 40 0.030 Armco 91520 DouMe-V LLNL Flat Nitrouic 40 

2 Gas-tungsten arc Helium Nitronic 40 0.030 Armco 91520 Double-V LLNL Flat Nitronic 40 

3 Shielded-melal arc Alloy 625 5/32 Inco Butt LLNL Flat Nitronic 40 

4 Gas-tungsten arc Helium Alloy 625 1/8 Incn NX 851 i Butt LLNL Flat Nitrouic 40 

5 Gas-metal arc Argon + 2% O2 Alloy 62S 1/16 Inco NX 7478 Rutt LLNL Flat Nitronic 40 

6 Submerged arc Arcos N82 Alloy 625 1/16 Inco NX 7478 Butt LLNL Flat Nitronic 40 

8 Gas-metal arc Argon + 2% O2 316L 1/16 Utiibraze IF2-9201047 Butt LLNL Flat 304 LN 

9 Submerged arc Hobart HS300 316L 3/32 Johnson 17222 Butt LLNL Flat 304 LN 

10 Flux-cored arc 316 LT-3 3/32 Stoody 0388 Butt LLNL Flat 304 LN 

11 Electroslag Arcos N82 Alloy 625 1/16 Inco NX 7990 Butt LLNL Vertical 304 L 

12 Electroslag Arcos N82 316L 3/32 Unihrazc IF2-83I1246 Butt LLNL Vertical 304 L 

13 Electroslag Arcos N82 316 3/32 Unibraze IF2-8311246 Butt LLNL Vertical 304 LN 
17 Pulsed gas-metal arc 75% He/25% Ar 2RM69 1/16 Sandvik 743802 Oouble-V CBI-Hsln Vertical 304 LN 

20 Pulsed gas-metal arc 75% He/25% Ar 316L 0.045 Double-U FMC San Jose Flat 304 LN 

21 Electroslag Hobart PT203 3161. 3/32 McKay 04634 31821 Butt FMC San Jose Vertical 304 LN 

TABLE 23. Chemical composition of welds made in the multiprocess study (wl%). 

Weld 

No. Mo Ti Cb+li N 2 

1 Gas-metal arc 0.017 9.52 

2 Gas-tungsten arc 0.017 9.52 

3 Shieldcd-metal arc 0.046 0.25 

4 Gas-tungsten arc 0.05 0.09 

5 Gas-metal arc 0.02 0.24 

6 Submerged arc 0.02 0.24 

11 FJcctroslag 0.05 0.40 

12 F.lcctroslag 0.030 1.70 

13 F.lcdroslag 0.015 4.60 

17 

20 
Pulsed gas-metal arc 

Pulsed gas-metal arc 

0.14 

0.14 

0.58 

0.28 

11.14 

11.14 

11.30 

11.48 

0.17 

0.007 
0.007 

0.004 

0.004 

0.012 

0.012 

0.010 

19.93 

19.93 

21.48 

22.13 

11.012 21.90 
0.012 21.90 

20.90 
18.70 

O.tllO 24.76 

7.17 

7.17 

Bal. 8.85 0.06 3.60 0.05 AU0.O4, Fe:3.06 

61.68 

60.34 

8.87 

9.56 

0.22 

0.27 

3.33 

3.39 

0.08 

0.04 

[1:0.001, Fe:3.06. 
Al:0.28 
Fc:3.91, AI:0.2I 

60.34 9.56 0.27 3.39 0.05 B:0.001 

48.411 6.80 0.15 70 0.08 Al:0.15, Fe:19.50 

12.70 2.10 

•M.4H 2.14 



TABLE 24. Charpy V-notch impact performance at 77 K at welds made in the multiprocess study. 

Process 

Ferrite number 

Vender LI.I. 

Energy absorbed Lateral expansion 

No. Process 

Ferrite number 

Vender LI.I. Average.* ft lb Range, ft-lb Average", mils Range, mils 

1 Gas-metal arc 4.5 17.5 16.5 - 18.5 6.0 4.0 - 8.0 

2 Gas-tungsten arc 8.0 27.7 24.5 - 31.0 12.5 12.0 - 13.0 

J Shiclded-mclal arc 37.0 37.0 - 37.0 31.2 29.5 - 32.8 

4 Gas-tungsten arc 45.3 43.0 - 46.(1 41.4 36.7 - 46.8 

5 Gas-metal arc 

6 Submerged arc 70.6 19.5 - 21.5 18.9 12.8 - 24.6 

8 Gos-mctal arc 5.S 26.8 23.1 - 3 0 . 0 19.5 16.6 - 23.4 

9 Submerged arc 5.5 26.9 21.5 - 31.(1 13.9 10.8 - 18.4 

1(1 Flux-cored arc 13.1) 14.1 9.8 - 17.9 8.7 4 . 6 - 11.6 

11 Electroslag 88.0 71.11 - II 1.0 57.3 51.0 - 66.4 

12 Eleclroslag 95.4 80.2 - 110.5 75.2 63.6 - 75.4 

13 Kleclroslag 103.0 9 5 . 0 - II 1.0 511.8 44.0 - 57.5 

17 Pulsed gas-metal arc 0 68.2 63.(1 - 79.0 55.0 49.0 - 63.0 

20 Pulsed gas-metal arc 8.5 35.9 3 ! i> - 42.5 22.1 19.0 - 28.6 

21 Elcclrustag 5.0 34.9 28.0 - 41.5 30.4 24.2 - 38.0 

Average of 3 to 5 specimens. 
b I mil = 0.001 in. 

TABLE 25. 4 K tensile and fracture-toughness properties of welds made in multiprocess study. 

Weld 
No. Process 

Ultimate 
strength, 

ksi 

Yield 
strength, 

ksi 
Elongation, 

Reduction 
in area. 

ksi vin. 

3 Shielded-metal arc 183.0 b 127.0 30.7 25.0 122.8 

4 Gas-tungsten arc 173.3 b 138.0 18.0 15.0 121.3 

5 Gas-metal arc 157.7 b 121.0 22.7 26.7 136.0 

9 Submerged arc 157.9 b 97.2 60.0 39.0 101.0 

11 Electroslug 107. l b 82.6 11.0 14.0 

12 Electroslag 204 .1 b 74.7 39.9 26.2 146.0 

13 Electros! ag 2(MUC 65.1 

20 Pulsed gas-metal arc 200.5 b 118.3 48.0 38.5 

21 Electroslag I 7 0 . l b 96.2 35.0 20.4 

193.7° 85.8 35.0 27.9 

183.5 d 75.6 30.5 26.4 

" K Q is an invalid, noncMservtitive, measure of fracture-toughness due to inadequate specimen thickness or improper lest procedure. 
"L— Lo*gitn4mal, parallel to weld axis. 
C L T -Long transverse, across weM axis. 
-ST—Short IraMverse, through weld axis. 
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TABLE 26. 4 K mechanical properties of 2-in.-thick Nitronic 40 plate used in the alloy 625 welding study. 

Ultimate 0.2% offset 
yield 

strength, 
ksi 

Elongation 
in 1 in.. 

Reduction 
in area. 

Fracture-toughness 

strength, 
psi 

0.2% offset 
yield 

strength, 
ksi 

Elongation 
in 1 in.. 

Reduction 
in area. Longitudinal, 3 

K Q 

Transverse. 
ksi v/nT 

245 
251 
245 

198 
195 
196 

22 
26 
2(1 

35 
30 
25 

138 
1311 
131 

P.5 
136 
132 

Avenge 247.0 196.3 22.7 .111.11 13.1.(1 131.(1 

a K n is a nonconservalive value orfraclurc-toughness, i.e. K Q > Kjc, the minimum-value or "plane-strain fracture-toughness." caused hy 

the specimen thickness of 0.5 in. being less than that required to ensure attainment -jf plane-strain conditions at the crack-tip during testing. 

defects, and by room temperature side-bend testing, 
which places the entire thickness of a slice cut 
through the weld in tension. Side-bend specimens 
cut from SMA, GTA, and SA welds were bent 
around a 2t (t = specimen thickness) radius mandrel 
to an angle of 180° without any evidence of failure. 
However, the GMA side-bend specimens failed at a 
bend angle of about 30°. Both microscopic ex
amination and chemical analysis of the failed GMA 
bend-test specimens failed to reveal any cause for 
this poor performance. Post-weld heat-treatment 
(PWHT) of another GMA bend specimen at 
2150°F for 1 h, followed by testing as described 
above, resulted in this specimen passing the side-
bend test. This indicated that the cause of 
premature failure of the as-welded GMA specimens 
was associated with the presence of a metallurgical-
phase formed during solidification and/or during 
cooling to room temperature after welding, and that 
this phase could be removed or rendered innocuous 
by a high-temperature PWHT. However, such a 
PWHT is not practical during assembly of the 
massive case sections, and is certainly not a prac
tical treatment on the case close-out welds once the 
magnet was sealed inside the care. 

Low temperature evaluation of the Alloy 625 
weldmenls consisted of 77 K Charpy V-notch im
pact tests (Table 24) and 4 K tensile and fracture-
toughness tests (Table 25). Notches in the charpy 
specimens and cracks in the fracture-toughness 
specimens were oriented so that the cracks 
propagated from the top to the bottom of the weld 
metal. Average Charpy V-notch test energy absorp
tion values were 37 fl-lb for the SMA weld, 45.3 fl-
Ib for the GTA weld, and 20.6 ft-lb for the SA weld. 

While below the 60 ft-lb value for unwelded 
Nilronic 40 (Ref. 90). results for the SMA and GTA 
welds represented a distinct improvement over 77 K 
Charpy V-notch test energy-absorption value.* 
shown by the modified Nilronic 40 .veld metal 
(Table 24). 

Tensile test results at 4 K of the Alloy 625 weld 
metals are summarized in Table 25 and of the 
Nitronic-40 base metal in Table 26. All materials ex
hibited satisfactory values of tensile ductility, with 
average elongation values for the base metal and 
SMA. GTA. and GMA weld metals of 22.7rJ. 
30.7%, 18.0%. and 22.7%. respectively. Average ten
sile yield strength values of the base metal and 
SMA. GTA. and GMA weld-metals were 196.3 ksi. 
127.0 ksi. 138.0 ksi. and 121.0 ksi. respectively. 
Scanning electron microscopy examination of the 
fracture surfaces of representative tensile specimens 
showed no signs of brittle failure, with all fracture 
surfaces exhibiting a ductile fracture appearance. 

Fracture-toughness test results of the weld 
metals are summarized in Table 27 and of the 
Nitronic-40 base metal in Table 26. While the 
numerical values are adequate, with average values 
for the base metal. SMA. GTA. and GMA weld-
metals of 132.0 ksi v1rT 122.8 ksi \/uT. 121.3 ksi 
v/in.. and 136.0 ksi \/irT-. respectively, further ex
amination of the test specimens and test records 
give rise to serious doubts about the validity of these 
values for the reasons presented below: 

I. While the range of numerical values of the 
weld metal fracture-toughness for the three weld 
processes are high (122.8 to 136.0 ksi v'in.), ex
amination of the fracture-toughness test methods 

100 



TABLE 27. Comparison of minimum fracture-
toughness specimen thickness required to achieve 
plane-strain test conditions in Inconel 62S weld 
metal.* 

Wild 
process 

K,°_ 
ksi y/'m- ksi 

a, B c a | c , 
in. 

"meas' 
in. 

SUA 12.1 127 2..15 0.5 

CTA 121 1.18 1.92 0.5 

(,'MA 1.16 121 .1.16 0.5 

lias' metal 1.12 1 % 1.1.1 (1.5 

"From ASIA! K .VW-74. all » 2.5 ( K / « y > \ where 3,H are Ihe 

wiitlh and thickness nf the fracluie-touRhness specimen, K Ihe 

measured value nf stress intensity at fracture, and ay the yield 

strength. 

Average values used in calculations. 

Displacement !V) -* 

FIG. 93. Types of load displacement traces ob
tained during fracture toughness testing. 

indicated that the values determined are noncon-
servalive and use of these values for design would 
result in over-estimation of these weld metals' 
resistance to brittle fracture. These nonconservativc 
results were obtained because the size of the 
fracture-toughness samples used were loo small 
(Table 27 and Ref. 95) to achieve conservative or 
"plane strain" values. Figure 92 schematically 
represents the variation of stress intensity factor K, 
with specimen or component thickness. For condi
tions of plane strain, where the material thickness is 
great enough to constrain plastic flow (yielding) in 
the plane of a crack or other defect, K = K I C . For 
other than conservative or plane strain conditions, 
K = KQ > K ) c . What had been determined for the 

Plane-stress conditions 

Plane-strain conditions 

"0 "1 
Specimen thickness (B) 

FIG. 92. Effect of specimen thickness on fracture 
toughness. 

Nitronic 40 base metal and the alloy 625 welds was 
Kg. 

2. In addition to the nonconservative 
fracture-toughness values of the various weld 
metals, examination of fracture-toughness test 
procedures indicated that the form of fracture-
toughness lest load/displacement traces indicate 
that ali the test results exhibited evidence of 
catastrophic crack propagation. Representative 
load/displacement curves are shown in Fig. 93. 
Referring to this figure, either Type 1 or Type 2 
behavior is representative oi' acceptable service-
behavior, i.e.. propagation of a preexisting flaw re
quires increasing load. However, Type 3 behavior, 
where once a flaw begins lo propagate, it continues 
to do so even with a decreasing load situation, is un
acceptable from the standpoint of rational brittle-
fracture-resistant design practices. 

3. Examination of the 4 K tensile test results 
shows that the Alloy 625 weld-metal yield strengths, 
irrespective of weld process used, fall in the range of 
117 to 143 ksi, or about 60-73% of the base metal 
value. Design of the magnet case requires that some 
of the welds be located in the primary load paths. 
Under these conditions, it is good design practice to 
match the base-metal and weld-metal yield-
strengths to prevent localization of load and strain 
in the weaker weld-metals to avoid over-loading of 
the weld metal, early development of cracks, and 
rapid propagation of the small, preexisting flaws ex
pected in any weld. At this time, late June 1978, it 
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was recognized by the MFTF magnet project 
engineer that reconsideration of the selection of the 
magnet case structure material and the associated 
welding development efforts was needed. Experts in 
the associated areas of structural materials for 
cryogenic service and welding development from 
within LLNL and from other organizations 
(National Bureau of Standards at Boulder, General 
Dynamics/Convair, and the DOE) met at Liver-
more on June 23, 1979 to reexamine the related 
issues of selection of the case structural material and 
associated welding development. The recommenda
tions of this review committee are summarized 
below and were adopted by the MFTF magnet proj
ect engineer for implementation. 

By using as a guide the principle of selecting a 
base metahweld metal pair with equal 4 K tensile 
yield strengths, a base metal 4 K tensile yield 
strength not less than 1.5 times the General 
Dynamics/Convair design stress of 80 ksi, and a 
4 K fracture-toughness value of 125 ksi vTrT, the 
following preliminary recommendations were 
proposed: 

Type 304LN base metal :316L weld metal, or 
Type 316LN base metal :316L weld metal. 

Welds should be made by the GM A process for op
timum control of purity, 4 K fracture-toughness, 
and ferrite content. Neither of these approaches en
tails materials costs as high as the Nitronic 40:ln-
conel 625 approach. The need for resolution of the 
one open issue, optimization of weld-metal com
position to prevent weld-metal microfissuring dur

ing production of the restrained, heavy-section 
welds (up to 3-in.- thick) in the actual case, versus 
limitation of ferrite content to guard against 
degradation of 4 K weld-metal fracture-toughness, 
was recognized. 

WELD DEVELOPMENT 
PROGRAMS PERFORMED IN 
SUPPORT OF JOINING 
TYPE-304LN BASE METAL 

Once the choice of type 304LN stainless steel 
was made, three separate but related weld-
development programs were begun to provide an 
initial evaluation of the suitability of the common 
welding processes, such as SMA, GMA, GTA, SA, 
FCMA (flux-cored metal arc), and ESW (electro-
slag welding), for deposition of type 3I6L stainless 
steel weld metal. Evaluation of a variety of 
processes was necessary to ensure the eventual selec
tion of one or more processes that would enable 
out-of-position (other than flat position) welding to 
be done, as well as qualify a process, such as SA or 
ESW, that would enable large quantities of weld 
metal to be deposited in a short time with a con
current reduction in welding time and costs (Table 
28). With this task essentially completed, and the 
SMA process selected by Chicago-Bridge and Iron 
Company (CBI), the successful bidder on the case-
fabrication contract, two parallel programs were 
initiated. One of these programs involved qualifica
tion of CBI's SMA welding procedures using 

TABLE 28. Estimated time required lo weld MFTF magnet case assuming 20,000 lb of weld metal deposited. 

Weld metal 
deposition data 

Shicldcd-
mctal 

arc 

Gas-
metal Flux 

core 
Submerged FJectroslag 

(Note b) 

Deposition data 

100% arc time, Ib/h 

Est. arc lime. % 

Actual deposition rate, Ib/h 

Welding time 

Total hours to weld 

No. man-hours reqHiredc 

No. man-months required0 

2.5 9.0 13.0 14.5 15.0 

20.0 .10.0 40.0 50.0 95.0 

0.5 2.7 5.20 7.25 14.25 

40,000 7,407.4 3,846.2 2,758.6 1.403.5 

240 44.4 23.1 16.6 8.4 

20 3.70 1.92 1J8 0.7 

40.0 

95.0 

38.0 

526.3 

3.1 

0.26 

*Per measured lab rale using a 4H0-A power supply (max). Nol sufficient. 

"Attainable with power supply of adequate capacity. 
c V a h e s base* on available maa-hr/yr - (8 h/JHS d/wk)(5 wk/yr) = 2000 maa-hr/yr/man. 
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E316L-15 electrodes, and the other involved 
development of welding information for use in 
other areas of magnet fabrication, such as the 
magnet jacket, and for a backup weld melal should 
difficulties arise with the weld metal deposited by 
type E3I6L-15 electrodes. The status of each of 
these programs, including results to date, open 
issues, and ongoing work, is presented below. 

Multiprocess Study 
Welds were made by the SMA, GMA, SA, 

FCMA, and ESW processes in type 304LN stain
less steel plate ranging in thickness from 1-3/4 to 3 
in. using type 3I6L weld metal in the form ap
propriate to the welding process. Details of the joint 
design and welding position are summarized in 
Table 22. Most of the welds were made at Liver-
more, but two welds, one GMA and one ESW, were 
made at FMC (San Jose). The fabrication subcon
tractor for the magnet case, CBI, supplied a GMA 
weld using a ferrite-free filler, 2RM69, for evalua
tion by LLNL. All the welds made at LLNL were 
made under heavily-restrained conditions, i.e., the 
plates were first welded to a 4- to 6-in.-thick mild-
steel plate to prevent free thermal expansion and 
contraction of the plates and connecting test weld, 
thus simulating the situation that exists during 
assembly of the magnet case. 

Those weld-metal chemical compositions 
determined to date are reported in Table 23. Initial 
evaluation of welding performance was by room 
temperature side-bend testing. Failures were seen in 
both specimens from weld No. 8 (GMA process, 
3I6L, filler) and one of two specimens from weld 
No. 9 (SA. 316L filler) made at LLNL. Failure in 
the latter case was associated with an entrapped-
slag defect in the tension-side of the sample. Such a 
defect is associated with incomplete removal of the 
fused slag during welding, and is not an inherent 
problem in either the choice of weld filler material 
or process. However, the two failures in the GMA 
welds were traced to thin oxide films on the solidify
ing weld metal, caused by the presence of 2% O2 in 
the shielding gas. Oxygen is added to the argon 
shielding gas to lower the surface tension of the 
molten stainless steel weld metal and promote flow 
of the molten metal to the edge of the weld joint, 
thus ensuring complete wetting along the entire 
weld-metal-to-base-meta! interface (Ref. 96). As 

such, the cause of failure in the GMA samples was 
associated with the weld process and was considered 
to be sufficient reason to eliminate conventional 
GMA welding, which uses Ar-02 gas mixtures, 
from further consideration. 

Intergranular cracks of lengths insufficient to 
constitute failure according to Section III of the 
ASM E Boiler and Pressure Vessel Code were seen 
in side-bend specimens of Weld No. 17 made by 
CBI (Houston), using the pulsed GMA process, 
2RM69 filler and 75% He-25% Ar shielding gas. 
Details of evaluation of this weld conducted by both 
LLNL and CBI (Houston) are contained in 
Refs. 97-99. Briefly, many intergranular fissures, 
with lengths up to 0.008 in., were found in the as-
deposited weld metal. After side-bend testing, these 
defects grew to lengths of up to 0.156-in. While the 
exact cause of these defects was not determined, the 
fact that they occurred on a weld metal specially 
developed for freedom from this type of defect 
(Ref. 100) and in weld deposits made with a process 
(GMA) known to be sensitive to both operator and 
process variables (Ref. 96) causes one to view with 
concern any use of conventional GMA welds and 
2RM69 filler metal for the stringent requirements of 
4 K high-stress service. 

Low-temperature mechanical-property evalua
tions of all welds included 77 K Charpy V-nolch im
pact tests, followed by 4 K tensile and fracture-
toughness testing of selected welds. Results are 
presented in Tables 24 and 25 and discussed below. 

77 K Charpy V-Notch Impact 
Test Results (Figure 94). 

As a function of weld process, from largest to 
smallest value of average energy absorption, the 
results for the Livermore-produced welds were: 
ESW, SMA, SA, GMA, and FCMA. Usingaverage 
lateral expansion at the root of the notch as a rating 
tool, the results for the Livermore-produced welds 
were: ESW, SMA, GMA, SA, and FCMA. Results 
are also shown in Fig. 94 for two welds made by 
FMC (San Jose). Their ESW weld exhibited much 
lower impact performance than the two ESW welds 
made by Livermore, but their pulsed-GMA weld 
results fell between the SMA and Livermore GMA 
results. Based on the results of the Livermore-
produced welds, the SMA, SA and ESW welds were 
selected for evaluation at 4 K. 
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FIG. 94. Results of 77 K Charpy V-notch impact tests on type 316L weld metal deposited by various welding 
processes and laboratories. 
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4 K Tensile and 
Fracture-Toughness Test 
Results (Table 25 and Fig. 95) 

Table 25 and Fig. 95 give our 4K tensile and 
fracture toughness test results, together with data 
from other sources (Refs. 101 and 102). Examina
tion of Fig. 95 shows that the SMA weld. No. 7, ex
hibited a superior combination of yield strength and 
fracture-toughness relative to both the SA weld, 
No. 9. and the ESW weld. No. 12. This provided ad
ditional support for selection of the SMA process as 
the primary candidate for fabrication of the magnet 
case. Most of the data from Refs. 101 and 102 was 
generated after testing of welds 7, 9, and 12 was 
completed. The consistently superior performance 
of SMA welds shown in Fig. 95 confirms the choice 
made in the basis of data from the three Livermore-
produced welds. 

Evaluation of Weld-Metals 
Deposited by the SMA 
Process Using Type 
E316L-15 Electrodes 

Welds have been made by both Livermore and 
the CB1 corporate welding laboratory, using 
E316L-1S electrodes supplied by both the Teledyne-
McKay Corporation under the trade name 

"Kryokay" and by the ARCOS Corporation. Both 
companies supply product to specification AWS 
5.4-75, the industry standard, with an added restric
tion of a ferrite number (FN) of zero, i.e., an all-
austenitic weld metal. All butt welds were made in 
3-in.-thick type 304LN plates which were heavily 
restrained by first welding the plates to a 6-in.-thick 
slrongback (LLNL) or by welding into a rigid 
restraint fixture (CBI-Houston). These welds are 
described in Table 29. 

Those weld-metal chemical compositions 
determined to date are reported in Table 30. Initial 
evaluation of weldment performance was by room 
temperature side-bend testing. No failures were ob
served. 

Low-temperature mechanical-property evalua
tions included 77 K Charpy V-notch impact tests of 
most welds, followed by 4 K tensile, fracture-
toughness, and fatigue-crack growth testing of 
selected welds. Results are presented in Tables 31 
and 32. The 77 K Charpy V-notch impact test 
results are presented in Table 31 and summarized in 
Fig. 96. On the basis of these results, there was little 
difference between ARCOS and Teledyne-McKay 
filler metals, or between welds made in the flat or 
vertical positions. The 4 K tensile and fracture-
toughness test results are presented in Table 30 and 
summarized in Fig. 97. Note that the performance 

TABLE 29. Shielded-metal-arc welds in type 304LN, using type E316L-I5 electrodes. 

«>ld Diam. 
(in.) 

Electrode Weld joint Ferrite No. 

Vendor 

. »y 

No. 
Diam. 
(in.) Supplier Heal No. Lot No. Type Origin Position 

Ferrite No. 

Vendor LLNL 

7 5/32 McKay 02146 2161376 Butt LLNL Flat 1.0 

14 3/16 McKay 21333 3186938 Bait LLNL Flat 1.0 

16 3/16 Arcos T-12150-2 Flat LLNL Flat 0 0 

18 5/32 £ 
1 / * 

McKay 386022 3086644 Butt CBI-Hsln Vert. 0 

19 1/4 McKay N/A 0631-401 Butt LLNL Flat 

22 5/32 « 
3/16 

McKay N/A N/A But) CBI-HsM Flat 

23 1/4 Arcos T-12150-2 Butt CBI-Hstn Flat 
24 1/8 McKay 386022 3086683 Butt CBI-Hstn Vert. 0.5 

28 5/32 McKay 02146 2161376 Dble-V LLNL Vert. 0 

29 5/32 McKay 16329 3178554 Dble-V LLNL Vert. 0 

34 5/32 McKay 586108 2397723 Butt LLNL Flat 0 

35 5/32 McKay 586108 2397723 DUe-V LLNL Vert. 0 
38 5/32 McKay 586108 2397723 Butt CBI-Hstn Vert. 0 

N/A—Data not a«aHaMe. 
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0 Y 75 100 125 

Symbol 
Yield strength (ksi) 

Welding process and details Base metal Reference 
A SMA E316L-16 304 L 101 
V SMA E316L-15 316 LN 101 

• SMA E316L-15, Interpass peening 316 LN 102 

V SMA E316L-15, Interpass peening 
plus 1900 F/1 h r /H 2 0 Quench 316 LN 102 

K H SMA "KRYO-KAY", Horizontal weld 304 LN This Report 
A SMAARCOSE316L-15 304 LN 

K v SMA "KRYO-KAY", Vertical weld 304 LN 

O SA316L 304 LN 102 

€ SA316L 304 LN 102 

» SA316L 304 LN This Report 
E ESW316L 304 LN 
D SMA E316L-15 Flat weld 304 LN 

FIG. 95. 4 K plane-strain fracture toughness as a function of yield stress for type 316L weld metal deposited by 
various practices. 
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TABLE 30. Chemical compositions of shielded metal-arc welds made in type 304LN using type E316L-15 elec
trodes (wt%).' 

WeH 
No. C Mil Si S P Cr Ni Mo Tl Cb+T« Cu N 2 V 

14 0.030 1.65 0.35 18.0 13.2 2.25 
16 0.033 2.44 0.36 0.007 0.032 18.20 13.81 2.14 0.056 

0.033 2.54 0.33 0.010 0.035 18.07 13.81 2.23 0.061 
18 0.023 2.14 0.30 0.014 0.022 18.12 13.22 2.29 0.05 0.02 0.18 0.45 
23 0.033 2.44 0.36 0.007 0.032 18.20 13.81 2.14 0.056 
24 0.025 1.94 0.28 0.012 0.021 17.80 13.00 2.22 0.06 0.02 0.22 0.042 
28 0.O30 1.64 0.35 18.0 13.2 2.25 
29 0.030 1.65 0.35 18.0 13.2 2.25 
.14 0.036 2.18 0.22 0.012 0.018 17.84 13.S8 2,10 0.02 0.28 0.084 
35 0.036 2.18 0.22 0.012 0.018 13.58 13.58 2.10 0.052 0.02 0.28 0.084 
38 0.036 2.18 0.22 0.012 0.018 13.58 13.58 2.10 0.052 0.02 0.28 0.084 

*As determined on undiluted weld pads deposited in flit position. 

of Ihe individual weld metals is independent of both 
supplier and weld position and Falls at the upper end 
of the scatter-band for all data in type 316L weld 
metals deposited by the SMA process. Examination 
of the 4 K tensile ductility data in Table 32 in
dicated a large variation in both elongation (5.4% to 
44.0%) and reduction area (6.8% to 33.5%). Since 
low values of both of these quantities are indicative 
of some factor in the weld metal being out of con
trol, metallographic examinations of the welds hav
ing both high and low values of these ductility 
parameters were conducted. 

Metallographic Examinations 
of Welds 

Examinations were performed using standard 
optical-microscopy techniques, and indicated that 
low values of elongation and reduction in area ap
pear to be associated with the presence of extensive 
weld-metal defects in or near the plane of fracture. 
Such defects include microfissures (Refs. 100, 104-
107) or small (0.OO5-O.O30-in. long) inter-granular 
cracks that form during solidification of low-ferrite 
or ferrite-free weld metal (Fig. 98) and such 
operator-related defects as lack of fusion (Fig. 99) 
and slag entrapment (Fig. 100), which are caused by 
less than satisfactory welding practices. A semi
quantitative rating of the occurrence of micro-
fissures was made, presented in Table 32, indicates 

that the presence of appreciable amounts of this 
type of defect is limited to the vertical welds Nos. 
18, 28, and 29 made with Teledyne-McKay 
"Kryokay" electrodes. As this fact was discovered 
too late during the fabrication-cycle of the two 
magnet cases to change to another weld metal, cer
tain remedial steps to limit the occurrence of micro-
fissuring and assess the effect of heavily 
microfissured welds on the expected performance of 
simulated case close-out welds were undertaken and 
are discussed later. 

Fatigue-Crack Growth 
Behavior of Type-316L 
Weld Metals 

Fatigue-crack growth behavior was evaluated 
by the National Bureau of Standards and the results 
are presented in Fig. 101. Note that the behavior of 
type-316L weld metals are consistent in that the 
fatigue crack growth (FCG) rates fall with a factor 
of about 5 of each other and are about a factor of 3 
to-10 less than that of the type-304LN base metal 
used for fabrication of the magnet cases. An in
formal report (Ref. 103) prepared by General 
Dynamics/Convair , using the actual 4 K 
mechanical properties of the base metal and welds 
presented in Fig. 101, demonstrated the structural 
adequacy of this case at a design stress of 80 ksi at 
4K. 

107 



TABLE 31. Chirpy V-notch impact performance at 77 K of shielued-metal arc welds in type 3041.N plate using 
type E3I6L-15 electrodes. 

Energy abs orbed 

W t M N n Average, ft-lb* Range, ft-lb 

7 41.7 32.1) In 6U.II 

14 33.8 29.5 Co 38.11 

16 39.4 38.0 to 42.0 

18 43.7 34.0 to 53.il 

22 37.6 27.0 to 48.11 

24 39.8 35.0 to 45.(? 

34 40.S 39.8 to 41.2 

35 40.5 39.8 to 41.2 

38 46.6 39.0 to 56.0 

Lateral expansion 

Average, rails3'" Range, mils 

37.8 30.8 to 37.J. 

30.11 18.5 to 54.0 

26.11 24.0 lo 28.5 

30.5 24.0 to 40.0 

29.6 21.0 In 35.0 

311.2 26.11 In 41.0 

29.0 27.(1 In 31.0 

29.0 27.0 to 31.11 

30.11 28.11 to 411.0 

'Average of 3 to 5 specimens. 
h l mH = 0.001 in. 

TABLE 32. 4 K tensile properties of shielded-metal arc welds made in type 3041.N plate using type E316L* 15 
electrodes. 

Wdd 
No. 

Spec. 

4 K tensile properties 

Ultimate 
strength, 

ksi 

Yield Klong. 
strength, I in., 

ksi % 

Reduction 
in area. 

k.c" 

Occurrence/ 
extent or Micro-

microfissures structure 

18 
22 
23 

28 
29 
35 

LT 
L 
ST 
L 
ST 
L 
L 
L 
LT 
ST 
L 
L 
L 

189.4 152.3 26.0 25.7 

176.4 119.8 25.0 25.0 

176.2 117.0 44.0 27.4 

153.5 111.1 18.0 27.5 

187.4 125.7 44.0 33.5 146.0 

159.4 123.8 5.4 6.8 170.0 

183.2 112.0 36.4 28.1 183.0 

163.6 130.7 10.0 10.9 

180.7 128.5 16.0 14.5 

171.4 123.5 32.0 24.3 

168.7 111.9 14.5 16.2 

184.2 145.3 9.5 10.8 

188.3 111.3 19.0 17.6 

Some 
Some 

Auslt'nite 
Ferritc 
A listen ite 
.-"write 

Some A listen.tc 
Many Austen itc 
Some A ustcn ile 

Austcnite 
Austcnile 

*Sped«eii •TJentitMHi relative to centerline of weld. 
L—LMCMUMMI, paraMel lo weld axis. 
LT—Long transverse, across weld axis. 
ST—Short transverse, through weld thickness. 

Determined hy elastic-plastic J-mtegral test. 
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FIG. 96. Results of 77 K Charpy V-notch impact tests on type 3I6L-IS weld metals deposited on type 304LN 
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Symbol Filler-metal vendor Base metal Comments welding 
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Teledyne-McKay 304 LN Flat weld 22 

A ARCOS 304 LN Flat weld 16 
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Teledyne-McKay 304 LN Vertical weld 18 

D Teledyne-McKay 304 LN Flat weld 7 

FIG. 97. 4 K plane-strain fracture toughness as a function of yield strength for type 316L weld metal used in 
fabrication of MFTF. 
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FIG. 98. Microfissure (a) in SMA weld No. 18. A 
vertical weld made with Kryokay electrodes, mag
nified H)0 times. 

FIG. 99. Lack-of-fusion defect (a) near fusion line 
(b) in weld No. 52. A flat-position weld made with 
Kryokay electrodes, magnified 63 times. 

EVALUATION OF SHIELDED 
METAL ARC WELD-METALS 
DEPOSITED BY OTHER THAN 
TYPE E316L-15 ELECTRODES 

Details of joint design for these welds are given 
in T able 33. Hvaiualion of these weld-metals was 
confined to a limi'.ed number of chemical analyses 
(Table 34), 77 K Charpy V-notch impact tests 
(Table 35). and 4 K tensile tests and metallographic 
examinations (Table 36). Brief descriptions of the 
results reported in Tables 34-35 are presented for 
each weld metal evaluated: 

ARCOS 17-15 Cr-Ni 
This was a lower Cr higher Ni modification of 

type 3I6L. intended to give improved 77 K impact 
performance relative to ARCOS' type E316L-15 
filler metal. Comparison of 77 K impact test results 
for the 17-15 Cr-Ni weld metal (Table 35) with the 
values obtained for ARCOS commercial product 
(Table 31 and Fig. 96) showed about a 7 ft-lb in
crease in average energy absorption values and 
about a 6-mil increase in average lateral expansion 
values. Results of 4 K tensile tests (Table 36) 
showed unsatisfactory behavior in that the ultimate 
tensile strength values, when the weld metal was 
lested in three mutually perpendicular directions, 
were very slightly greater than the tensile yield 
strengths. This type of behavior is generally con
sidered indicative of unstable structural behavior, 
since once yielding commences, the material is in

capable of strain hardening to relieve local stress 
concentrations, and unstable plastic flow will con
tinue at a constant or decreasing load until the oc
currence of failure. For this reason, further work on 
this material was discontinued. 

Type 316-16 
This type was evaluated for suitability for join

ing the inner jacket which surrounds the magnet. 
Evaluation was limited to a few 4 K tensile tests and 
microstructural evaluations (Table 36). which in
dicated that no evidence of weld-defect formation 
or undesirable effects on 4 K tensile properties is ex
pected. 

FIG. 100. Slag inclusions in SMA weld No. 52. A 
vertical weld made with Kryokay electrodes, 
magnified 63 times. 
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Stress-intensity range (ksiy'in) 

Symbol 
Product 

form 
Filler metal 
and details 

cJase 
plate R + 

1 3-in. weld Arcos flat weld 304 LN +0.1 

2 3-in. weld McKay flat weld 304 LN +0.1 

3 3-in. weld McKay vertical 
weld 340 LN +0.1 

4 1-in. weld Chemetron flat 
weld, 1900°F-1 h 316 LN +0.1 

5 3-in. plate Fan cooled 304 LN +0.1 

FIG. 101. Liquid-helium fatigue crack growth behavior of the type 3I6L weld metals deposited by the shielded-
•wtal arc process using a -15 coatiag. 
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TABLE 33. Shielded-metal-arc welds in type 304LN base metal using other than type E316L-I5 electrodes. 

Electrode 
Weld joint Weld Filler 

metal 
Diam. 
(in.) Supplier Heat No. l-ol No. 

Weld joint rcrrile No. 

No. 
Filler 
metal 

Diam. 
(in.) Supplier Heat No. l-ol No. Type Origin Position Vendor I.LNL 

15 16-1 . 3/16 McKay 386022 2197476 Butt I.I.NL Flat 0 0 

25 17 /1 . 
Cr-Ni 

1/8 ARCOS N/A T129H4 Butt CBl-Hstn Vert. 0 0 

27 17/15 
Cr-Ni 

5/32 ARCOS 1345-40-145 T12984 I)ble-V I.LNI. Vert. 0 

32 316-16 5/32 Coor.-
Indus. 

N/A N/A Dble-V LI.NL Vert. 

33 316-16 t /8 Coor.-
Indus. 

N/A N/A Dble-V U.NL Vert. 

36 3I6I.-I6 5/32 Ncmco 88118 N/A I)blc-V I.I.NT. Vert. 

37 Mod 3161. 5/32 ARCOS TI3243 N/A Ublc-V I.I.NL Vert. 

26 316-16 5/32 Coor.-
Indus. 

N/A N/A l)ble-V LLNL Vert. 1.5 

30 In 625 1/8 Inco 1877 N/A Oblc-V I.LNI. Vert. 

31 In 625 5/32 tnco N/A N/A Dble-V I.I.NL Vert. 

N/A—Date not available. 

TABLE 34. Chemical compositions and ferrite levels of shielded-metal arc welds in type 304LN base metal us
ing other than type E316L-I5 electrodes (wt %). a 

Weld 
No. c Mn Si S P Cr Ni Mo Ti Cb T« Cu N 2 V 

Ferrke No. 

Vendor LLNL 

25 0.041 2.80 0.30 0.04 0.025 I7.J17 15.85 2.01 0.006 0.O6 0.13 0.017 0.159 0 0 

a A s determined on undiluted weld pad deposited in flat position. 

TABLE 35. Charpy V-notch impact performance at 77K of shielded-metal arc welds in type304LN base metal 
using other than type E316L-I5 electrodes. 

Energy absorbed Lateral expansion 

Weld No. Average, ft-lb* Range, ft-lb Average, mils 8* Range, mils 

25 

27 

47.3 
46.9 

45.0 to 53.0 

41.0 lo 50.0 
31.4 22.6 lo 41.5 

34.9 31.0 lo 40.0 

'Average of 3 to 5 specimens. 
k l mil - 0.O01 in. 
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TABLE 36. 4 K tensile properties and microstructural observations of shielded-metal arc welds in type 304LN 
base metal using other than type E316L-I5 electrodes. 

Spec, 
orient.* 

4 K tensile properties 

Occurrence 
and extent of 
microfissurcs 

Well-
No. 

Spec, 
orient.* 

Ultimate 
strength, 

ksi 

Yield 
strength, 

ksi 

Elongation 
1 in.. 

Reduction 
in area, 

% 
Occurrence 

and extent of 
microfissurcs 

Micro
fracture 

15 (b) (h) (b) (b) 
L 136.4 132.3 11.0 19.6 

25 LT 132,3 129.8 13.5 16.2 

ST 94.2 94.2 56.0 38.9 

27 L 175.0 146.1 12.5 13.7 Some Auslcnite 

32 L 201.0 162.9 9.0 16.3 

3.1 L 197.3 119.4 7.0 16.1 

36 I. 202.0 129.7 20.0 16.8 

37 
26 I. 162.1 162.1 7.0 10.9 Ten A u s t c n i t c and 

3* «•) <*/ (t» <»; ferrite 

31 

' 
188,9 132.3 27.0 22.4 None 

Austenite 

Specimen orientation relative to centerline or weld. 

I.—Longitudinal, parallel to weld axis. 

LT—Long transverse, across weld axis. 

ST—Short transverse, through weld thickness. 

Not available or determined. 

Multiprocess Study 
Results of this study represent the first 

systematic evaluation of a variety of welding 
processes for the deposition of stainless steel weld 
metal for 4 K service. As such, this program was 
truncated once the magnet case fabricator, CBI. in-' 
dicated a willingness to use the SMA process for 
fabrication of the magnet cases. The results con
tained in Tables 22-24 and summarized in Figs. 94-
95, although far from complete, support the follow
ing very tentative conclusions: 

I. Selection of the SMA process, using type 
E316L-15 electrodes manufactured by Teledyne-
McKay and sold under the trade name "Kryokay", 
was a technically-valid decision at the lime the selec
tion was made, December 1978-January 1979. Even 
though this process exhibits the lowest rate of weld-
metal deposition (Table 28), the combination of 
good 4 K tensile and fracture-toughness properties 
exhibited by weld No. 7, made with Teledyne-

McKay E316L-I5 electrodes, coupled with the case 
fabricator's willingness to use this process over 
other, higher weld metal deposition-rate processes, 
such as SAW and FCMA for which little or no 4 K 
data was available at the time of issuance of the 
magnet case RFQ, reenforces the basic validity of 
the selection. Type 316L weld metal deposited by 
the SMA process was the only process:filler metal 
combination where anything more than fragmen
tary information on 4 K properties was in existence 
in the December 1978 to January 1979 time frame. 

2. Use of Oi additions to Ar to stabilize the 
welding arc and/or improve the weld-bead contour 
during GMA welding of Type 316L or 2RM69 
fillers should not be used because of the pronounced 
tendency towards formation of weld-pass-boundary 
oxide-films, which reduce low-temperature 
toughness and promote premature failures in side-
bend testing. Rather, the use of pulsed GMA 
welding and Ar-H e shielding gases should be 
evaluated. 
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3. The following wcld-proccss:filler-mclaI 
combinations, although not selected for use, ex
hibited sufficently satisfactory combinations of 
mechanical properties al 77 K and 4 K which, when 
coupled with their known improved weld metal 
depnsition-rales over those shown in Table 28 for 
the SMA process, make them candidates for further 
evaluation for "out-of-position," i.e., other than 
flat-position applications: 

Shielding gas 
Process Filler metal or flux 

Pulsed GMA E316L Ar or Ar-He 
Electro-slag 316L neutral, such as 

Hobart HS-300 

EVALUATION OF SHIELDED-
METAL ARC WELDS USING 
TYPE 316L-15 ELECTRODES 

Results of this investigation indicate that, on 
the basis of 4 K tensile, fracture-toughness, and 
K'Ci ttst results, type 316L stainless steel weld-
metal deposited with SMA electrodes with a lime-
titania (-15) coating should be adequate for the in
tended application. However, the fairly consistent 
occurrence of reduced 4 K tensile ductility in ver
tical welds made with both Teledyne-McKay and 
ARCOS electrodes, and the occurrence of large 
numbers of microfissurcs, slag inclusions, and lack 
of fusion in these fully-austenitic welds, gives cause 
for concern regarding the structural integrity of 
these vertical welds. To determine whether the 
defect-containing welds might be unsuitable under 
the anticipated service conditions, while maintain
ing fabrication of the magnet cases, several efforts 
were mounted in parallel: 

1. Review of available literature on the effects 
of microfissures and other defects on the low-tem
perature properties of stainless steel weld metals. 

2. Manufacture and testing of several large 
fatigue specimens from highly microfissured stain
less steel welds. 

3. Evaluation of candidate backup weld 
metals deposited by the SMA process, should either 
or bolh of the above efforts indicate the existence of 
serious impairment of the fracture-toughness or 

1-CG performance of microfissure-containing 316L 
weld metal. 

4. Accelerated development of ultrasonic test 
(UT) nondestructive inspection methods to ensure 
that the critical close-out werJi in the magnet cases 
are free of flaws that are large enough to propagate 
to failure of the welds under design conditions. 

Review of the published information on 
microfissures in stainless steel weld metals 
(Refs. 104-107, for example) revealed over 100 ap
plicable references on possible mechanisms of 
microfissuring and how to minimize or eliminate it. 
Only one (Ref. 107) was found that evaluated the ef
fects oi microfissures on mechanical properties 
from room temperature to 77 K in completely 
auslenilic types 316 and 310 stainless steel weld 
metals deposited by the SMA process. Their conclu
sions were that: 

a. Microfissurcs are unlikely to significantly 
affect the tensile strength or ductility between 77 K 
and 300 K in types 316 or 310 stainless steel weld-
metals if the loss in load-bearing area due to 
microfissures is less than 5%. Above 5% loss in load-
bearing area, a progressive decrease in tensile duc
tility with increasing loss in load-bearing area up to 
the maximum loss of load-bearing of about 20% was 
seen for type 310 weld metal. No data on this effect 
was available for type 316 weld metal, since not 
more than 5% loss in load-bearing area due to 
microfissure formation was seen in this material. 

b. Higher Charpy V-notch impact energy-
absorption values were obtained for fully austenitic 
weld-metals (types 316 and 310) containing 
microfissurcs than for microfissure-free deposils of 
typc-316 weld metal containing as much as 17% 
ferrile. An estimated plane-strain fracture-
toughness value for the fully austenitic type-316 
weld metal at 77 K is 150 ksi v4nT, which is com
parable to a value of 144 ksi \/m. at 77 K for a 
similar material in which no microfissures were seen 
(Ref. 101). 

Specimens for 4 K fatigue testing of heavily-
microfissured lype-316L weld metal have been 
machined and nondestructively examined for loca
tion, size, and amount of defects, and are awaiting 
shipment to Martin-Marietta, Denver Division, for 
testing under a fatigue-spectrum representative of 
anticipated case operating conditions. Also the can
didate backup SMA welding consumables listed in 
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Table 32 have been or are in the process of being 
manufactured into 2- to 3-in.-thick restrained welds 
for evaluation by microscopy, side-bend testing, 
and 4 K tensile and fracture-toughness testing. For 
production quality control a subcontract is being 
placed with a manufacturer of ultrasonic testing 
equipment for the purpose of optimizing special UT 
transducers and constructing a prototype operating 
UT system for inspection of the case weldments. 
Reference 108 contains additional details on this ac
tivity. 

EVALUATION OF SHIELDED-
METAL ARC WELD METALS 
DEPOSITED BY OTHER THAN 
TYPE E316L-15 ELECTRODES 

The unsatisfactory 4 K tensile and microfissur-
mg results on the ARCOS 17-15 Cr-Ni filler metal 
has resulted in discontinuance of work on this 
material. Any additional work on other filler metals 
will be carried out under the evaluation ofcandidate 
backup filler metals task previously described. 
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