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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 1t sceks to combine and ex-
tend the near-classical plasma confinement achieved
in 2X11B! with the most advanced ncutral beam and
magnet technologies available. The product of ion
density and confinement time will be improved
while the superconducting magnet weight will be cx-
trapolated from 15 tons in Basebal! 117 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 10 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, inciuding the case
structure. will be completed and ready for test in
early 198l. An extension of the project called MFTF-
B has been authorized and will delay project com-
r+<tion 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 0.7m 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 limiis determined
from test coil results reported by Cornish, et al?t
The conductor exhibts 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 W-cm™% This experimental
observation can be explained by averaging heat
fluxes of 0.4 W-cm™2and 0.] W-cm™ 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
Plasma:
Ton density X containment time, seem™ 10!2
lon temperature, keV 50
Electron temperature, kel t
Plasma /magncetic pressuce [{E3
Startup heams, A, keV 1000, 20
Sustaining beams, A, keV 750, 80
Mapnet:
Maximum field, T 7.68
Central ficld, T 290
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 5778
Turns 1392
Stored cnergy, MJ 09
Conductor current density, A em™2 e
Coil curcent density, A -cm'z 2525
Surface heat (lux, W-em™2 0.19
Conductor Iength, km S0
Total weight, kg 341,000
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FIG. 1. Computer graphic display of MFTF magnet with neutral beam injection access.
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FIG.2, MFTF magnet load line.
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primary specifications of both 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-Sa solder with 50/50 Pb-Sn solder for im-
proved wetability at lower bonding temperature.
Once initial manufacturing difficulties were
resolved, both quality and production efficiency
were good.
A typical cross section of the coil is shown in
Fig. 3. An inner coil form of 316L stainless steel is
leveled with epoxy and glass fibers. Then five
averlapping fayers 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 luyers (24 tuens



TABLE 2. MFTF conductor specifications.

Conductor parameters Value
Superconductor:
Critical current, kA at 725 T, 4.2 K 10
Copper te superconductor 1.7:t
Number of lilameats 480
Filament diameter, mm 0.20
Twist pitch, mm 180
Conductor-resistance ratio 150:1
Core size, mm 65 X 6.5
Stabilized condwctor:
\laximum conductor ficld, T 7.68
Maximum conductor current, A 57715
Cond, operating p K 4.5
Overall: copper to superconductor ratio 6.7:1
Stabilizer vopper-resistance ratio 220:1
Copper resistance
(at 7.68 T, 4.5 K). n2-em 46
Helium-couled surfzce area,
c®-om” 8.17
Required heat transfer rate, Weem2 0.19
Overall size, mm 124 X 12.4

each) of conductor are wound. After closing the
Kupton 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-filied epoxy before the outer coil jacket is
welded in place.

A stainless-steel bladder is installed around the
encased coil so a urethane 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 jucket
and structure.

The coil-winding operation is shown in Fig. 4.
A tension of 600 Ib is maintained on the conductor
to control the accumulation of winding tolerances
below 0.005in. (0.12mm) 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 10 0.1% for repeated stress cy-

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

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 associaled with the ef-
ficienzy 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 wciged
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 belween
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 frem the
Blasius friction equation, Darcy’s porous media
equation, and a three-dimensional orifice model.”
Estimates of effective hydraulic diumeter. flow tor-
tuosity, porosity. permeability. friction fuactor. 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.® Helium flow rates were es-
timated by an iterative method corresponding to an

TABLL 3. Therma! conditions in the magnet.

Parameter Location Value
Helium temperature, K Magnet inlet 4.36
Pressure, kPa at 1.28 atm Magnet bottom 130
Saturation temperature, K Vagnet bottom 4.52
Helium rate
(nutural circulation), g/s =700
Heat load, % Magnet =350
Mean quality of helium, % Magnet outlet <5
Minimum transition
temperature, K C onductor 495
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FIG. 3. Coil assembly detail.

assigned heat 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 the top cf 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 (sec 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.

TABLE 4. Quench characteristics.

Characteristic Value
Coil inductance, H 11.0
Mutunl inductance, H 12
Peak voltnge, V' 1000
Quench time constant, 5 69
Peak conductor temperature
after 100 s, K <200
Delay time, s 10
Propagation velocity, m-s~! 1.2
Quench resistor, Q 017




FIG. 4. Coil winding operation.
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FIG. 5. Magnet winding rate. Rate does not include
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MAGNET STRUCTURE

No code or standard guidanee exists for the
design of magnet siructures. Instead, referenee was
made 10 Sections 111 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 ut 4 K. so that insufficient
fracture resistance might result. Figurc 7 shows a
better relationship to compare fracture toughness
und yield strength of several stainless steels.

Our criteria’ for the design of the MFTF
magnet are summarized in Table 5. Note thu the
percents of yield and tensile strength are higher than
those recommended in UA-500 for two reasons:
sophisticated eleclromagnetic computer codes ac-
curately resolved the forces on the magnetic struc-
ture. and the environment is benign and non-
corrosive. Beciuse of the tendency of materials 10
embrittle al low lemperatures. the design stress
dependence upon fracture mechanics at 4.2 K was
more restrictive. The plune-strain fracture tough-
ness, Kjc. 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 10 a safety factor of four dur-
ing the expected 10-year service life.

When the aforementioned general design
criterin were applied to MFTF and materiuls
properties evaluated, the specific structure-design
criterin in Table 6 were udopted for the detailed
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stress analysis to be performed by General
Dynamics, Convair Division.'® A finite-element
SAP 1V 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 cxceeded
the 80 ksi criteria.

Decline of fracture toughness with increasing yield strength.

After a review of available material properties.
304LN stainless steel was chosen for the structure.
Extrapolation of NBS data'! indicated that the yield
strength ol 304LN would equal 120 ksi. if 0.14%
nitrogen could be added. while the fracture
toughness. K c. was expected to remain about 200
ksiv/n. Production of 800,000 Ib of 304LN steel was
successfully completed with the material passing all

TABLE 5. Design stress criteria for magnetic
structure.” TABLF. 6. Minimum structural materials properties.
Stress Criteria Property Value
Design 2/3 yield strenglhb Design stress, ksi 80
Design 100% vield strength® Yield stress, ksi 120
Design 1/2 tensile strength Ultimate stress, ksi 160
Design 1/2 l\‘|(-/\/ﬁ Elongation, % 20
Design, cycles 4 lifetimes Charpy impact at 77 K
Absorbed energy, ft-Ih 40
%[e Jowest stress criterion is chosen from among those listed. Lateral expansion, in. 0.030
'l’rilnlrily tension and combined siresses. Toughness (Kpg-)e ksiv/in, 120

CPrimaridy bending.




chemistry, microstructural, and ultrasonic inspec-
tions, and the steel was supplied lor 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 metal. Because 316L weld
metal promised to have good yield and ultimate
strength, it was selected for development. Steel
toughness was known 1o be influenced by ferrite
content? (see Fig. 9), so very low ferrite content
was necessury. However, below 3% ferrite, micro-
fissuring of this weld metal becomes @ problem.
Several welding methods were attempted. but only
shielded metal-ure welding produced an adequate
combination of toughness, sufficient welding speed.
and Vt:\'sulilily.I3 Table 7 summarizes a few of the
weld and base matal propertics which qualified the
coil structure ranufacturing. Careflul control of
purity. ferrite level, and welding methods achieved
the demanding requirements.

FIG. 8. Coil structure fabrication.

7-¥

TABLE 7. MFTF structuraf material properties.”
Yicld Ultimate
Kics strength,  strength, Reduction,
ksiv/in. ksi ksi area-%
3161.-15
Weld 183 112.0 183.2 28.1
HHLN
Ruse material 202 1116 2374 6.0

A AN measurements made at 4 K.
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FIG. 9. Effect of ferrite content on weld toughness.



SECTION 2
SUPERCONDUCTOR MANUFACTURE

The METFE conductor design was developed as

part of the general magnet development work at
TINT.S Fach ULS. manufacturer produced one
hillet of prototype core material and, based on the
resulis of this work., a specification (MEL77-
ONEIT3A) was prepared. After selecting a manufac-
turer {Intermagaeties General Corporation), the
detils of that munulacturer’'s design were incor-
porated into a modified specification (MEL77-
O01373C) which was used as a basis for the produc-
tion vrder,

A copper sheath. shown in Fig. 10, was
suldered to the core to provide addidonal cooling
tor cryostatic stability. This process was contracted
1o Airco

In this wraparound technique. the supercon-
ducting core is passed through a continuous elec-
troplating pracess prior w applying the stabilizer.
The fatter is prepared (rom an oxygen-free high-

FIG. 10,
sheath.

MFTF superconducting core and copper

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

The choice of a monolith conductor presents
several manufacturing and quality assurance
problems not ¢ncountered with a cable or braid. In
order to achieve optimum critical current in Nb-Ti,
a large amount of cold work is required.” 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 continuous lengths of
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 (Ra93k/R|gk). copper-lo-supercon-
ductor ratio, twist pitch, filament size, and filament
integrity. A basic premise for the quality assurance
of the MFTF superconductor is that samg.es 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 wi% Ti, balance Nb, was
specified. The Nb-Ti alloy presented few problems
and rejections were under 1%. Defects were mainly
ussociated 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



(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.' The billets were assembled using hex-
agonal copper tubes in which cylindrical Nb-Ti rods
were inserted. All clements were chemically cleaned
and stored under dry nitrogen prior to assembly.
The array was stacked 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 seafed 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 1wo lengths. These rods were
drawn through a series of dies using scveral 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 cenductivity 1o 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 wrilten dis-
crepancy report was required for any condition or

procedure which differed rom the quality ussurance
plan. When manufacture was complete. sumples
from each end of each length were tested to sce that
the specifications were met. These resuls. together
with any discrepaney reports filed during manutac-
ture, were reported o a Materiuls Review Board
which made the final decision on any out-of-
specification material.

CRITICAL-CURRENT TESTS

A total of 350- to J00-critical-current measure-
ments were anticipated and a test facility cupable of
handling this large number of samples was con-
structed. A superconducting solenoio with a 25-mm
by 50-mum access produces o maximum transverse
field ol 8.5 T. and a regulated 12.000 Afde) power
supply provides current to the sample. The sample
holder with helium-vapor-cooled leads can be
chunged while the solenoid is maintained at
cryogenic temperatures. Three ol these sample
holders were constructed so thut four samples can
be tested in one duy. Voltage tups spaced 23-mm
apart were attached to Jie sample in the uniform
field region. and a cricerion of 107" Q-em resistivity
(for the Nb-Ti area) is used to define critical
current.

One problem encountered in testing lurge high-
current specimiens is that the sel-field generated by
the currer. in the specimen becomes significant. For
the ca.e of umwisted filaments. calculations 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 verilied this cffect. However, I, for the
MFTF samples were typically 13 to 207 above the
specification of 10.000 A at 7.5 T, so self-field ef-
fects have not crealed a problem in acceptance of
samples. Another consideration for testing high-
current samples is the current-transfer fength: both
the length necessary 1o transfer current from the
sample holder to the sample and the length for
redistribution of the current from the outer filu-
ments Lo the inner filuments as the sample passes
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from the low-ficld to the uniform high-field en-
vironment are important. Insufficient arca for
current transfer from sample helder to sample can
result in heating. Tnsufficient 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
Refs. 16 and 17, The second case is more difficult to
caleulate, so we determined it experimentally by
placing voltage taps spaced 23-mm and 50-mm
aparl. As a result, we found that using a 610-mm-
long sample with 100-mm-fong 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.)
i required to be between 1.63 and 1.77. The choice
of this range wus based on considerations of
stability. strength. and  quality of cold-welded
joints. "8 This parameter is determined by weighing a
100-mm length of core. dissolving the Cu matrix.
and wcighing the Nb-Ti filaments. The major
variable affecting the CuS.C. ratio (assuming the
current ratio is used in billet construction) is the
amount of cropping done at the nose and end of the
extruded rod. Initially. a number of lengths were
found to be outside this specification. However, a
master curve of ratio versus distance along the con-
ductor tength 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
length.

MATRIX RESISTIVITY
RATIO

The matrix resistivity ratio is specified to ex-
ceed a value of 1530. This ratio is determined by
measuring the resistance at 293 K and at 10 K: the
10 K value is obtained by lowering the sample and
its thermometry through the temperature gradient
above liquid helium. We mount up to six samples in
a horizontal plune and connect them in series, so
that six measurements can be made in cach experi-
ment. Only one length of MFTF core failed to meet
the resistivity rutio 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 lields. 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 u conductor the size of MFTF without
danger of the twisting operation causing filament
breakitge.

Sumples were found with out-of-specilication
twist pitch at the early stuges of conductor delivery.
This problem was traced to a method of starting the
twisting operation. The manufacturing procedure
was chuanged to avoid this problem by performing
the end-cropping operation after the twisting opera-
tion.

The only other 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
cach length was inadequate to guarantee the quality
of the length: it was necessary 1o rely on manufac-
turing quality control to note the problem and to
lile o discrepancy report.

FILAMENT SIZE
AND INTEGRITY

Since MFTF is u cryostable, steady-state
magnet, lilament size does not pluy an important
role. However, fiiument uniformity and filament in-
tegrity arc 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. Metaltographic examination of
sample cross sections indicated that lengths from
billets prepared in the eurly stages of this program
contained nonuniform lilaments. A typical case en-
eountered contains several filaments measuring 0.4
mm in diameter (the worst case identified showed



one filament measuring 0.8 mm by 0.4 mm). This
condition can arisc if a billet is not packed densely
enough and can occur anywhere along 2 given
length. This is the other instance in which we found
a problem that can remain undctected 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 applicitions needing a close
tolerance on filament size, e.g., those requiring in-
trinsic stability or low ac losses, should specify close
toferances on billet density.

Filament integrity was not anticipated to be a
problem for the Nb-Ti core, since the 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
tines on the filaments and occasional breaks. The
density of breaks. i.c., approximately one in u 2-cm
length, suggested that broken filaments should not
affect the short sampie critical current. and the ex-
perimental measurements bore this out, The other
cancern was (hat broken filaments might affect 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 oniy in the outer filaments where
the deformation due te 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 maaufacturing steps 10 ensure
that each step is performed to all specifications.



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 filles
material between the superconductors and the coil
jucket. The relative shapes and sizes of the MFTF
conductor, structural case, and plasma fan are
shown in Fig. 11. Mechanical behavior is delined 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
ut 4 K are reviewed. This is [oliowed by a descrip-
tioa of the electromagnetic loads that the coil will
experience, their method of calculation, and the
redistribution of these louds due Lo structural com-
pliance. Investigations of the possible buckling ef-
fects of superconductor pretension on the jucketed
coil are also discussed.

Superconductor stress and strain analysis. per-
formed by using a selecied range of coil mechanical
proverties, are summarized, as are the possible el
fects of static and cyclical struin on the niobiuin-
titanium superconductor and its copper stabilizer.
Finally. an analytical prediction of superconductor
motion is detailed. including a diagram of the ex-
pected superconductor puck 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
MFETF superconductor pack may be thought of as a
modified orthatropic composite that can carry only
compressive loads in two directions and only tensilc
Joads in the third direction. In additian, 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 copper-stabilized niobium-titunium 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
wrup20 is soldered uround the core to provide heat
transfer and mechanical support to the core. The
linal assemblcd conductor is 0.490-in. squarc. !

Tensile tests of the MFTF superconductor
were performed in liquid helium to 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 clongation
of 1% using foil gauges designed for use in liquid
helium.?? Figure 12 shows the stress-strain response
of the wrapped superconductor at liquid helium
temperature. Unloud /reload cycles always followed
hysteresis loops while loadings beyond the previous
peuk always followed the envelope curve until being
unloaded.

The bare MFTF superconductor core was
found to fail in tension at about 8200 Ib, while the
wrapped superconductor assembly was pulled 1o
beyond 10,600 1b without tensile failure. The addi-
tion of a culd weld joint Lo the superconductor core
reduced the laiture load to 7100 1b, showing very lit-
tie 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 ta soldering of the cop-
per stabilizer further reduced its strength to 3700 b.

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 verilication 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 coil pack is made up of the above super-
conductor in 58 layers of 24 turns cach.? 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-11 buttons glued to a woven string.Z(‘ Interlayer
insulation is 0.0625-in.-thick slotted NEMA G-11
sheets.?’

The compressive response of the superconduc-
tor coil pack was measured at liquid nitrogen un:i
room temperature using a coil pack mock-up.”
This series of tests revealed a linear compressive
modulus of 2.0 X 10° psi in the interturn (button)
direction and 3.0 X 10° psi in the interlayer (slotted
sheet) direction. Both response curves exhibited an
early soft region followed by a stiff linear modulus.
Figure i3 shows compression test daty in the in-

terlayer direction which illustrates this phenom-
enon. The initial nonlinear coil pack behavior is
associated with the uneven surfaces of the puck
components. If ideally "flat™ mating surfaces are
assumed. the carly softness can be interpreted us 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.? Cail winding
procedures such as tensioning at 600 Ib, clamping,
and coil-height measurements place an emphasis on
obtaining a tight winding. This reduces the
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magnitude of coil pack motion during magnet 3500
energizing and de-energizing. l ! I !
A plenum region is provided between the top of 3000 — ]
the 58th layer and the inside surface of the coil =
jacket for the collection of helium bubbles outside 2
of the superconductor itself. The plenum filler ug- 2500 — £ =3 X 106 psi ]
material is composed of laminated sheets of slotted a - 0 ps'\
NEMA G-11. The laminated assembly was com- & 2000 — —
pression tested and found 10 be structurally sound 5
to beyond 4000 psi. 22 Compressive strength was 8 1500 — —
needed only during coil closure since the bubble é
plenum region experiences very small compressive Q 1000 — ]
loads during magnet operation. 2 Over 95% of total strain
The outside face of Lhe 58-layer coil pack bears 3 occurs below 500 psi pressure
against a slip plane on the large radius of both 500 f=————————— ]
magnets as shown in Fig. 14. The slip plane, con-
sisting of two sheets of 0.007-in.-thick Mylar, allows 0 I I LI
0 02 04 06 08 1.0 1.2

relative molion between the superconductor pack
and the surrounding coil jacket to occur without
damaging the Kapton or NEMA G-11 insulation.
Analysis of the slip-plane requirements found a
coefficient of friction of 0.9 or less 1o be

Conductor pack compressive strain (%)

FIG. 13. Compaction of MFTF conductor pack in-
terlayer (slotted G-11) direction at LN temperature.
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FIG. 14. Bearing face of MFTF supercenductor pack.

sulisfaclory.}“ Laboratory tesis on a slip-plane
mockup showed a friction coefficient of 0.17 for the
Mylar-on-Mylar conﬁguralion.’“‘"2

Tests were also performed to verify the com-
pressive strength of the filled epoxy used to grout
the completed coil prior 10 applying the juckct.33
This investigation included a thermal shock test us-
ing an embedded steel washer. No damuging effects
due to differential thermal contraction were found.

The compressive load, at which the soft copper
wrap on the superconductor begins 10 be perma-
nently indented by interturn insulation, was found
by testing to be 4500 psi.3M The coining loud in the
interlayer direction is 5400 psi due to the larger ef-
fective contact area of the NEMA (-11 sheets,
These compare favorably with the anticipated 3400-
psi interturn and interlayer compaction pressures
exerled during magnet operation at full field.?’

X p Out

{Z out of page}

FIG. 15. MFTF magnet current direction,

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
smull radii of the two coils behave somewhat like
segments of solenoids. The peak magnetic ficld
value of 7.68 T occurs on the inside surface of 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 o small
radius is considered (as shown in Fig. 17) where the
transition region displuys high gradients of elee-
tromagnetic forces.

Most of the clectromugnetic load caleulations
for the MFTF yin-yung magnet were performed us-
ing the Electromagnetic Fields. Forces and Induc-
tance (EFFI) computer progrum.'""3R EFFT i
capable of modeling an arbitrary system of coils
made from circular arc and/or straight segments of
reclangular cross-section conductors. and was used
extensively in the analysis of the MFTF magnet.

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

—TTT T
Outside/\

FIG. 16. MFTF magnet field distribution—minor
radius symmetry plane.
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citlculated using an EFFI 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 clements to represent the coil pack.
Transverse coil pack members with appropriate
puck modulus properties transfer-ed the upplied
loads 1o 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 for the effects of the structural case.®® 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.*® This effect can be seen by comparing
Fig. 20 with Fig. 19,

The superconduetor 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 fead-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 luyers of supereonductor und
NEMA G-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 ubove the
sum of the individual component heights. This
phenomenon is the result of surface features of the
superconductor and NEMA G-11 which prevent
continuous surface-to-surface contact.

When fictitious. perfectly flat surfaces are con-
sidered in analyses, the carly 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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“pap” in the context of coil winding has come to
represent “liis analog of a surface contact phenom-
cnon.

Several methods were employed to maintain
the tightness of the MFTF coil pack. The supercon-
ductor was continuously held at a tension of 600 b
during coil winding. Small-radius clamps helped
retain superconductor pretension. and side clamps
closed interturn gaps on the large radius of the coils.
The clamping. tensioning. and compaction measur-
ing techniques are described in the MFTF coil
winding specilicaton. The actual winding tightness,
achieved with the tensioning and clamping scheme
described above, was found from stack height
measurements to be from 010 3 mils per conductor.

An intermediate effect of this pretensioning is
the distortion or possible buckling of the jackeicd
coil during transfer to the structural cuse sub-
assembly. An early analysis indicated that a pnten-
tinl problem existed and that further investigation
was needed.*? Interference between the jacketed coil
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and the structural case due to coil distortion would
result in assembly deliays and possibly the design
and [abrication of additional hardware.

A comprehensive buckling analysis was fater
performed by General Dynamics/Convair which
took into account a conservative 30% relaxation of
the winding prclcnsion.” This analysis predicted
that the jacketeo 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 carlier analyses, were very
conservative and highly dependent on an accurate
prediction of superconductor pretensile load reten-
tion. A program of strain measurement was under-
tuken to experimentally determine actual winding
load on the coil form. Permanent strain gauges.,
meant to be read during magnel operation, were
read during coil winding. Additional temporary

Inside surface of stainless steel jacket/coil form

QOutside surface of superconductor pack

Note: Displacement exaggerated
for clarity

Ref. data from GCD-LLL-79-001
appendices A, B & C

MFTF average redistributed magnctic pressure (psi).

coil<form strain gauges were applied to complement
the permancnt installations.™ All of these gauges
were also read during coil demounting and transfer.
Preliminary results from these efforts confirmed the
conservative nature of the analytical ussumptions.

SUPERCONDUCTOR
STRESS AND STRAIN

The unalytical prediction of superconductor
stress and strain in the MFTF magnet evolved from
carly hand analyscs 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.® or of
uniform stress or solenoid-like behavior.?* When a
relationship between superconductor winding
tightness and strain was shown,* tests were ini-
tiated to determine the actual stress-strain response
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of the wound coil pack for inclusion in analytical
models.

The stress analysis of the MFTF magnet struc-
toral case!™ jed 1o improved methods of
predicting the effects of case deflection on supercon-
ductor strain.™ This early work. however. did not
address the effects of winding tightness and coil-
pack motion which tend 10 redistribute stresses
across the pack. us Fig. 22 shows.

\Om'o

opper plus NbTi superconductor

All values in 16 1b/in
Coil 1 {west or +Z coil}

Electromagnetic forces on MITF superconductor leads.

The effects of winding tghiness on conductor
stress and  strain were investigated by General
Dynamics -Convair,* A parametric study was con-
ducted 1o measure the degree of coupling between
coil-pack modulus and conductor stress. Using
three dillerent simulated coil-puck 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 size. superconductor stress
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tended to redistribute itself with a slight reduction
in the peak from a value of 22 ksi with no gaps 1o
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 3775 A. Duc o non-
Imeur superconductor behavior und hysteresis, the
superconductor strain can reach a peak of 0.25%
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
helium to about three times the expected axial load
tevels. 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 of MFTF operating strains with
current literature on strain effects revealed no
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meusurable degradation of the critical-current value
for a peuk 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%.%

COIL PACK MOTION

Superconductor motion wius considered when
designing the internal components of the coil puck
such as lead-outs, joint and ramp designs. slip
planes, helium-bubble plenum details. and various
fillers and supports. The motion of the MY¥TF coil
puck with respect to the jucket and structural case
was predicted by postprocessing finite element com-
puter cutput provided by General Dynamics/
Convair.”>* The diagram in Fig. 23 depicts the coil
pack with exaggerated displacements to emphasize
the directions ol motion. Displacement vaiue witl
vary due to actual as-wound conditions.

The slip plane previously discussed aflows the
magnet Lo salely accommodate several times 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 o the slotted NEMA G-11
interlayer insulation. This was because 95% of the
conductor motion oceurs before 40% of the peak
magnetic field is reached und 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 plune in
the small radius and a more lavorable 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
tendencey of the conductor pack 10 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 to 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




FIG. 23.

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

Predicted coil motion also impacted the design
of penetrations in the NEMA 5-11 sheets where the
superconductor must ramp up from one layer to the
next. The possibility of a short circuit due to refative
motion of adjacem layers was climinated by sur-
rounding the conductor penctrations 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 10 seize
rather than slip. Even though this is highly unlikely.

Inside surface of stainless steel jacket/coil form
Outside surface of superconductor pack

0.34

22

Note: displacement exaggerated
for clarity

Ref. Data from GDC-LLL-79-001
Appendices A, B& C

0.53

MFTF average superconductor pack motien (inches).

the conservative penetration design allows for these
movements,

Several other details of coil 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 10 a woven
string and slots in the interlayer sheets were made
too small for the butto.s to pass through. in order
to mechanically trap the buttons if they are scoured
off of the superconductor. Coil lead-outs were
positioned 1o allow coil pack motion to occur
without mechanizally loading the lead assemblies,



Glue blocks on the outer edge of the interlayer in-
sulation provide a flat machined surface for slip-
plane motion.

The MFTF coil pack mechanical behavior may
best be summarized by two statements: Much effort
was put into winding tight coils to minimize the coil
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pack motion that was predicted by analyses. Given
the directions and relative magnitudes of the expee-
ted motion, coil internal details were designed to
allow for several times the anticipated loads and
motion withoul compromising magnel perfor-
mance.



SECTION 4
COIL WINDING

INTRODUCTION

This section describes the basic criteria used in
the winding of the MFTF yin-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.

250 m 150°
(mean)

FIG.24. MFTF coil geometry outline.

TABLE 8. C-coil dimensions.

Value
Parameter Meters Inches
Major radius 2.50 98.45
Minor radius 0.75 29.53
Cross section
Height 0.98 34
Width .39 15.38

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 totul 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
nccessary to design and develop the equipment re-
quired. The initial concepts provided by A, R. Har-
vey were based on experience winding the bascbull
coils and other similar coils. These concepts were
pursued by R. C. Ling, R. E. Hinkie, and EG&G
designers. The winding machine, reel support, con-
ductor spools, button dispenser, and cold-welding
process were the first to be developed.

MEFTF Coil Winding Machine

The coil winder design was started in August
1976 and the initial design specification®® 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 maujor radius from 60 in. (1.5 m) to 130 in.
(3.3 m) with 360° of rotation. The minor rudius can
vary from 12in. (0.3 m) to 60 in. (1.5 m).

The design characteristics™® of the coil winder
are given in Table 9.



FIG. 25. MUFTF coil winding machine.

Reel Support

The reel support (Fig. 26) was designed by
EG&G designers under the direction of R. C,
Ling® and fabricated by Hopper Manufacturing,
Bakersfield, CA.

The reel support provides two basic lunctions.
One is to support the 11-ft reel of superconductor
during winding. The other is 1o provide constant
1ension for the conductor between 30 and 1,000 Ib,
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 bai-
anced with the weights. This system was tested with
a dynamometer and strain gauges and found to be
accurate within £350 1b. The entire upper assembly
that supports the reel is Moated on air bearings to
provide i [riction-free motion, and is capable of be-
ing elevated and pivoted to keep the conductor in an
ideal winding position,

Other design characteristics™ for the ree) sup-
port are given in 7 ahle 10,
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Button Dispenser

The button dispenser wus 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 interturn insulation (buttons) to the conductor's
side continuously while the conductor is being
wound onlo the coil form, The basic principle is to
apply one drop of Loctite 4414 super glue to euach
button, rotate the button, and hold it tightly against
the conductor for a second while the glue sets. Loc-
tite #414 was selected after extensive testing 33

Cold Welder

Figure 28 shows the cold-welding process
adupted for the MFTF conductor after use on the
MFTF test coil.® Purchased from the Heintz divi-
sion of the Kelsey Hayes Co., Philadephia, PA, the



TABLE 9. MFTF magnet winder characteristics.

TABLE 10. Reel support characteristics.

Parameter Value Parameter Value
Design load, Ib m2x 10’ Design load, Ib 12,000
Design torgue, in-lb 6 % 105 Design tension, th 600
Operating torque: Verlicle travel, fi 4.5
No load, in.Jb 5.2 109 Verticle speed, in. ~min~! A6
Fuli load, in.-lo 5. % 105 Pivot travel, deg +7.2
Rotation: Pivot specd, deg* min~! 2.4
W and CCW, hoth Recl drive: bidirectional Continuous-duty
azimuth and clevation axcs Continuous ac torgue motor
Drive speed: Operating temperature, °F 32 to L10
Azimuth axis, max., rpm 0.75 Operating humidity, % 12095
Elcvation axis. rpm 0.20 Operating life, yr 5
Operating temperature, °F 2110 Seismic load, g 0.25
Desipn lile, yr 5 Dimensions:
Survival seismic load. g 0.25 Length, ft 1
Power: 480 V, 3 phase, 60 Hz, 150 kW: Width, ft 10
Elevation drive, A 159 Height, It 30
Azimuth drive, A 100 Weight: without recl, Ih o 21,000
Dlmcfmuns: Reel size:
Hﬂﬁmﬂ 3.47 odu It i1
With load, fr 30 Width. 233
Hub diameter, fi 0.5
Diameter: . N
Reel weight: with
Service platform, ft 32 9,000 ft of superconductor, Th 11.500
Base. ft 2t
Weiphts
No load, 1 350 x 107
With load. ib 522 % 10% while winding and one for mounting the coil-form

welder hydraulically presses the 1wo ends of con-
ductor together, causing a cold flow and molecular
bonding of the copper. The Nb-Ti strands do not
bond, but do intcrmesh. The resulting joint is
stronger than copper, but not as strong as the com-
posite.

TOOLING

Auxiliary tooling encompassed three major
areas, adaptors for mouniing the coil to the winder.
clamping systems to maintain conductor tightness,
and the miscellaneous tooling required for coil
finishing. Where possible, initial designs und con-
cepls were fabricated and tried during the construc-
tion of the MFTF test coil.

Adaptors

The need for two adaptors wus apparent from
the onset of the design: one lor holding the coil form
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aduptor 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 Readco™ during the winder construction.

The coil-mounting adaptor was designed by
EG&G and constructed by FMC Corporation,
San Jose, CA, along with the coil form. The design
was Lo support a dead weight of 60 tons and a
winding torque of 3,000 fi-Ib with a safety factor of
2.5. 1t had to be easily removable so that minimum
strain would be placed on the finished coil during
disassembly.

Clamping Systems

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

The clamps were reduced 1o two tyvpes, end
clamps® and side clamps’¥3 Four end clamps,
shown in Fig. 29, are mounted on ecach end of the



Work platform

i - 2
Coil winding machine

FIG. 26. MFTF reel support.

FIG. 27. MFTF winding button dispenser. FIG. 28, Cold-welding process.
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F1G. 29. End winding clamps.

coil-mounting adapter. Each clamp is pneu-
matically operated and capable of being swung out
of the way. Each exerts an axial downward thrust of
1,500 10 2,500 1b 50

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

The tower clumps shown in Fig. 31 were
designed und constructed by EG&G to support the
sides of the windings. They are stackable [-in.-thick
plates capable of exerting 3001b of force in two
places by the use of set screws.

Permanent end clamps in  Fig. 32 were
dcsigncd(’2 10 replace the end winding clamps. They
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are 1/2-in.-thick. 316L stainless-steel plates, held in
place by 1/2-in.-diam bolts on the outside and by
3/8-in.-dian1 bolts on the inside. The nside bolts are
part of the weld-backing bar. The entire system of
bolts is torqued to 40 ft-1b cach to replace the ac-
cumulated 6.000 1b of end-clamping lorce.
Tooling tables were designed and constructed
by EG&G to provide u stable support for the tower
clamps and side clamps. This can be seen in Fig. 30.
Miscellancous tooling covers items that have
been developed by the winding technicians and
LLNL design team. The major item is the routing
fixture (Fig. 33). it is constructed from two sets of
linear ball bushings and shafts that are mounted to
the coil form Lo support an air-operated router.
The prime purpose of this tool is to machine a
smooth surface on the side of the NEMA G-11 filler
blocks. This machined surlace is further sanded 10
become a smooth load-bearing surface that trans-
mits the electromagnet forees to the slip plane and
subsequently to the structural steel case.



FIG. 30. Side winding clamps.

INSULATION

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 11.

TABLE 11. MFTF magnet voltages.

Magnet area Voltage
Ground plane. \ (de) 1000

Layer-to-Jayer, Vide) 7.3
Turn-to-turn, Vide) 0.7
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The biggest insulation problem is to prevent
arcing in gaseous helium as predicted by the
Paschen curve in Fig. 34 for helium at 20°C and
I atm.

Interturn Insulation ( Buttons)

The design of the interturn insulation was
taken from the Baseball 1T coil with improvements.
The insulation must be capable of bending in two
directions to conform to the coil geometry: it must
also leave space for the liquid helium to circulate.
The button approuach that was developed for the
Baseball 11 coil depended upon the glue hond to
keep the buttons spaced along the conductor. The
improved version (Fig. 35) added a Dacron string
attached to the buttons for spacing.



FIG. 31. Tower clamps.

FIG. 32. Permanent end clamps.

i

The button is an octagonaily shaped 0.040-in.-
thick picce of NEMA G-11 with a groove in the cen-
ter. Since the breakdown voltage™ on the NEMA
G-11is 700 V' mif % at room temperature the inter-
turn insulation requirements were easily met.

Because of poor vender performance LLNL
was forced W undertake the job of designing the
machine to produce the buttons ai the rate of at
least 1.500 ft/day. R, Leber (MFED) was responsi-
ble for the success ol this task. The MFTF winding
technicians now produce the interturn buttons on
three machines in accordance with the manufactur-
ing process as outlined:

Sheet Material. Sheet material of NEMA G-11
is procured by LLNL and surfuced 10 maintain a
uniform 0.040 in. with a 0.002-in. flatness.

Strips. The sheets are sent 1o a second vendor
to be sheared into strips (0.437-in. wide. A groove



108 T T T T T
2
2 105~ -
£
)
c 100 -
g \\
o
E 103 f~— i ]
8
“ 102 L A
102 10 1 10 102
Pressure spacing product {bar-mm)
{ } 1 ! { I
106 105 10% 102 102 107
Density spacing product (gm-cm's-mm)
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¥1G. 35, MX coil interturn space strip.
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0.050-in. wide and 0.025-in. deep is mitled in the ex-
act center of each strip, and the strips are sent to
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 are fed
into the string machine (Fig. 37) which [eeds
Dacron string into the milled groove and applies a
single drop of Loctite #414 gluc™ to the joint. This
newly formed ribbon of punched strips is wound
onto a plastic spool.

Button Punching. The squarc-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.
Whal remains is an octagonal-shuped buiton glued
to the string. This is respooled onto a 400-fi-
capacity spool with a ribbon of Mylar between cach
layer of buttons to prevent them from twisting.
Figure 38 shows the button punch with some loose
buttons being refastened 1o the string.

Interlayer Insulation

The interlaver 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 3/16-in. wide X 1.5-in.
long slot spaced 3/16-in. aparL.

FIG. 36, Square-punching machine.
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These sheets are sand blasted at LLNL and
then cut to Mit the coil form in such a manner that
the slots are 45° off the vertical centerline of the
conduclor.

Ground Plane Insulation

The material selccted for the ground plane in-
sulation is Kaplon. 1t wus selected because of its ex-
ceflent breakdown voltages of 3,600 V-mit! at
room temperature, which increases to 10,800
Vemil! at ~195°CHS Tuble 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 overlups
the previous one by 50%. A second layer is placed
over the first in the same manner with the over-
lapping being 30%. This process is continued for
live 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
coolunt has bubbles of gas for which a pach of es-
cape must be provided. To accommodate the gas
bubbles, 3 in. of space was left between the last tayer
of conductor iand the coil jackel. Itis this space that
is referred Lo as the plenum chamber.

The 3-in. spuce has 1o be filled with a porous
muaterial that is capable of transmitting loads from
the conductor puck (o the jucket. The material se-
lected was the interlayer insulating material
previously described. The orientation of the per-
forations was studied to determine an optimum
path for the bubbles, The selected scheme was to
bond four shects together with the perforations in
line. These then were bonded 1o four sheets of
similar construction except that the perforations
were rotated 43-90°. 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 uare closed und then move out towards
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FIG. 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 lig-
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 test
results,

3

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

Glue Blocks and Filler Blocks

The material selected 10 fill the inside of the
coil from the conductor to the slip plane is NEMA
G-11.

Glue Blocks. The glue bloeks (Fig. 33) are
fabricated with 1/2-in.-wide X 1/32-in.-thick X 40-
in.-long strips of NEMA G-11. Each strip is



bonded, on a curved form, to the next strip using
Epoxy 815 and versimide hardner. 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 500 Ib-in-! of support, in
shear, 1o hold the layer tight against the coil form.
Once these permanent side clamps are installed they
can hold the conductor in pluace and the Tower
clamps are removed. '

Filler Blocks. The filler blocks are of a similur
design except they are machined to (it the outside of
the conductor pack at the small radius. They
provide a solid fitler between the conductor and the
Jacket.

Felt Filler. To provide for the conductor pack
motion previously discussed, it is necessary 1o allow F1G. 38, Button-making machine.

FI1G. 39, Coil form No. 1 ground plane instailation,
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TABLE 12. Properties of Kapton-type H.7S

Typical values, 1 mil film

Property -195°C 25°C 2H°C Test method
Physical
Ultimate tensile stregth, psi® 35,000 25,000 17,00 ASTM D-882-64T
Yield point, psi at 3% 10,000 6,000 ASTM D-§82-64T
Stress to produce 5% clongation, psi® 13,000 8,500 ASTM D-882-64T
Ultimate elongation, %" 2 m 9 ASTM D-$82-64T
Tensile modulus, psi® 510,000 430,000 260,000 ASTM D-8#82-64T
Impact strength, Kg':m-mil'l 6 Pncumatic inpact test?
Folding endurance, cyvles® 10,000 ASTM D-2176-63T
Tear strength-prop: ng, ;:-mil"‘l 8 ASTM D-1922-61T
Tear strenpth-initial, g-mit~ 1 S0 ASTM D-1004-61
Tear strength-initial, Ib-in-! 1100 ASTM D-1004-61
Bursting test, psil 7% ASTM D-774-63T
Density, g-em™ 142 ASTM D-1505-63T
Kinetic coefficient of friction
{film-to-film) 0.42 ASTM D-1894-63
Refractive indexP 1.78 Encyclopedic dictionary

Thermal
Melting point
Zero-strength temperature, °C

Cut-through temperature, °C

Coeflicient of thermal expansion, in./in./°C

Cocfficient of thermal conductivity,
Cal-em-em™2-5-°C

Flammability

Heat sealable

Test condition

None

815 20 psi load
for 5s

435 1 mil
210 5 mil

20 x 1073 14 to +38°C

372 % 10 25°C

389 x 107 75°C

426 x 1074 200°C

458 x 107 0°C

Self extinguishing when flame is removed
No

of Physics, Vol. 1

Hot bar®

Weighted probe on
heated film

ASTM D-696-44

Model TC-160
twin heatmeter

Specific heat, cal~gm"'°C 0.261 40°C Differential calorimetry
250°C 300°C  400°C
Shrinkage, % 03 0.5 3.0 30 min ASTM D-1204
Heat aging (in air) 8 yr 3 mo 12h Circulating Time to reach
air oven 1% clongation

2D dEImendorf

I’l)llpom “Graves

ot Multen

8Becke linc
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TABLE 13. Coefficient of static friction test sum-
mary,

Room LN
Matcrial p p
G-11 on G-11 0.3 10 0.35 0.3 to 0.35
Mylar/moly /Mylar 0.13 to .16 1310 0.162

Mytar-on-Mylar .13 to 0.16 0.13 to 016

A vefficient of sliding [riction dropped 10 0.99 with moly

coating.

the conductor at the small radius to move radially
outward. This motion is permitted by placing 3/8
in. of felt between the Kapton and the filier blocks,
The felt will compress allowing the conductor Lo
displace about 0.120in 22

Filler Material

Upon completion of the coil winding the coil is
built up with the glue blocks, slip plune, Kapton
and NEMA G-11 sheets. The jucket, 1/2-in.-thick
316L stainiess steel, is fitted to the exterior of the
coil pack. Nominally there is 1/4-in, of clearance.
This volume is filled with Epon 815 with chopped
fibers and versimide hardener. Figure 40 shows the
top filler on the end of the first coil. When this filler
is cured the jacket is welded inio place. The filler

FiG. 40,

External joint,
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provides a tight load transmitting media 1o the
jacket from the conductor pack.

A washer test was made using the Epon 813
and glass-fiber compound A Jarge steel washer was
imbedded into a sample of the material and then
thermal cycled 10 times in liquid nitrogen. No
cracking was observed from expansion and contruc-
tion. Compression tests were made in the LLNL
Test Laboratory using the same composition. The
results were 10,000 psi to fajluse in compression,
correspondiing to a sufety factor of 4 compared to
the 2500-psi maximum loud predicted by wnulysis#¢

WINDING TECHNIQUES

Prior to the commencement of winding the first
MFTF coil u practice coil form was built and 10,000
ft of 1/2-in.-square copper wire wuas wound 1o
debug the winding equipment and tooling. From
this effort a detailed winding procedure® was
prepared which is a living document that is main-
tained by the engineer in charge of winding.

The first MFTF coil winding was started in
February 1979 and completed six months later, Sep-
tember 1979, This included unwinding the first siy
fayers, delays due to slivers in the conductor wrap-
ping process, and several weeks of delay due 1o con-
ductor shortages. Winding rates of four fayers per
week were achieved during the last part of winding
when the material logistics were corrected.

CONDUCTOR JOINING

Joining two picces of Nb-Ti superconductor
together has been a subject of extensive study over
the past vears. Several methods were tested in-
ciuding soft soidering, silver soldering, and cold
welding, As mentioned carlier, the cold welding
process was the miost satisluctory one. [t was used
successfully for the MFTF test coil although the
joint is not as strong as the parent material. It was
decided 10 increase the cold-weld strenpth and
redundancy by adding additional stabilizing copper
1o the sides of the core®” The result of this change
was # machined joint trav 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 siabilizer, and then cold
welding™ the ends of the core together. The cold-
welded joint is then soldered into the copper joint



tray that provides the mechanical strength as well as
the clectrical path to assure that there is continuity
even if the cold weld were to break. Extensive tensile
testing hus been done™ 1o 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 procedur
detailed check fists have been prepared for joints,
The finished coil has a total of 38 joints, Twenty-six
arc internal joints Gigainst the cosl form) and 26 are

Y as welt as

external joints as shown in Fig. 40,

CURRE

I LEADS

Two current deads are reguired to hook the coil
to the external power supply. Both leads have been
designed® (o meet the worst case conditions; fe.,
when the full current is carried in gascous helium, if
the superconductor goes normal,

Internal 1.cad

The lead that connects the end of the first fayer
and travels vertically across all 8% Jayers at the cen-
ter of the small radius and along the top of fayer 538
and finally out the heliwm exhaust port is called the
internal lead. This Jead 3s constructed of three
massive picces of copper or bus bars.

Externa) Lead

The external lead is the one that carnes the end
of the last turn of the last Jaser on through the
helium eshaust port. It 100 is constructed of a heavy
picce of copper bus bur,

The joiming of the conductor to the buse, is
dene in o simifar munner as the joint tray exaept
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 Flow™ silver solder, It
hus a melting wemperature of 1160°F. The supercon-
ductor was seft soldered in the groves with a 30-30
solt solder after the silver-solder joints were made,

Figure 41 shows the current-lead installation
for coil No.l. LLNL drawings AAA79-107723,
AAATI-107724 and AAATY-107743 describe the
bus bars in detail. Drawing AAAT9-107727 shows
the assembly of the lead buses.
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FIG. 41,

Current lead installation for coil No. 1.

The leads are brought out through the helium
exhaust port. Analysist! shows o magnetic attrac-
tion butween the leads. They are separated by 2.5-
in.-thick NEMA G-11 dividers that have been glued
together. The divider is locked into place in the ex-
haust tube by means of welded guides. The leads are
bolted 1o the divider in such a fashion that the bolts
do not go through and are separated by @ 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 al 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-11 glue blocks,

b. rout the glue block surlace,

c. install the weld backing bars,

d. install the slip plane,
instali the plenum chamber,
complete the ground-plane Kapton insula-

L4

-

tion,

g, fill the remaining volume to within 1/4-in,
ol the jackel with solid NEMA G-11 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.
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INSTRUMENTATION

Strain gauges have been installed on the coil
form prior to winding as part of the General
Dynamics  Instrumentation  Plan”  Additional
strain gauges were installed on conductors at fayer 2
and 26 to monitor the conductor motions and
strains 27

Other strain gauges were added to the under-
side of the coil form to monitor the coil form strains
during winding. Voltage taps” were installed as
part of the coil closure to monitor the voltages at
various layers of the coil during operation, Ad-
ditional voltage taps have been added to the current
leads for similar reasons.

QUALITY ASSURANCE

The basic Quality  Assurance program  for
winding is described i the Magnet System Quality
Assuraiee Plan (M-075-06-01). This plan describes
the wype of records to mainiain as well as respon-
sibilives of individuals,

The detailed Quabty Assurance requirements
for the winding of the coils are given as part of the
test of the MFTF Coil Winding Procedure (MEL-
78-001432). This defines the respensibilities as well
as the forms used to report the measurements and
inspections made during the winding operation.
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Several inspections wre routinely made at the
completion of winding a layer:

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

b. electrical resistance and Hi-Pot measure-
ments 10 detect any shorting or debris that inay ex-
ist:

v
measuring the stack height and width: and

d.joint inspection for cleanliness.

All anomalies are corrected before continuing
to wind the next layer.

Check lists are used for cach joinl to assure that
no detail is overlooked in the process. Each step of
the proceaare is signed off by the operator, and the
final fist is s'vaed by the shift supervisor,

Onperating procedures are specified for euch
oper +tion. These are referenced in the coil winding

winding gap measurements at four points,

procedure and all are available on the winding plat-
form,

Shift log books and photographic records are
maintained Lo re -ord problems and progress. Each
shilt supervisor completes a new nage cach shift.

All of the data is reviewed daily by the engineer
in charge of winding. Any discrepancies are re-
corded on a Nonconforinance Report whieh is
reviewed by a Muterials Review Board that decides
upon the corrective action or disposition of the
discrepancy.



SECTION 5
THERMAL ANALYSIS

The cooldown and warmup thermal analyses of
the Lawrence Livermore WNational 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 separatc sections of the magnet. All
of thesc 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 struciural analysis
became better undcrstood, an iteration of the
detailed cooldown and warmup analyses was per-
formed. This analysis particularly emphasized
tongitudinal temperature variations and is con-

Conductor

helium, 19% \‘

Large mode! (D), i\
644 nodes

L‘_’E
Y ]

Typical section nodes

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 10 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
magnel 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

Impose boundary
temps TB from small
models

Large mode! @,
661 nodes

Intercoil, guard vacuum helium, §1%

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 paralleiepipeds) repre-
senting elemental masses of conductor region,
potting, jacket, case, cuil-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, und a surface area per
conductor of 8.17 cmz/cm. Each conductor region
node contains 348 conductors.

Guard-vacuum-space helium flow includes
flow between the jacketl and the case, and between
the guard-vacuum baffle and the case. Flow
passages of 1/8-in. depth in the jacket cavily 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 intercoil 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:

Nnu = 0.13(GrPr)'/? 0
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 o the basis of a measured case tem-
perature located at the lower minor radius. Locaf
flow rates contacting euch convectively cooled or
heated node were apportioned based on rutios of
locul-to-total cross-suctional flow area.

Effective properties of the conductor region
nodes were computed by ar 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-11
fiberglass epoxy were obtained from the exit near
the topmost location of the coil jackel. These
several flow naths and splits were simulated in both
large and small analysis models. Figure 44 shows a
worst-case flow-rate schedule where 340g/s af
helium enters the magnet during the time that
return temperature is 300 K and varies linearly to
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150 g/s with return temperature decreasing to
100 K und 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 stiffeners 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 Modcl | was
therefore run with the severe cooldown flow
schedule of 340g/s and 136 g/s at 300 K return
temperature to assess the effects of flow 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 differcn-
tinls and cooldown duration as a function of the
flow rate with 300 K return temperature. This
severe flow rute und inlet temperature profile is
responsible for the large temperature differentials.
Structural analysis of this maximum differential be-
tween the stiffener, which is not direetly cooled, and
the rest of the magnet which is “‘wetted™ by
cooldown helium gas, shows that the temperature
differential up to 180g/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 136g/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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Now rate ol 340 g,/s. The wide and increasing depar-
ture ol the stiffener temperature from the more uni-
formly cooling case temperatures is evident and is
50 large as to be unacceptable structurally. This is a
symptom of the extremely rupid 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 1o the exit region. Duration
into the cooldown is the timie 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 1aken from Ref. 74. Reference
75 was employed for helium propertics, and NEMA
G-11 epoxy properties were tuken from Ref. 76,
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Properties of 3041 and 316 SS were obtained from
Refs. 77 und 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 anulyses of this report:
(1) provision for accepting “block-type”™ node
representation, and (2) optional explicit, forward-
marching solution of the heat balunce equations.
The latter option was employed in cooldown/
wurmup analysis. Al unulysis runs were executed
on the National Magnet Fusion Energy Computer
Center (NMFECC) 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 1o examine transverse
gradients: this model also produced longitudinal

griadients. This model was so large it was deemed
ceonomical to break it down into two models: Large
Model 1 (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
IFig. 43. so that transverse temperature differentials
across the magnet cross section could be predicted.

A smaller. essentially one-dimensional model
of u totul yin or yvang magnet (Fig. 44) provided
longitudinal wemperature distributions and boun-
dary conditions to initiate and drive the large
models of Fig. 43. All the transverse nodalization of
the large models were collupsed mathematically into
one transverse node at cach station along the
magnet resulting in 34 longitudinally-arrayed nodes
around the entire magnet. This model, having much
fewer nodes. (totul 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 flow split into the two legs of the
magnet,
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Figures 43 and 44 show the guard-vacuum
helium (81% of the 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,
57% of the guard-vacuum helium is diverted by
relative hole sizes into and out of the intercoil struc-
ure 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
wxar the low point and flows up each leg of the
winding 1o 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
12h (AT = 275K) are evident. Because the
longitudinal temperature differential could be
driven to such a farge value, effort was thereafter
concentrated on reducing the longitudinal differen-
val.

Since longitudinal differential was known to be
fess 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-
tion, and the bottom-1o-lop longitudinal tem-
perature differential as functions of constant flow

¢ Flow rate is constant
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FIG. 49. Longitudinal temperature differences are
acceptable for 3.6- to 5-day cooldown durations.
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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 195K
longitudinal temperature difference and cooldown
in 88h and was certified as acceplable with
moderate stresses. The longitudinal-temperature
differentials can be accepted for 3.6- to S5-day
cooldown durations with the four-step inlet tein-
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 283 K.
Again, the four-step inlet temperature schedule was
used and is defined in the figure. Because of the less
cffective use of the heat capicity of the helium by
1his warming profile relative to that of the cooling
profile, this figure shows that the warmup is slower
than the cooldown. The maximum longitudina) 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 dala 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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(unbzianced fow splits) into the different porticns
of the magnet system. Structural analysis for a
severe Mow imbalance in the separate legs of a single
magnet in which the helium flow rate in one leg was
40% greater than that in the other leg results in mild
and ucceptable stresses,

CONCLUSIONS AND
RECOMMENDATIONS

1. Cooldown analyses employing the large
model (Fig. 43) yielded detailed temperature  xcur-
sion and transverse temperature differential data.
Resulting thermai stress:s are acceptable to a max-
imum fow rate uf 180 g/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 strue-
turally certified acceptable at a 119 g/s flow rate
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with the four-step inlet temperature profile achiev-
ing cooldown in 88 h. Reduction of longitudinal
gradients with higher Mow rates also implies aceept-
ability for higher Mlow rates.

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

Helium supply
temperature (K)

Cooldown
time (h)

0t 18 225
18 10 36 150
36 10 54 75
>34 4.5

Total flow rates to 119 g/s and cooldown in 3.6 10 3
davs constraints and  are
aceeplable.

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

accommodate  stress
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Wirrmup
time (h)

Helium supply
temperature (K)

O 18 73
18 o 36 150
36 to 53 225
>33 300

Total flow rate of 130 g/s vields mild and aceept-
able temperature gradients. Warmup time to 285 K

is 122 h (approximately 5 days),

5. Since magnet gradients are influenced
more by reduced severity temperature
schedule than by flow rate, gradually decreasing (in-
creasing) or finer siep-wise decreasing (increasing)
helium  supply temperatures could permit even
higher flow rates and faster conldown (warmup), If
deemed  expedient these options would  require
study  and  thermodynamic/structural
analdysis certification,

of inlet

further



SECTION 6
CRYOGENIC SYSTEM

The cryogenic system for the MFTF magnet
provides liquid helium 1o the magnet coils to main-
tain a superconducting state. Several interfaces and
effects must be accounted for in the 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 with liquid heiium
through dedicated lines running between tne
vacuum vessel ports and the magnet. As illustrated
in Fig. 53, euch magnet coil has separate supply and
return lines.

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

Liquid nittogen-cooled heat shields will com-
pletely envelope the magnets for thermal radiation
protection. Figure 54 shows these shields. with ad-
ditional water-cooled shields in critical areas. to
protect the nitrogen shiclds from beam nd plasma

heating.
Another interface with the mugnet is the
carrent leads penetrating the vacuum vessel wall.

where the lead temperature must make a 3 1o 300 K
transition. Also. the temperature and stiain sensors
on the magnet will be a source of heat transfer to the
liguid helium.

LIQUID HELIUM
SYSTEM

The piping system for supplying liquid helivm
to the magnet is illustrated in Fig. 35. Each magnet
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 the magnet, splitting
at the bottom of each coil, flowing up cach half coil
and rejoining before exiting out at the top. The prin-
cipal reason that the yin-yang pair is oriented at 45°
is so the helium will flow in this manner.
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Important to the thermal control of the magnet
is un adequate circulation of LHe. Forced pumping
is not practical. so natural circulation was chosen.
because it has been sutisfactory in smaller magnet
systems. A computer model of the LHe natural air-
culation was developed to estimate steady-state
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mass flow rate and vapor quality. Also. a sensitivity
study was made to determine which paran eters
have the greatest influence and to estimate the range
of uncertainty for LHe flow rate.

The principal requirement of the LHe system is
1o maintain gualily with less than 10 vol% vaj or in
the magnet. Heat-transfer analyses indicate that
signilicantly higher vapor qualities would probably
reduce cryostabilily.

The conductor pack and magnet shape do not
immediately lend themselves to a simple flow-
modeling approach. Therefore, three approaches to
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modeling the magnet were considered: (1) the
Blasius friction equation, (2) Darcy’s porous media
equation, and (3) a 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 times greater.
and the orifice approach gave a pressure drop that
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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 joss AP was estimated with a modified
Blasius friction equation in the following form:

AP = fLynd, M%/27A247 . ]

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

= 64u Ap¢/n Mdp (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 Lockhart 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 flow rate, 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, momentt.,
and gravity was computed. The flow rate was read-
justed and the calculations repeated until the
pressure imbalance was acceptably small. This
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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. 5ab.

Because the modeling 'procedure entails some
uncertainties, we were interested in how sensitive
the results were to changes in certuin variables.
Tablc 14 shcws 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 us only 1% and flows
near 300 g/s. Surprisingly. the static head inside the
LHe Dewar is the most significant parumeter af-
fecting mass flow rate because of the relativcly 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. (13-cm) inside diamcter for the
LHe supply and return lines. This pipe size and our
cstimated system heat load of S510W 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.
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TABLE 14. Uncertainty range of flow parameters.

Paramcter Range

0.014 to 0.018
1.5 10 2.0
6.30 to 0.35
05t 1.0
.15 to .35
31 10 80

40 to 10D

Friction factor, {
Tortuasity factor, 3
Porosity., ¢

LHe Dewar head, m
Hydraulic diameter (dp). cm
Piping heat leakape, W
Length of piping. m

TABLE 15. Liguid-helium-system heat sources.

Heat input,
Paranicter W
LN shietd radiation 160
LN shicld conduction 90
Magnet hanger rods 60
Conductor joints 45
Instrumentation leads 70
Helium ducts 45
Total 51
Curi nt leads, max. vent rate 16 g/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. 37. These plenums ure 6-cm thick
und constructed of 6.5-mm-thick layers of NEMA
G-11 having 5- by 37-mm slots alternately oriented
90° to each other. They provide a 50% bearing sur-
lace for the conductor and a 0.3 porosity for helium
flow. Both plenums distribute flow entering und
leaving the coil. und the top plenum also provides a
space for vapor to llow 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 duet at the
bottom of each coil is identicai except for the ub-
sence of the current leads.

Outermost turns of the conductor in the out-
side flut 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 the channels to the plenum.
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FIG. 57. Jacket around coil showing dimensions
and locations of helium plenums.
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CRYOSTABILITY

The MFTF superconductor is cryostuble from
experimental and analytical studies. The High Field
Test Facility (HFTF) at LLNL has demonstrated
the conductor will recover if driven to a normal
state in a horizonlal 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 Mux is shown in Fig. 60.
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The available cooling enceeds the surface heat flux
by approximately 5%. resulting in a small margin
for uncertainties or flaws, Moreover, a calculation
by Convair of the eflect of solder flaws on
cryostability 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% contuct or less per
1.5 m of conducior, or less than 13 flaws per 7 cm,
or less than 8 consecutive flaws on one sidc.)

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

CURRENT LEADS

A pair of copper bus conductors with super-
conductors will carry current from the vacoum
vessel wall 10 each magnet. These conductors will
normally be in liquid helium. but they are designed
to be superconducting in vapor flow. I the liquid
level in ithe current lead pipes should bu depressed.
the leads will be cooled by cold-end conduction and
by controlled vapor flow. A heut transfer analysis of
these leads has provided a design that should
guarantee cryostability for all operating conditions.
By using 2.5- by 7.5-cm (1- by 3-in.) OFHC copper
conduetors having a residual resistivity -atio greater
than 150. a Nb3Sn superconducior with a 0.4-g,%
viapor flow per lead. the vupor-cooled length
operating at 6.000 A can be over 4 m, which is inore
than sufficient. A section view of these conductors is
shown in Fig. 61.

The portion of tbe leads penetrating the
vacuum vessel wall will have a temperature transi-
tion from approximately 5 K in the current lead
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pipe to 300 K outside the vessel. They are designed
to usc 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 lcads 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 6-in. long (1.5 m). Each copper
tube is encased in an 0.31-in.-0.d. (8 mm) stainless
steel tube. This design gives a mass ratio of stain-
less stcel 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 cffect of the stainless steet 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 iead
length in the following form:

As e
mAieA. K‘L -ﬁ_; +1

{ 1%, . 4)
where m is the helium mass flow rate, de is the
helium enthalpy change, I is the lead current, Acand
A are copper and stainless steel cross-section areas
and p is the electrical resistivity integral over the
dimensionless length x/¢.
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p= f od (%) )

0

Flow circuitry for these leads is skown in
Fig. 62. A by-pass open-close valve is included to
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 iead voltage drop as the input
signal. A 2.5-cm vent line will be connected to the
helium duct, as shown in Fig. 62, to prevent the lig-
uid level from being depressed too far.

QUENCH

In the event of a quench, the magnet will
automatically be pul into a fast-dump mode by a
quench detection computer. Voltage taps on the 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 7 with
current | and resistance R, is to compute an
adiabatic temperature rise of each element. in-
cluding the mass mj, length L, and hcat capacity c;.

GHe line
Bypass Control valve
valve
300 K — Controller

Transition lead

Current lead duct

GHe vent line

Superconducting bus

/
L Room temperature bus

FIG. 62. Transition lead.
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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 io the
delay time rg.

lp.0<r< 7y
N
foexp (-7 7o) 7> 74

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

A\t 2

T
2 - muy
Lo (T_d + l) = z mif (ci/pmdT . (8)
i Ty

Solution of Eq. (8) vields the maximum tem-
peruture as a function of delay until a discharge is
initiated. This decay constant corresponds to a peak
voltage of 1000 V across a 0.17-Q quench resistor,
with u 12-H inductance in the magnet {i.e.. 79 =
H1n/V ). Copper properties assumed in Eq. (8)
are those of OFHC copper huving a resdual
resistivity ratio equal to 150 and a 7.76-T magneltic
field.

Figure 63 shows that a maximum temperature
of 200 K is reached if a 10-s delay in initiating dis-
charge is allowed. Longer decay time constants (i.c..
lower quench voltages) result in higher tem-
peratures. This temperature is considered permissi-
ble since it is a conservative estimate and is limited
to a small region of the coil where both initial tran-
sition 10 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. 10s is adequate time to initiate a
discharge with an automatic quench detecting
system.

Magnet structural materials can also develop
resistive  heating during a fast discharge by a
transformer coupling effect between the magnel coil
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and surrounding structure. Because of its proper-
ties, 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 ratio, a peak coil voltage (V)
ol 1000 V. and a current-decay time constant (7o) of
69 s, the temperature (T) can be found by Eq. (9).

0.26 70 Tiax
—_— = pedT
Vg To

where L. is the effective length and pc is the product
of resistivity and specific feat.

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

A similar analysis of the stainless-steel case
vields a temperature of 10 K. Total energy dissipa-
tion in the case. bladder und coil jucket is appros-
imately 6 MJ. or less than 1.5% of the cnergy con-
tained by the magnet before discharge.

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

Rupture discs in the vent lines will fimit vapor
pressures during a quench to approximately 80 pai
The gaseous helium recovery system can accept up
to 16,000 g/s. which will be adeguatc.
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Discharge delay time (s)

FIG. 63. Maximum conductor temperature during
a quench.
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REGENERATION

Alt liguid helium coolea surfaces of the magnet
syvstem must be warmed periodica!ly to more than
153 K for boil-off of condensed hydrogen. This is to
be accumplished by radiating heat to the magnet
case and piping from the nitrogen shiclds. However,
the shields must first be filled with u warm gas and
the magnet must be discharged. Helium vapor
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gencration 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 siorage
system. After regeneration, the nitrogen and helium
systems will be returned to their normal states as
soon as possible.
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SECTION 7
POWER SUPPLY SYSTEM

The power supply system for the yin-yang
superconducting magnet provides controiled 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 10 1200 A between coil currents;
provide a means 10 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 arc 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-encrgizing 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
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besides being a complete Jocal system which can
operate independently. Its most significant function
is to: monitor key signals such as voltage taps in the
coils, current lead voliages, 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%, the current increases at nearly I 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 mQ 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*'! 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 controlied switches, 1.5-mQ
resistors, de circuit breakers, 6-kA bus, the 200-MJ
fast de-energizing resistors, and the battery/inverter
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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
10p of the southeast vessel support pitlar.

Power Supplies

Each power supply will be built to EE Depart-
ment Specification LES 22249, The supplies will
produce 0-12 V, 0-6000 A with a szries connected
load ot 12 H and 0.5-2.0 m{, The N.5 m is the
cable resistunce and the 2.0 mQ is the cable
resistance plus 1.5 m@ of the slow de-energizing
resistor. A continuously rated free-whceling 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 Y
and for 0.2 s down to 330 V., This latter vollage oc-
curs during starting of motors in the cryosystem,

The power supplies will operate cither in a local
or remote mode, but local mode is only for opera-
tion 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 und voltage demands will be
four 20-mA analog signals provided from the con-
troller, while digital inputs and outputs of zero and
24V will be for on/off. local mode inhibit, and
power supply diagnostic indicators. The power sup-
plies will be capable of both current and vollage
regulation with automatic crossover, but the
magnet will be primarily operated in current rcgula-
tion with the voliage regulator serving as a voltage
limit. The maximum absolute errors are £60 A and
£0.5V with muaximum repeatubility errors of
+30 A and £0.5V.

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 faplt during the fast de-energizing
mode where 500 V exist between each rnagnet 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,

Pacumatically Controlled Switches

The switches which parallel the power supply
outputs and the 1.5 m@ slow de-energizing resistors
are Square D type DB or equivalent. These switches
are capable of continuous operation at 6000 A and
can interrupl 6000 A up to 20 V. They are mounted
in serics with the interconnecting bus bars which are
used in the magnet power supply area.

Control of the switches is with a conventlional
preumatic control system employing an air-cylinder
operator, a four-way solenoid valve, und 4 pressure
regulator. An accumulator will be used with a check
valve to provide a buackup source of air 1o allow
operation with loss of building air. The four-way
solenoid valve is connected to the switch using
poly propylene tubing to separate the switch und the
controls by %1000 V(dc).

The switches which parallel the power supply
outputs are normally open and dose automatically
when commanded by the power supply water flon
and overtemperature monitors, The switches which
parallet the 1.5-mQ resistors are normally closed
and open when commanded by the power supply
and magnet protection controller. All of the
switches have limit switches for monitoring by the
controller.

1.5 Milliohm Resistors

The 1.5-m{ resistors are used for slow de-
energizing of the magnet. They are rated at 34 kW
and are natural-convection air cooled.

dc Circuit Breakers

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

The control circuit of each circuit breaker will
be powered from a 120-V battery. Each breaker will
have an undervoltage release which will auto-
matically open the breaker if the control cireuit



voltage falls below 70 V. The primary meuns of
opening the circuit breakers is the shunt trip coil,
which will be controlled from the powcer 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 interconnceting the
breakers 1o ensure opening of all four breakers
simultancously (Fig. 66).

6-kA Cable Bus

The cable bus runs from the power supply area
Lo the magnet fead exit ports ure approximately 100-
It long. Cable bus will be used which is similar to
cable tray but with malatained spacing between
conductors for sufficient cooling to allow the cables
10 be sized as single conductors in free air, The ad-
vantages of cable bus over rigid bus are: continuous
cable runs witbout needing expansion joints; and
redundant personnel safety due to having insulated
cables 1n an enclosed. arounded duct. Details of the
cable bus design will be done by the manufucturer.

200-MJ Fast-Dump Resistors

During a fast de-energized condition, the
muagnet energy is dissipated in the fast dump
resistors. The resistors will be passively cooled esing
nuatural air convection. The resistors will have
several parallel paths to provide redundancy.

A cable independent of the 6-kKA bus will be
used to connect the magnet l2ads at the top of the
vessel 1o the dump resistors which are located on
top of the southeast vessel support pillar. Indepen-
dent cable is used to ensure that the dusap resistors
are connected in case ol damage 1o the 6-kA bus.
These cables ure aized lor short time ratings and will
not operate av 6-kA continuously.

Battery and snverter System

A 120-V_100-A-h battery, 25-A charger, and a
25-kVA inverter comprise the uninterruptable
power supply system (Fig. 67). The battery is of
lead-calcium construction with a translucent jar for
high reliability und ease in maintenance. The bat-
tery is composed of 20 separate units mounted in a
seismic, two step rack. The inverter operates from
the battery and supplics power 1o the power supply
and magnet protection controtler. 1t has an elec-
tromechanical transfer switch which transfers the
power source from the inverter 1o the building ac
power in case of inverter failure, The estimated
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mean time between failure for the combined power
source is more than {00,000 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 locul control system which can operate in
conjunction with the MFTF computer system or in-
dependently, [t will be located in the power supply
arca m the northeast corner of Bldg. 431,

Functions

The controller has a :neans for selecting loca
or remote operation using a heylock switch, check-
ing out companents prior to application of power to
the magnet, monitoring of component failures. and
selecting a hoid. slow, or fast de-energizing com-
mand. [t 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 supplics, generates the
energizing trajectory, controls insertion of the 1.3-
mé! resistors, and controls on . off commands to the
power supplies.

The most controller function
provide magnet protection. It monitors; voltage
taps in the magnet for detection of a normal zone

critical is to

{yuench). voltage taps across the current leads for
detection of overtemperature, helium levei and
preasure in the helium supply Dewar for detection
of quench or near quench conditions, and failures in
the cryogenic and vacuum systems to anticipite a
potenti-l loss in cooling of the inagnet. or large heat
influx. Based on the severity of an abnormal condi-
tion. the controller selects a hoid, slow, or fast de-
energisng command.

Required Features
Because of the critical nature of magnet protec-
tion, the following features will be included in the

controller  The yguench detection and current lead
voltage  monitoring  will  have fully redundant

systems, Self-cheching will be used in low reliability
components such as microcomputers. Checkout of
kes components prior to operation will be done
automaticaily where possible. Checkout will con-
tinue during early stages of energizing the magnet.


http://100-Vhbattery.25-Acharger.anda
file:///acuum

TN

-0 O—
. ¥ — -=-To
—O~0- { Position sw controller
120 Vde Control |
_ circuit
From controller
&
{ T
— | O
— OO
controller
120 Vdc Control t
circuit
— — OO
From controller
N
—0 O
1 »=T0
OO c ¥ controller
120 vdc ontrol
circuit .
— —O~OH [
From controller
p
» i »TO
— OO 1 controller
120 Vde Control
circuit
— —O~O

1

From controller

FIG. 66. Circuit breaker interconnections.

62



1 o0
—L +  Tocircuit
+ i 120V breakers
o Charger L 100 Ah
24;3:\/ 120V dc T Lead calcium 120V
o BA F 1 seismicrock
=+ -
1 — OO~
Transfer
o m———— b
———O0#O——
Inverter )
240V }”{ 120v 25 kVA | 120 vac "o To controller

25 kVA
Shielded

~— High/low voltage
——— Failure (ac)
=——— Ground detector (dc)

FIG. 67.

De-cnergize Modes

As stated carlier. there are three modes of
operation if an abnormal condition in the power
supply system or the magnet occur: hold, slow de-
energize. and fast de-energize. The hold mode stops
the increase in current during energizing. The slow
de-energize mode turns the power supplies off and

inserts 1.5 m& in series with each magnet coil. The
fast de-energice mode opens all four de cireuit
breakers and sends a signal to the cryogenic system
to close the supply valves from the Dewar and open
the vilves to the helium recovery system.

Tuble 16 shows the main failure conditions and
the appropriate action which will be initiated. The
basis Tor this tuble is the failure modes, effects, and
criticality  analysis performed by Intermagnetics
General Corporation (IGC)¥  This table also
reflects the use of the fast de-energize mode as the
fast line of protection. This is to minimize disrup-
tion to the MFTF operation and 1o 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
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supply Dewar. Use of the voltage taps enables
detection of normal sones as short as { m. iden-
tification of their approximate location in the coils.
and their growth behavior, Use of the hehum
pressure enables detecuon of normal regions in the
coil but not thar location or growth characteristies.
It is used to cover potential blind spots in the clee-
trical quench detector. and because 1t 1 a com-
pletels different tspe of detector and woulo not
have a fault mode in common with the electrical
detector,

Based on temperature rise calculations and ex-
perimental normal sone propagation rates of ap-
prodimately I m s, the magnet will enter the fast de-
energice mode at a normal cone kength of approx-
imately 10 m. To detect small stable normal sones
and Lo monitor growth rates it is required to detect a
normal sone as small as 1 m. Detection of growth
rates is required to discriminate against fast signals
which oceur due to conductor motion and elec-
tromagnetic interference.

Detection of a I-m length requires detection of
26 mV of resistive voltage {at 6000 A) in the pres-
ence of 12 V of inductive voltage during energis-
ing or de-energizing. A well known method for
quench detection with a single coil is the balanced



M

Rn Rt2
+ VL -
Rbl /b1 Rb2

Coil #1 C0|l #2
Detector equation: Vg = K1 (vc - VB) + l(2 (vL - VR)
For similar coils: L, = =L
v ’L=Lt+l_b-L,=L2
L,s=L.,=L
b1 b2 b

1o M 1o M

My LM, L,
S 2 =W L,
Lb 1_ﬂ__b ‘]__!__b

L L L L

For MFTF: L, =5.79H
L=1111H
L, = 5.32H

M, = 0.532H

M= 1.149H
M, = 0.617H

v, =0.0265 (v - vg) + 1.869 v - vg)

, FIG.68. Quench det: -tion method.
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TABLE 16. Failure conditions and appropriate
action.®

Appropriate action

Condition Fast Slow  Hold
Growing aormal zone, {>10 m) X
Stable normal zone (<19 m) X
Currem lead overheating
Voltage alarm, level 1 X
Voltage alarm, Jevel 2 X
Low heliwm levcl in Dewar X

High helium pressure in Dewar

Pressurc alarm, level 1 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 X
Helium refrigeration failure X
Magnet-protection controller failure? X
MFTF computer failure X

dc power supply Failure
Battery charger failure

Imverter failure

FA A

12(-V(ac) power Failure
Inverter and §20-V(ac) power failure X
120 V(ac) 1o circuit breaker failure X

#Based on Failure modes. cffects, and criticality analysis per-
formed by 1 ics General Corp
b()mmcll detector, curremt-lead voltage alarms, and helium

pressure alarm have backup systems.

self-inductance bridge method. Because MFTF has
two coils which are coupled together with a ccu-
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. 1GC 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 induetance imbalance without
requiring current rate sensors.31%2 Two voltages be-
tween coils are used in addition te 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 1wo coils.

HARDWARE IMPLEMENTATION

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



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 perfermed. These refined the finite
clement 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 und weldments were based on antieipated yield
strengths of 120 ksi at 4 K and on the expectation of
adequale fracture toughness and flaw growth rates,
The preliminary plate and weld mechanical proper-
ties were obtained from the National Bureau of
Standards (NBS) for use in the case design
(Tuble 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
safety 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 eonsistent with the ASME code as in
Table 18.

Design Load Cenditions

The MFTF magnet must withstand both
operating and fault conditions. Design loading con-
ditions include cooldown, warmup, and normal
operating conditions. operating and fault magnetic
conditions, and seismic inertia condition: [In addi-
tion to these conditions, the magnet is also designed
to a 2.0 g handling condition.

TABLE 17. Structural material mechanical properties.
Ultimate Yicld Elastic
Temp, strength, strength, modulus,
Materiai Usage K ksi ksi 10 psi Source
AL Support struts RT 100 40 28.5 LLL
4.5 P2 70 29.5
304LN Magnet case and 4.5 244.6 111.8* 297 NBS
intercoil
E3i6L AFe = 4.5 Case weld metal 4.5 193 116* 319 NBS
AFe = 9.2 4.5 187 128% 319
316l Jacket RT 80 40 29.5
4.5 200 80 319
EPON 828/Versamid 128 Conductor shimming 20 -14700 - - GDC EMS
with chopped glass fiber 0-0096-51
CPR Upjohn Jacket-to-case RT -13250 - 0.387 Migr Data
Polycast 1009-78
A286 Support bolts RT 140 95 29.1 AMS S737H

of final

2120 ksi was used for design pending d
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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 30b 4.0
Shields, shield supports 15 300 -
Scismic safety factor 1.25 2.5¢ -

4Based on ASME codes requirements.
L itimate strength safety factor is 2.0 in welds.
€ASME 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 und fusion chamber and
were determined by a dynamic analysis. Magnel
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 to longitudinal
and transverse thermal gradients during cooldown
were caleulated using finite element structural
analyses thermal distribution.

ANALYSIS METHODS

The stress analysis of the MFTF magnet and its
support syst 2 is based on data from three separate
finite elen at analyses: a large 7000-degrec-of-
frecedom GDSAP analysis of one-quarter of the
magnet, detziled MSC/NASTRAN  models of
typical case cross-sections, and a simple beam-
element model of the eomplete 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
operating 4.5 K temperature condition.
MSC/NASTRAN models were used to refine the
local case hending stresses for the magnetic load
conditions, and a GDSAP beam clement model was
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used to determine the overall magnet loads for the
unsymmctric 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 ol each magnet and the interconnecting
load-block structure.

The coil jacket, case structure, and intercoil
structure are represented by iinear-strain thin-plate
clements, 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 clements are connecled to the surrounding
case und 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 ull quarter symmetric. Magnetic loads for
both the normal and fault conditions
calculated for an idealized (53 X 12) conductor grid
used in an EFFI analysis. The loads on the EFFI
grid were Jumped 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 pick. 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-
truction 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 clement
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 cuse cross
section was created to refine the overall GDSAP
analysis results, This NASTRAN model refined the
local case bending stresses us illustrated in Fig. 71
and documented in Ref. 10.

The NASTRAN mode! was used to analyze
three typical sections in the magnet's major radius.
Models of the case at O = 24°, 48°, and 72° were

were



69

Major radius (m)

Case plate magnetic pressures

\ \ ~0=25° R
\_-6=375° A
- \ 9 =57.5°
\ \ -0-675
A
27 .
25—
= A
\
231~ Sect, A-A
\
\ R- 2.5m
L~ Coil ¢.q.
1\0 =725°
2. { i | |
1,600 2,000 2400 2800 3,200 3.600 4,000

Case plate pressure {psi}

Case, radial pressure {psi}

Radial magnetic pressures

2000 -

1600

A

-4
A

Ta

[/}

/
0=25° g Hitiil2
/—\

f/

7200 —/—\
2 0 =57.5° g
Z7ZZTL]
T e T Section A-A
800 4= 0=675
/’_'-Q\
0=725°
400 |—
0 | i i {
06 0.7 0.8 0.9 1.0 11.0

Distance from magnet centerline {m)

F1G. 69. The conductor pack exerts high pressures on the magnet case.
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FI1G. 70. The GDSAP finite element model accurately represents the M¥FTF 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 cuse, 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 siresses existing in the curved
crossover plates. These pressures were calculated
from the longitudinal stresses obtained from the
GDSAP analysis. By assuming that a longitudinat
stress f) in the curved plate with radius R and
thickness t would create an effective radial (normal
to the plate) pressure P = f;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.
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The GDSAP beam clement model illustrated in
Fig. 72 was created to determine the overall magnet
und support loads for the unsymmetric inertia and
thermal condition and is also documented in
Ref. 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 clements connected to the model grid
and the axial and bending stiffnesses of the magnel
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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various flow distributions are documented in

Ref. 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 10 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
rudius plates, also shown in Fig. 73.

7

radius
| —— (SC "4
I Minor
radius
Magnetic
pressures
{ -~
h
-3
Ly, A
bg

The NASTRAN finite element model refines the case bending moments.

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
Nastran analysis of typical case cross scctions. In
the center crossover plate where the Nastran and
GDSAP moments differed because of the manner in
which 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 80 ksi.

Peak stresses in the magnet case during
cooldown are caused by the temperature gradients
between the case side plates and the external stif-
feners. The curvature produced in the stiffencr by
the temperature gradients causes high bending
stresses in the case plate adjacent to the stiffener as



FIG. 72. GDSAP beam element model determines overall magnet stresses for seismic and cooldown thermal
conditions.

» Redistribution of applied loads o Geometry changes that cause
effective pressure loads

1

. _ // .
Magnetic
Intercoil load pressures
{P=65 X 108 Ib) {P ~ 2500 psi}
FIG. 73. Critical case stresses are d by dary bending
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F1G. 74.  The major radius stresses are less than 80 ksi,

shown i Fig, 75, However, these stresses do not ex-
ceed the vield strength of the structure at the tem-
perature at which the stress oceurs. The case stresses
caused by the longitudinal thermal gradients did not
exeeed 12 ksi.

Minor Radius Analysis

The stresses in the minor radius are determined
primarily by the GDSAP plate model. Membrane
stresses are caused by the opening up of the minor
radius due to muagnetic loads, but 4.5 K operating
thermal Toads subtract slightly from these stresses,
The secondary bending moments are due (o
redistribution of the intercoil load and o effective
pressures caused by the case plate curvature as
shown in Fig. 73,

Figure 76 shows the stresses at severul lotutions
in the case minor radius. The stresses were taken
directly from the finite element analysis except for
the secondary moments in the chamferred surfuce of
the inner case plates. The secondary bending mo-
ment in that location was modified 10 account for
inaccuracies in the finite element analysis caused by
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the constant strain triungulir efements used in that
partion of the model. The peak principal stresses
predicted by the baseline analysis exceeded the in-
tended 80-ksi destgn stress by 2 to 67 in hoth the in-
ner and center crossover plates as shown in Fig. 76.
However, an evaluation of several known inade-
quacies in the GDSAP analysis indicated that the
predicted stresses would be redrced by a refined
analysis of this area. The analysis refinement task

Ve 22500 psi {235 K}
33300 psi {140 K)

[43500 psi (140 K)

1

P

Mﬂi K) (125 K)\

F1G. 75, Cooldown temperature gradients create
significant stresses.
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FIG. 76. The peak magnet stresses occur in the minor radius.

was accomplished and is discussed in a separate see- conditions obtained trom the GDSAP beam inodel
von of this report. and documeznted in Ref. 83, are superimposed on these stresses, [t shodld be
noted that the stresses snould be mulbtipied by 123
toaecount for the difference between the 235-mn,

Intercoil Struciure Analysi : , N
iure Analysis thickness used o the apalywis and the 2040,

The intercoil structure conncets the major labe thickness used in the final design.
of one magnet with the minor radius of the other
magnet. The primary stresses in the iniereoil struc- Support Structure Analysis

ture are caused by the normal operating magnetic
Touds that create a seven million pound compression
load in the intercoil member. Additional low
stresses ure produced in the intercoil structure by
thermal and inertia condstions.

Design loads for this structure were obtained
from the large GDSAP plate model and from the
smaller GDSAP beam model. Figure 77 shows the
membranc stresses in the intercoil structure for the
normal operating condition. Stresses for the normal

The support structure consists of two support
rods (1.2) thut support the weight of the magnet and
five stabilizer rode (3-7) that react horizontal
seismic loads as shown in Fig. 78, The struts and the
lugs attaching the struts to the magnet were
analyzed by hund 1o the loads shown in Table 19,
Algeeshown in Tuble 19 arc the margins of safety for
virious compunents in cach support strat. The

nurging of safety are based on the following evpres-

operating thermal condition are less than 500 psi ston:

everywhere except in the inner plate near the major .

radius iobe where the values are shown in Fig. 77. M.S. =m - @
Overall intercoil loads due to cooldown and inertia EarpLien )

74
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TABLE 19. Support struts have adequate margins of safety.

Rod LLNI2 1T Design Strut Steut Bearing Strut Clevis Clevis
No. load load tension compression capacity end lug pin fuge
1 +687 R0y
- -378 +HLW +0.95 +0.15 ~{L 1t +(.28 +{.52
2 +724 +R00
-368 -378
3 +518 +820
-237 -278 +0.68 + 164 +0.17 +0.34 +1.99 S 01s
4 +424 +520
-263 -275
5 +310 +375 +1.33 ~0.95 +0.12 +0.33 ~0.76 MUK
-183
[ +2359 +5820 +{.68 +6.39 ~0.17 ~.34 -0.99 8
7 ~292 +520
-508

#Reference Telecon MEFF-S100-3-105 of 17 October 1978,

where
FaLLow is the lesser of

(b)

(F,/3)X 1.2=F, 2.5 and

(Fu /15X 1.2= F, 125 (©)

The lugs were checked for tension and
shear ‘bearing fallures using an industry-wide stun-
dard lug analysis documented in Lockheed Stress
Memo No. 1. Bolts were checked for shear and
bending failures. The struts themsclves 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 wus performed in support
of the MFTF design 1o confirm the sclection of
304LN for the structural cuse material and to
demonstrate adequate life at the 80-ksi design stress
Jevel.

A linear elastic fracture analysis of the 304LN
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
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amilysis used matenal properties estimated trom
data for similar matenals obtiimed from literature
sources. The analysis was performed using the
FLAGRO [ analysis progeam, a inear elasug trac-
ture mechanies program developed by Rockwetl In-
ternational Corporation.

The case parent material was analyzed tor
typreal surface Maw (QL150-m. long X 0,070 deepn
and for ity pical corner flaw (0050 X 0.030) at the
edge of a penetranon hole A parametrie study with
vartous stress levels was made for both flaw con-
ligurations  using NBS and
FLAGRO 1 analysis progrant. The analvsis in-
divated that the required four design lives could be
obtained with a stress level of 90 kv in the basic

matertal  data the

plate material and with o stress level of 43 kv at
tapival penetrations,

The 316L weld materml was analyzed for
1y pical surfuce flaws that were 013040, long and
0.075-in. deep. However. during the baseline
analssis, there was no Maw growth date avalabie

for this material. As it was felt that the charac-
teristics of E310 filler would be vers similar to those
of 316l the analysis was performed using E310
filler flaw-growth data. An analysis using 304LN
flaw-growth data was also performed, resulting in
design life stress of 90 ksi with 304LN flaw-growth
data and 100 ksi with E310 data.



FIG. 78.  MFTF supports are designed for magnetic, thermal, and seismic loads. (Rod Nos. 1 and 2 are support
rods. Nos. 3-7 are stabilizer rods.)

CONCLUSIONS

The METE baseline analysis confirmed the
basie structural integrity of magnel, and that the
support system met ASME factor of safety criteria,
Cooldown thermal stresses were aceeptabie for the
cooldown time of 3.6 days which met design objec-
tnes. Fracture analyses showed acceptable magnet
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iife at the design stress level of 80 ksi. Analysis
showed that stress wevels in the magnet were within
the 80-ksi design linut everywhere exceplt for several

reached 86 ksi. A subsequent refinement of the
finite analysis which is discussed elsewhere in this
report and is documented in Ref. 83 reduced the
caleulated peak stress levels to less than 80 ksi.



SECTION Y
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 cle-
ment analysis and are documented in Ref. 10. 1t was
recognized at .he 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 conducled and documented in

Quarter symmetric modei

Plate elements (separate jacket & case)
Conductor pack modeled

Refiects current geometry and stiffness

FIG. 79.

Conductor

Ref. 83. This analysis incorporated a refined mesh,
updated materiul 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_icoil
structure modeled by isoparametric,
quadrilateral, plate elements (Fig 79). The conduc-
tor puck was modeled by “lumping™ the stiffness of
the individual conductor strands into six equivalent,
continuous, axial rod elements. Rod elements in the

were

|~ Magnet
case

jacket

.,/— Conductor

Insulation pack

(a) Typical node arrangement

| — Case
plate eleme’ ts
i~ l -\
Conductor ¢4, 1,_ ™ Jacket
transverse 4 l I plate elements
connectors ~ i
{- + 1<
i ' | TS
-Conduc tor
! I I - axial eiements

{b} Typical model cross section

Finite element model—typical cross section.
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transverse directions were alwo ine g
the conductor pack stiffness in those directions
(Fig. 80).

The loading conditions analyzed  included
*hose loads due to cicctromagnetic forees, the
residual thermal loads afier cooldown to 4 K, the
internal pressure load resuliing from a quench, and
the critical combination of normal operating clec-
tromagnetic loads and residual thermad cooldown
loads, The eleciromagnetic joad distribution was
determined by LLNL and was proportioned ac-
cording 1o the nades of the conductor pack.

The structural analysis was accomplished in
two steps. First, the buseline analysis (Ref. 79). us-
ing the GDSAP finite element program, identified
those areas where peak stresses exceeded the §0-ksi
allowahle strass level. This allowable stress level ac-
counts for i Jactor of safety of 1.3 on yield strength
(120 ksi) for the 304N cise material. Regions of

Complate model — plate clements

FIG. 80,

80

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

The madel refinements included: increasing the
number of clements in the minor radius region.
changing the case plate thickness from 3.00 in. 10
3.20 in. (10 account for the actual thickness of the
received case material), and modeling the offset of
the mid-surfaces at the transition from 3.20-in. to
5.00-in. crossover plate (at the transition from ma-
Jjor to minor radius) (Figs. 81 and 82). Also, in addi-
than 1o 4 GDSAP analysis, the model was analysed
using the NASTRAN finite element program.
NASTRAN accounts for traasverse shear stiffness
in plates and also uvtilizes some higher order ele-
ments, The refined model has fewer triangular ele-
than the baseline model and no highly dis-
yuadrilateral elements.

ments

torted

Rod elements modeling
conciuctor pack

Refined finite element model—cuse structure and conductor pack.
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FIG. 81, Refined model accounts for nonalignment
of ncutral surfaces at transition from 3.2-in.-thick
plate to 5.0-in.~thick plate.

ANALYSIS RESULTS

The maximum principa! stresses predicted in
the critical regions of the minor radius showed
reductions of 3% 10 8% for NASTRAN and 0% 10
7% for GDSAP from those predicted by the bascline
model. The largest stresses occurred with elec-
tromignetic loading applied by itself.

For this loading the NASTRAN unalysis
found the peak principal stress of 81.5 ksi occurring
at 43° from the axis of symmetry in the inner
crossover plate ol the nunor radius (Fig. 83). This
was the only lucation showing a stress Targee than
the 80-ksi allowable stress level for the NASTRAN
analysis. The GDSAP analysis found stresses abuove
80 ksi over a 23° spun with a peak stress of $3.4 ksi
(Fig. 83}. These stresses represent reductions of 777
by NASTRAN uand 37 by GDSAP from the
previously predicted peak principal stress of 88 Ksi.
GDSAP stresses also eveeeded the 80 ksi devel
stightly tor the intermediate crossover plate over 1
16° span al the axis of symmietry with o puik stress
of 815 kst (Fig. 84). NASTRAN predicted ali

stresses below 80 ksiin this area.

Neighboring elements in tension

Transition being modeled

N
NS N ) )
NN Side plate resist longi-

tudinal bending at edges

& AR RETTEEESY
N
N

Desired deformation if unconstrained

574
Longitudinal
—— 1\

direction
/Posilive

\Positive transverse

longi;udinal bending moment
bending (NASTRAN])
moment

Actual deformations which induce transverse bending

moments due to side plate constraints

FIG, 82, Schematie of behavior at transition from 3.2-in, to 5.0-in. crossover plate.
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When the residual thermal loads due to the
cooldown room temperature to 45K
operating temperature are superimposed on the
electromagnetic loads, a slight reduction of stresses
is obta‘ned (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
(Fig. 85). The intermediute crossover plate, for this
load combination, showed a peak principal stress of
80.6 ksi at the axis of symmetry (Fig. 86;.

Discontinuitics are evident in the stress dis-
tributions predicted with the refined mode! at the
transition from 3.20-in.- 1o 5.00-in.-thick crassover
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

from
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the offset ol the mi surfaces at 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 Ref. 83, were found 10 not have any critical effect
on the stresses,

CONCLUSIONS

The refined finite element analysis verified the
structural integritv of the MFTF magnet system
with a lactor of safety of 1.5 on yield stress for the
304LN cuse material. This verification is based on
the NASTRAN finite element program for the
worst compatible loud case (normal operating con-
dition) of clectromagnetic plus residual thermal
loading.
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SECTION 10
STRUCTURAL CASE FAULT ANALYSIS

INTRODUCTION

A case fault analysis documenied in Ref. 84
was performed to assess the criticality of selected
failures in the magnet case, jacket and intercoil
structure, The locations of the five failures selected
for analysis were determined on the basis of the
manufacturing processes, structural geometry und
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 systemn (Ref. 10}, every effort was made to
utilize analysis methods und tools developed curlier.
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.i:quent to the finite element
analyses, hand analyses were used to determine the
stresses normal to the approuching fault front. Us-
ing this stress data a Mode I linear elastic fracture
analysis was performed to quantify the criticality of
cach faull,

ANALYSIS METHODS

A common methodology was used to analyze
each of the five selected faults. The analysis used fae
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 normai (o the fault front and a simple Mode
1 linear elastic fracture analysis quantified the
criticality of the faults.

The 7000-degree-of-freedom  finite  clement
model used in the fault analysis is basically the same
as the model used in the original MFTF analysis
and documented in Rel. 10. However, several minor
changes that are documented in Ref. 84 were made
to the model prior 1o the start of the fault analysis.
The faults were simulated in the GDSAF analysis
by additional rodes coincidental to existing nodes
in the baseline finite element model und chunging
fault boundary plate connectivitics. No attempt was
made to refine the finite element mesh adjacent to
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the fault boundaries subsequent to the analysis,
Model deflection data was used to caleulate the
local stresses normal to the assumed fault front.
A simple Mode I fracture analysis was per-
formed using the stresses caleulated 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 Lo approximate
the stress intensities resulting from the faults. The
expressions for the stress intensilies in these cases

are:
Ki= oy linite cruck in infinue
plate (Rel. 85)
Ki=1.12150y7a 0.5 edge crack -

finite plate (Ref. 85)
where ¢ = nominal stress. normal to fault, and
a = hall-crack length.

The stress intensities resulting Irom the analysis
were  compared the  plane-strain
toughness (K¢} duta used in the originat MPT}
fracture analysis. This data i> shown in Table 20.

to fracture

ANALYSIS RESULTS

A total of five fuult conditions were anals zed
during this study. Isometric sketches, sclection
rationale. and analysis results are summarized
below for each of the following taults;

1. Minor radius intermediate 3- (o 5-in. plate
intersection in the chamfer region at center line of
symimetry.

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

3. Intercoil member shear transfer weld. bot-
tom closure plate to side plate corner weld.

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

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

Fault number | is shown in Fig. 87 along with
the rationale for selecting it for analysis. In the finite



TABLE 20.

Fault fracture analyses were based on preliminary material data used during the MFTF design.

Case-material fracture-analysis properties

K da/dn
Material Temp, Fiye il (S flow growih rate,
ateri K ke win. Jeyele

WAL (1125 NP 15 HiR 203 1051 < 1073 Ak Y
EM6L weld filler

RY P K 45 16 MU Not avaitable

sbe w2 4.5 128 9s Not available
F AL L6 weld filler” 42 120 106 198 % W08 (AR5 15

CAIS] A0S, KM

<« Ref. Bo.
+ Ref. 87,

HSaurer

LN

clement sivsis, coincident grid points were in-
stalled gt the chamler region, Continuous connec-
it v aded for i the 3-in. plate, while con-

decinaty anthe S was imterrupted throughout o

T (approsimately 6,82 in0).
Analvas of the S-in-plate deflection data in-
ates normal to the ap-
proaching fault front is approvimately 25880 psi,
neclecting hending, Assuming an infinite plate with

‘bt the stress field

a finite crack.

25NN0 V6,827 pai Vi

K, = (10)

Buset an the basceline analysis reported K¢
value tor 1316 weld Nller (AFe = 9.2) a1 4.5°K ol 93
ksi y 16 o comparison of caleulated and critical
stress intensity vafues indicates that this fault would
continte to propagate under static loading until a
lower siress 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 v/in. Based un this data,
the assumed Fault would not propagite under static
loading but 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 instatled in the model
along the entire 0.5-in. plate “L™ section. It was
assumed that the transition from 0.5-in. 1o 1.0-in.
jucket 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 at the plane in question.
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Evaluation of the finite element analysis results
indicates that the peak tension stress normal 1o the
asstumed fuault occurs at the bottom of the “L™ see-
tion where the stress is 40,200 psi. This stress resuits
in a4 Mode T stress intensity of:

Ki = 50 ksi Vin,

Because this stress intensily is less than the
predicted K¢ for the 316 plate malterial, this fault
would not propagate statically. The fault would
propagate to failure under cyelic loading. But, the
analysis indicates that a total failure of the jacket
plate would have litde effect on the overall struc-
tural case stresses.

Fault number 3 is illustrated in Fig. 89. For the
analysis of this fault, the finite clement model wus
modified by installing coincident grid points along
the intercoil member fault corner. The plate connec-
tvity was altered so there could be no load transfer
hetween the botlom and side plate locully 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 [ fracture, The primary concern was the
precipitation of an instability failure in the large
plates. However, an updated stability analysis of the
intercoil plates with revised boundary conditions to
simulate the cracked weld predieted buckling failure
stresses in excess of the peak intercoil stresses.
Based on this analysis, there were no significant ef-
feets due to the assumed fuault,
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Selection rationale
®Weld joint
— Complex unbatanced weld-on-weld joint
— Heat sink gradient
e 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
— Pringipal stresses in the 5-in.plate
approach 80 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

Joint geometry
—

2.0-in. plate—__|

-

Coil
extension

structure i

2.0-in. plate \J\

2

Sym of
minor
radius

1.0-in. plate~"\

2.0-in. plate

N

Intercoil
structure

in. plate

Conductor
pack

Fault
(¢=6.82-in.)

s
20°

3.0-in. plate

FIG. 87.  Fault No. 1: minor radivs intermediate 3- to S-in. plate intersection in the chamfer region at the centerline of symmetry.



Selection rationale
eWeld 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

Joint geometry

5.0-in. plate\ N

1.0-in. plate

3.0-in. plate\‘,

5.0-in. plate

~Section plane at
major-to-minor

> / radius transition

/1.0-|n. plate

I —————Conductor
pack

|—3.0-in. plate

[ ——Vacuum
guard

FIG. 88, Fault No. 2: conductor pack jacket close-out weld in the major-to-mnor radius transition.
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¢ Sym coil no. 2 /

minor radius .’

Coil Ve
extension
Selection rationale \Jtructure Fault {€= 43.75in.)
s t in.
oWeld o
joint o 4.0-in. plate 2.0-in. p'ate
- Joint geometry - no significant effect wedge ”
@ Stress -~ r
— Compressive only
sConcern t

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

//'

Sym coil no. 1
major radius

N

Joint geometry

FIG. 89. Fault N, 3: intercoil member shear transfer weld, bottom closure plate to side plate corner weld.



Fault number 4. whick is shown in Fig, 90, was
#umed o extend from the minor radius center line
N

of symmetin through i 20° are (half length = 6,82
.k Coincdent pnd points were installed in the

miselize model along existing fault lire grid points.
Continuity of the 3- o 3-in-plate joint was in-
terrupied by redetining existing CQUAD element
eid pomt connectiatize,

Deflecnton data near the approaching Tault
tront was extracted from the compater output for
use 1 g Mode Tiracture anaiysis, From this deflee-
tron data the local pliste membrane stress was det =
mined 1o be approvmatels 5,067 psi. From
plistic nechanies theors for aninfinite plate w
finite cented cerack,

K = 5667, 5827 = 26.23ksi/in. (n

This stress indicates that although this crack is not
catastrophic, it will continue to propagate under
covehie loading until failure or o crack arrest
mechanism is eincountered.

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

The finite clement results indicated a sigmificant in-
crease in stresses approached 993000 psic At this
stress level, the stress mtensity for i 3-in. edge crack
nan infinite plate is

Ky = 122X 99300237 = MOksivin,  (12)
This Ky reflects o catastrophie Fndure when com-
pared to the critical stress intensities for 3C4LN and
3161 welds,

CONCLUSIONS

Results of this study are summarized in
Table 21, Of the live conditions analvzed, one is
considered to have structurally catastrophic effects;
catastrophic meaning these faults wonld be reflected
by sudden and violent changes in the geometry of
the structure. The fault considered structurally
catastrophic (Mode T analysis) was Fault No. 8 (the
3- 1o 3-in. transition butt weld joint at the major-to-
minor radivus trisition on the conductor case top
plate).

Fault number 4, the 3-in-plite 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 23.  Casc fault analysis summary.
Fault Fault description Calculated Discussion
1 Minos sadius intermediate 3- to 5-in.-plate interscetion 120 ksi \in. Ky equals Kpc. Fault will be sclf propagating.

in the chamfer region at the center line of symntetry

2 Conductor pack jacket close-out weld in the major-to-
minor radius transition
3 Intercoil member shear transfer weld, botiom closure

plate to side plate corner weld
3 3-in.-plate cluse-out weld at the center line of symmetsy

in the minor cadius at the bottom of the 9 section

5 3- to 5-in.-transition butt weld joint at the major to minor
rudius teansition on the conductor case te: plate

Catastrophic failure assumed.®
S0 ksi /I, Ky luwer than Kyc. Fault will propagate under
cyclic loading. Overall system integrity not
significamly affected.

M.S. = 117 M.S. d i p yield
allowable of 120 ksi.

26 ksi v n Kj lower than Kyc. Fault will propagate under

cyclic loading.

441 ksi \/in, Ky higher than Kyg. Fault will be self-

propagating. Catastrophic failure assumed.

3Upduted fract.zc mechanics data (Kjc = 140 ksi \/in.) indicates that thi fault is not initially catastrophic. However, it will propagate

quickly under cyclic load to the failure point,
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Selection rationale
®Weid joint
- Close-out weld; increases weld
inspection difficulty
® Joint yzometry
— 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

. :.'.'{ . -.:_1‘-"‘

\ .

T .
i\ -
== 1

i =7
\ \ A " .
N .

Joint geometry i'\\ ““ j .

Coil
extension
structure

2.0-in. plate ~__|

/Vacuum
guard

2.04n. Dlate\

Conductor
(ﬁ i ) pack
Sym N i 3.0-in. plate
minor ‘»/’_"
radius 7
1.0-in. plate ’
Intercoil
structure 20°
\\ 5.0-in. plate ;
2.0-in. plate Q\J .
Fault /
{(¢=6.82in.)

FIG. 90.  Fault No. 4: 3-in. plate close-out weld at the centerline of symmetry in the minor radius at the bottom of the 9 section.



Selection rationale
®Weld joint
— One sided butt joint {unbalanced)
— Weld bead reinforcement (K+)
— 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.
eConcern
— 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 (= 23.50-in)

5.0-in plate\

a——3.0-in plate

structure

Coil extension/ }

3.0-in plate

\\'\
N

\Case ctiffener

L 3.0-ir plate

~—_

{Rotated 180°, for clarity)

\ \

Joint geometry

FIG. 91.  Fault No. 5: major-to-minor radius transition, 3-in. to 5-in. butt-weld joint on the conductor case top plate.



potentially catastrophic: i.e., the calculated stress
intensity lactors are lower than the critical stress in-
tensity factor but under cvelic loading this fault will
continue 1o propagate until repaired or a suitable
crack arrest mechanism is cncountered.

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

potentially catastrophic. ¢ven with upduted NBS
fracture toughness data. At the calculated K of 120
ksi V/in.. the stress intensity is less than the K¢ of
140 ksi vin. measured for the 3161 weld. This in-
dicates tha. the fault would not fail immcdiately but
would continue to grow under cyelic load until
failure.
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SECTION 11
STRUCTURAL METALLURGY

INTRODUCTION

Following the Bascball 11 magnet experience
Nitronic 40 was first selected for the MFTF magnet
structure. However, plate of sufficient size was un-
available, and welding across major siress 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 Nitronic 40 buse metal precluded
design stresses above 80 ksi, it was decided o aban-
don the this approich and use a tougher and less ex-
pensive austenitic stainless steel, 304 LN, with a
ferrite-free 316L weld metal. In this scction 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 {/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 (=180 ksi) and moderate fracture-
toughness (75 ksi Vin.) at 4 K (Refs. 87-90). The
filler metals selected for evaluation were a modified
Nitronic 40, with nominal composition Fe-20%Cr-
T%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 jeining both stain-
less steels and nickel-base alloys (Ref. 91). Welding
processes evaluated were shielded-metal arc (SMA),
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.
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MODIFIED NITRONIC-40
FILLER METAL

Details of welding are presented in Ref. 92 and
summarized in Table 22 of this report [see informa-
tion 1abulated for welds No. I (GMA) and No. 2
(GTA)]. Weld-metal chemical compositions were
typical for this material (Table 23), Weld-metal
Charpy V-notch impact tests performed at 77K
were used as a screening 100l to avoid extensive and
expensive 4 K testing of many specimens. Results of
77 K charpy impact tests are presented in Table 24.
Average energy absorption values were 17.5 fi-Ib for
the GTA weld and 27.0 fi-1b for the GMA weld, as
compared with typical annealed-base metal values
of 60-70 ft-Ib at 77 K (Ref. 30). 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
mechanizal-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-20 plate, heavily-
restrained by welding the free edges of the plates Lo
a 4 to 6-in.-thick sieel plate, to simulate the high
degree of restraint that would be imposed on weld-
ments in the actual case structure. Chemizal 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.
Electrode
Weld Flux or Diam Weld joint Base
No. Process shielding gas Filler (in.) Supplier Heat No. Lot No. Type Origin Position metal
1 Gas-metal arc Argon + 2% O3 Nitronic 40 0.030 Armco 91520 Double-V LLNL Flat Nitronic 40
2 Gas-tungsten arc Helium Nitronic 40 0.030 Armeo 91520 Double-V LLNL Flat Nitronic 40
3 Shiclded-mcal arc Alloy 625 5/32 Inco Butt LLNL Fiat Nitronic 40
4 Gas-tungsten arc Helium Alloy 625 1/8 Inco NX 8511 Butt LLNL Flat Nitronic 40
5 Gas-metal arc Argon + 2% O3 Alloy 625 1/16 Inco NX 7478 Butt LLNL Flat Nitronic 40
6 Sebmerged acc Arcos N82 Alloy 625 t/16 Inco NX 7478 Butt LLNL Flat Nitronic 40
8 Gas-metal arc Argon + 2% O3  316L i/16 Unibraze 1F2-9201047 Butt LLNL Flat 304 LN
9 Sebmerged 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 Fiat 304 LN
11 Electroslag Arcos N82 Alloy 625 1/16 Inco NX 7990 Butt LLNL Vertical 34 L
12 Electrosiag Arcos N82 316L 3/32 Unibraze 1F2-8311246 Butt LLNL Vertical 304 L
3 Electrosiag Arcos N82 316 3/32 Unibraze 1F2-8311246 Buet LLNL Vertical 304 LN
17 Pulsed gas-metal arc  75% He/25% Ar 2RM69 1/16 Sandvik 743802 Double-v CBI-Hstn Vertical 304 LN
20 Pulsed gas-metal arc  75% He/25% Ar 316L B.045 Double- FMC San Jose Flat 304 LN
21 Electrosiag Hobart PT203 31sL 3/32 McKay 04634 31821 Bute FMC San Jose Vertical 304 LN
TABLE 23. Chemical composition of welds made in the multiprocess study (wt%).
Weld
Ne. Process C Mn Si S P Cr Ni Mo Ti Cb+1i N2 Other
1 Gas-metal arc 0.037 9.52 0.14 0.007 0.2 1993 117
2 Gas-tungsten are 0.037 9.52 0.4 0.007 0.012 1993 747
3 Shielded-metal arc 0.046 0.25 0.58 2148 Bal. 8.85 0.06 3.60 0.05 AL:0.04, Fe:3.06
4 Gas-tungsten arc 0.05 0.09 0.28 0.002 0.010 22.13 61.68 8.87 0.22 33 0.08 5;060;)81. Fe:3.06,
’ ARO
5 Gas-metal are 0.02 0.24 014 0.004 0012 21.90 60.34 9.56 0.27 R 0.04 Fei3.91, Al:0.21
[ Submerged arc 0.02 0.24 Q.14 0.004 0.012 2190 60 M 9.56 0.27 Ay 008 B:0.001
11 Electroslag 0.05 [1X)] 0.30 20.90 48.40 6.80 0.15 L0 0.08 AL:0.15, Fe:19.50
12 Electrostag 0.030 L 0.48 1R.70 12.70 210
13 Electroslag 0.ms 4.6{ 0.17 0.007 [IRUI1) 24.76 4B 2,14
17 Pulsed gas-metal arc
20 Pulsed gas-metal are




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

Ferrite numher

Energy absorbed

Lateral expansion

w
N:‘.d Pracess Vender LLL Avcrage i 1b Range, ft-1b Averagell, mils? Range, _m'llsh
1 Gas-metal arc 4.5 17.5 16,5 - 185 6.0 4.0 - 8.0
2 Gas-fungsten arc 27.7 24.5 - 31.0 125 120 - 13.0
3 Shiclded-metal arc 37.0 37.0 - 37.0 312 29.5- 328
3 Gas-tungsten arc 45.3 43.0 - 46.0 414 36.7 - 468
5 Gas-metal arc
6 Submerged arc 70.6 19.5 - 21.5 18.9 12.8 - 24.6
8 Gaos-metal arc 55 26.8 23.1 - 30.0 195 16.6 - 234
9 Submerged arc 5. 269 215 - 310 13.9 10.8 - 18.4
10 Flux-tored arc 130 [EX 78 - 179 83 46 - 116
u Electroslag 88.0 710 - 1110 573 51.9 - 66.4
12 Electroslag 95.4 #0.2 - 1105 752 636 - 75.4
13 Electroslag 103.0 95.0 - 111.0 50.8 44.0 - 57.8
17 Pulsed pas-metal arc 0 68.2 63.0 - 79.0 55.0 49.0 - 63.0

20 Pulscd gas-metal arc 359 3r9-425 221 5.0 - 28.6
21 Elcctrostag 50 349 28.0 - 415 30.4 24.2 - 380

3 Average of 3 to 5 specimens.
Bt mil = 0.001 in.

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

Ultimate Yietd Reduction
Weld strength, strength, Elongation, in arca, I(Q.f__
No. Process ksi ksi % % ksi v/in.
3 Shielded-metal arc 183.0b 127.0 30.7 25.0 122.8
4 Gas-tungsten arc 1733 138.0 13.0 15.0 1213
5 Gas-metal arc 157.7% 1210 07 267 1368
9 Submerged arc 157.9% 97.2 60.0 39.0 101.0
11 Electroslug 0710 82.6 1.0 140
12 Edectroslag 204.1° 74.7 399 262 146,0
13 Electrosiag 200.1¢ 65.1
20 Pulsed gas-metal arc 200" 118.3 480 385
21 Electrosiag 170.1 96.2 350 204
193.7° 85,8 35.0 279
183,54 75.6 .5 264
K isan i vative, of fract due to inad pecil hickness or improper test proced

"L—Lugitulln , parallel to weld axis.
SLT -Long transverse, across weld axis.
SSTShort tramsverse, 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 Fracture-touphricss

tensile vield £l Red phnes

strength, strength, in 1im, in area, Longitudinal 2 Transverse,
psi ksi % % Ko Ksi /7.
245 198 22 35 138 15
251 195 26 0 130 136
245 196 20 25 131 132

Average  247.0 196.3 227 300 133.0 1310

’KQ is a nonconscrvative value of fracture-toughness, i.c. KQ > K| the minimum-value or **planc-strain [racture-toughness,*” coused hy

the specimen thickness of 0.5 in. heing less than that required to ensure

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 [ailed at a
bend angle of about 30°. Both microscopic ex-
amination and chemical analysis of the failed GMA
bend-test specimens failed to reveal uany cause for
this poor performance. Post-weld heat-treatment
(PWHT) of another GMA bend specimen at
2150°F for 1h, 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
weldments consisted of 77 K Charpy V-notch im-
pact tests (Tuble 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 botiom of the weld
nictal. Average Charpy V-notch test energy absorp-
tion values were 37 fi-ib for the SMA weld, 45.3 fi-
1b for the GTA weld, and 20.6 {t-Ib for the SA weld.

ditions at the k-tip during testing.
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of planc-steai

While below the 60 [t-1b value for unwelded
Nitronic 40 (Ref. 90). resuits llor the SMA and GTA
welds represented a distinct improvement over 77 K
Charpy V-notch test energy-absorption values
shown by the modified Nitronic 40 aeld metal
(Table 24).

Tensile test results at 4 K of the Alloy 623 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 22.7%.
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 sumimarized 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 v/in. 122.8 ksi vin.. 121.3 ksi
Vin.. and 136.0 ksi Vin.. respectively. further ex-
amination of the test specimens and test records
give rise to serious doubts ubout the validity of these
values for the reasons presented below:

1. 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 \/in.), ex-
amination of the fracture-toughness test methods



TABLE 27. Comparison of minimum fracture-
toupghness specimen thickness required to achieve
plane-strain test conditions in Inconcl 625 weld
metal.?

Weld Kb s 3 Begter  Breass
process ksi vin. kst in. in.
LAY EY 1”3 127 2,35 0.5
GTA 121 138 1.92 0.5
GMA 136 121 KAL) ©s
Bas> metal 132 196 L13 (%3

AFrom ASTV E 299-74, 2B > 2.5 (K/ny)z, where 2,8 are the
width and thickness of the fract ¥ peci K the

measured value of stress intensity at fracture, and oy the yield

strength.
h-\wranc values used in calculations.

indicated that the values determined are noncon-
servative and use of these values for design wauld
result in over-estimation of these weld metals’
resistance to brittle fracture. Thesc nonconservative
results were obtained because the size of the
fracture-toughness samples used were too small
(Table 27 and Ref. 95) 1o 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
greal cnough to constrain plastic Mlow (yielding) in
the plane of a crack or other defect, K = K. For
other thun conservative or plane strain conditions,
K = Kq > Kjc. What had been determined for the

/—Plane-stress conditions

Plane-strain conditions

Fracture toughness (K) —

Specim=n thickness (B)

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

Load {p} -

Type Il

Type | Type H

(o] (o]

Displacement {V) —

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

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

2. In addition to thc 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.
Refersing to this figure, either Type | or Type 2
behavior is representative of acceptable service-
behavior, i.e.. propagation of a preexisting flaw re-
quires increasing load. However, Type 3 behavior.,
where once a [law begins to 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 metai
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
matech 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



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 devclopment 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 MFTT magnet proj-
ect engincer for implementation.

By using as a guide the principle of selecting a
base metal:weld 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 v/in., the
fotlowing preliminary recommecndations were
proposed:

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

Type 316LN base metal :316L weld metal.
Welds should be made by the GMA 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 40:1n-
conel 625 approach. The need for resolution of the
one open issue, optimization of weld-metal com-
position 10 prevent weld-metal microlissuring 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 PASE 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 316L stainless
steel weld metal, Evaluation of a variety of
processes was neeessary 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 1ask 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 to weld MFTF magnet case assuming 20,000 1b of weld metal deposited.

Shielded- Gas- § Electrosiag
Weld metal metal metal Flux Submerged

deposition data arc arc core arc (Note a) (Note b)
Deposition data

100% arc time, Ih/h 25 9.0 13.0 14.5 15.0 40.0

Est. arc time, % 20.0 300 40.0 50.0 95.0 95.0

Actual deposition rate, ib/h 0.5 2.7 520 7.25 14.25 380
Welding time

Total hours to weld 40,000 7.407.4 3,846.2 2,758.0 14035 526.3

No. man-howrs required® 240 4.4 231 16.6 8.4 a1

No. man-months required® 20 3.70 192 1.38 0.7 0.26

#Per measured 1ab rate using a 480-A power supply (max). Not sufficient.

by timinable with power supply of adequate capacity.

Values hased on availsble man-hr/yr = (8 h/d}(5 d/wk)(5 wk/yr) = 2000 man-he/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 metai should
difficulties arise with the weld metal deposited by
type E316L-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 316L weld metal in the form ap-
propriale 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 magaet case, CBI, supplied a GMA
weld using a ferrite-free filler, 2RM69, for evalua-
tion by LLNL. Al}l 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,
316L, 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% O3 in
the shielding gas. Oxygen is added to the argon
shielding gas 1o lower the surface tension of the
molten stainless steel weld metal and promote flow
of the moltcn metal to the edge of the weld joint,
thus ensuring complete wetting along the entire
weld-metal-to-base-metal interface (Ref. 96). As
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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-Q; gas mixtures,
from further consideration.

Intergranular cracks of lengths insufficient to
constitute failure according to Section I of the
ASME Boiler and Pressure Vessel Code were scen
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.
Deitails of evaluation of this weld conducted by both
LLNL and CB! (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-notch im-
pact tests, followed by 4 K tensile and fractitre-
toughness testing of selected welds. Results are
presented in Tables 24 and 25 and discussed bzlow.

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. Using average
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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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
lracture-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 us
the primary candidate for labrication ol the magnet
case. Most of the data from Refs, 101 and 102 was
generated aflter 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 ol 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 CB! corporate welding laboratory, using
E316L-15 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
strongback (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 inciuded 77 K Charpy V-notch impact tests of
most welds, followed by 4 K tensile, fracture-
toughness, und 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-15 electrodes.

Weld Diam. Efectrode Weld joint Ferrite No, by
No. {in.) Supplier Heat No. Lot Ne. Type Origin Position Vendor LLNL
? 5/32 McKay 02146 2161376 Butt LLNL Flat Lo
4 3/16 McKay 21333 3186938 Butt LLNL Flat 1.0
16 3/16 Arcos T-12150-2 Flat LLNL Flat (1} (1}
18 5/32 & McKay 386022 30R6644 Butt CB1-Hsin Vert. (1}
1/8
19 1/4 McKay N/A 0631401 Butt LLNL Flat
2 §/32 & McKay N/A N/A Butt CBI-Hstn  Flat
3/16
23 1/4 Arcos T-12150-2 Butt CBI-Hstn  Flat
24 18 McKay 386022 3086683 Butt CBI-Hstn  Vert. 0.5
28 5/32 McKay 02146 2161376 Dble-V LLNL Vert. [}
29 £/32 McKay 16329 3178554 Dble-V LLNL Vert, L]
3 5/32 McKay 586108 2397723 Butt LLNL Flat 0
3s 5/32 McKay 586108 2397723 Dhble-v LLNL Vert. (1}
38 5/32 McKay 586108 2397723 Butt CBI-Hstn  Vert. (1}

N/A—Data not avalable.
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TABLE 30. Chemical comp
trodes (wt%).2

itions of shielded metal-arc welds made in type 304LN using type E316L-15 elec~

Wel

No. C Mn Si S P Cr Ni Meo Ti Ch+Ta Cu N2 v
14 0.030 1.65 0.35 18.0 132 225
16 0.033 244 036 0007 0032 1820 1381 2.4 0.056

0.033 2.54 033 0010 0035 1807 1381 223 0.061

13 0,023 2 030 0014 0022 1832 1322 229 0.05 002 018 0.45
23 0.033 2.4 036 0007 0032 1820 1381 2.14 0.056
24 0.025 1.94 028 0012 0021 1780 13.00 2.22 0.06 002 022 0.042
28 0.030 L64 035 8.0 132 225
29 0.030 165 0.35 180 13.2 225
3 0.036 .18 022 0012 0018 17.84 1358 2.10 002 028 0.084
as 0.036 218 022 0012 0018 1358 1358 2.10 0052 002 028 0.084
38 0.036 .18 022 0012 0018 1358 1358 2.10 0052 002 028 0.084

25 determined on undifuted weld pads deposited in flat position.

of the individual weld metals is independent of both
supplier and weld position and falis 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 (0.005-0.030-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
maguet 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 4K
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.
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TABLE 31.  Charpy V-notch impact performance at 77 K of shielied-metal arc welds in type 304LN plate nsing
type E316L-15 electrodes.

Energy absorbed Lateral expansion

Weld Ne. Average, ft-Ib* Range, ft-1b Average, mils?:b Range, mils
7 41.7 32,0 to 60.0 378 20.8 to 37.2
[t} 33.8 29.5 to 8.0 nn 18.5 to 54.0
16 394 3.0 o 420 260 24.0 ta 285
i8 4.7 340 to 530 .5 24.0 to 0.0
i2 37.6 2740 to 8.0 296 28,0 10 35.0
24 9.3 35.0 to 454 30.2 26.0 ta J1.0
34 4.5 9.8 to 41.2 29.0 27,0 to 310
35 40.5 9.8 to 41.2 2940 270 to 310
as 46.6 39.0 to S6.0 30.0 28.0 to 30,0

2Average of 3 to 5 specimens.
) mit = 0.001 in.

/

/

TABLE 32. 4 K tensile propertics of shielded-metal arc welds made in type 304LN plate using type 1(23161.45
electrodes.

4 K tensile properties

‘ Ultimate  Yield Elong.  Reduction Occurrence/ N
Weld Spec. strength,  strength, 1in,, fn area, extent of Micro- M
No. orient.? ksi ksi % % I\'l(‘h microfissures  structure Vendor LLL
7 L 178.2 108.0 1320 Austenite 1
Ferrite
4 LT 1894 1822 26.0 25.7 Austenite 1
L 176.4 119.4 250 250 Few Ferrite
ST 176.2 1170 4490 274
i6 L 1535 1111 180 215
ST 187.4 125.7 44.0 35 146.0 Some Austenite 0 0
18 L 159.4 123.8 5.4 6.4 170 Many Austenite 1] 1]
22 L 183.2 1120 364 28.1 183.0 Some Austenite
3 L 163.6 130.7 10,0 10,9
LT 180.7 1285 160 14.5 08
ST 171.4 1235 320 243
28 L 168.7 1119 145 16.2 Some Austenite 0
2 L 184.2 1453 9.5 10.8 Some Austenite 1 ¢
35 L 188.3 1HL3 19.0 17.6 )
*Speci i relative 1o lime of weld.

L—Lengitudinal, paraliel to weld axis.

LT—Long trassverse, actoss weld axis.

ST--Shert transverse, through weld thickness.
B ctermines by elastic-plastic J-integral test,
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FIG. 98. Microfissure (a) in SMA weld No. 18, A
vertical weld made with Kryokay electrodes, mag-
nified 100 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 Table 33. Evaluation of these weld-metals was
confined to a limi‘ed number of chemical analyses
(Table 34), 77 K Charpy V-notch impact tests
(Tuble 35), and 4 K tensile tests and metaliographic
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 316L. 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 oblained for ARCOS commercial product
(Tuble 31 und 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
tested 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-

1m

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.

capable of strain hardening to relicve 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 propertiesis 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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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, Liguid-helium fatigue crack growth behavior of the type 316L weld metals deposited by the shielded-

metal arc process using a -15 coating.
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TABLE 33. Shielded-metal-arc welds in type 304LN base metal using other than type E316L-15 electrodes.

Electrode
Weld Filler Diam. Weld joint Fesrite No.
No. meial (in.} Supplier Heat No.  Lnt No. Type Origin Position  Vendor  LLNL
15 161 . 3/16 McKay 386022 2197476 Butt LILNL Flat 0 (1)
25 1770 1/8 ARCOS N/A T12984 Butt CBI-Hstn Vert. [ Q
Cr-Ni
27 17/15 5/32 ARCOS  1345.40.145  TI12984 Dble-¥ LLNL Vert. 0
Cr-Ni
32 316-16 5/32 Cour.- N/A N/A Dble-Y LLNL Vert,
Indus.
33 316-16 8 Cuor.- N/A N/A Dhle-V LLNL Yert.
Indus.
36 3161-16 5/32 Nemco 83118 N/A Dble-¥ LLNL Vert.
37 Mod 3161, 5/32 ARCOS  T13243 N/A Dble-Y LLNL Vert.
26 316-16 5/32 Coor.- N/A N/A Dble-V LLNL Vert. 1.5
Indus.
30 In 625 174 Inco 1877 N/A Dble-V LLNL Vert,
3 In 625 5/32 Inco N/A N/A Dble-V LLNL Vert.

N/A—Dazte not available.

TABLE 34. Chemical compositions and ferrite levels of chielded-metal arc welds in type 304LN base metal us-
ing other than type E316L-15 electrodes (wt %).2

Weld Ferrite No.
No. ¢ Mn Si S r Cr Ni Mo T b Ta Cu Nz ¥ Vendor LLNL
25 0041 280 030 0.04 0025 1757 1585 201 0.006 006 .13 0017 0159 0 0

345 determined on undiluted weld pad deposited in flas position.

TABLE 35. Charpy V-notch impact performance at 77K of shiclded-metal arc welds in type 304N base metal
using other than tvpe E316L-15 electrodes.

Energy absorbed Lateral expansion
Weld No. Average, fe-1b® Range, ft-Ib Average, mils**® Range. mils
25 473 45.00 to 53.0 34 22,6 to 41.5
27 46.9 41.0 to 50.0 349 31.0 to 40.0

AAverage of 3 to 5 specimens.
) mil = 0,00 in.
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TABLE 36. 4K tensile propertics and microstructural observations of shielded-metal arc welds in type 304LN

base metal using other than type E316L-15 electrodes.

4 K tensile properties

Ultimate Yield Elongation Reduction Occurrence
Weld Spec. strength, strength, 1in,, in area, and extent of Micro-
No. orient.® ksi ksi % % microfissurcs structure
15 (b) (b) (b) (b)
L 136.4 1323 1.0 19.6
25 LT 1323 1298 13.5 16.2
ST 94,2 94,2 56.0 249
27 L 175.0 146.1 125 13.7 Some Austenite
32 L 2010 1629 9.0 16.3
33 L 197.3 119.4 7.0 16,1
k) L 2020 129.7 20,0 168
37
26 L 162,1 162.1 7.0 109 Few Austenite and
30 ) (b} (b} [¢21 ferrite
31 L 188,9 132.3 27.0 24 None
Austenite

'Spcrimen oricntation relative to cemterline of weld.
L—Longitudinal, parallel to weld axis.
LT—Long transverse, across weld axis.
ST—Short through weld

Dot avaiiable or determined.

Muitiprocess 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 10 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 temative conclusions:

1. 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 time the selec-
tion was made, December 1978-January 1979. Even
though this process exhibits the lowest rate of weid-
metal deposition (Table 28), the combination of
good 4 K tensile and fracture-toughness properties
exhibited by weld No. 7, made with Teledyne-
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McKay E316L-15 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 3161 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 wus in existence
in the December 1978 to January 1979 time frume.

2. Use of Q1 additions 10 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 farmation 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, shielding gases should be
evaluated.



3. The following weld-process:filler-metal
combinations, afthough not selected for use, ex-
hibited sufficently satisfactory combinations of
mechanical propertics a1 77 K and 4 K which, when
coupled with their known improved weld metal
deposition-rates over those shown in Table 28 for
the SMA process, make them candidates for further
evaluation for “out-of-position,” i.c., other than
flat-position applications:

Shielding gas
Process Filler metal or flux
Pulsed GMA  E316L Ar or Ar-He
Elecctro-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
FCG 1wst results, type 316L stainless steel weld-
metal deposited with SMA electrodes with a jime-
titania (~13) 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 microfissures, 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:

I. Review of available literature on the effects
of mierofissures 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 both of the above efforts indicate the existence of
serious jmpairment of the fracture-toughness or
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}-CG performance of microfissure-containing 3161
weld metal.

4. Accelerated development of uftrasonic test
(UT) nondestruclive inspection methods to ensure
that the critical close-out welds in the raagnet cases
are free of Maws that are large enough to propagate
to failure of the welds under desizn conditions.

Review of the published information on
microfissures in stainless stecel weld metals
(Refs. 104-107, for example) revealed over 100 ap-
plicable refercnces on possible mechanisms of
microfissuring and how to minimize or eliminate it.
Only one (Ref. [07) was found that evaluated the ef-
fecets of microfissures on mechanical properties
from room temperature to 77 K in completely
austenilic types 316 and 310 stainless steel weld
metais deposited by the SMA process. Their conclu-
sions were that: ’

a. Microfissures 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 thun 5%. Above 5% loss in load-
bearing urea, a progressive decrease in tensile duc-
tility with increasing loss in load-bearing arca 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
microfissures than for microfissure-free deposits of
type-316 weld metal containing as much as 17%
ferrite. An estimated plane-strain fracture-
toughness value for the fully austenitic type-316
weld metal at 77 K is 150 ksi v/in., which is com-
parable to a value of 144 ksi vin. at 77K for a
similar material in which no microfissures were seen
(Ref. 101).

Specimens for 4 K fatigue testing of heavily-
microfissured type-316L weld mctal have been
machined and nondestructively examined for loca-
tion, size, and amount of defects, and are awaiting
shipment o Martin-Marietia, Denver Division, for
testing under a fatigue-spectrum representative of
anticipated case operating conditions. Also the can-
didate backup SMA welding consumables listed in



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-1oughness 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.
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EVALUATION OF SHIELDED-
METAL ARC WELD METALS
DEPOSITED BY OTHER THAN
TYPE E316L-15 ELECTRODES

The unsatisfactory 4 K tensile and microfissur-
ing 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 of candidate
backup filler metuls task previously described.
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