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ABSTRACT

FABRICATION OF AN EPOXY INSULATED MARSHALL COIL

E. E. Eaton
L. R. Ebaugh
E. P. Ehart
A. G. Fox

J. M. Dickinson

A Marshall Coil was fabricated by the LASL CMB-6 Materials
Technology Group for use in an electrical testing program to
evaluate the Marshall Coil concept. The coil is basically a hat-
shaped epoxy insulator which was electroplated with copper on all
surfaces, and a complex conductor pattern was machined out of the
copper. The brim of the coil is approximately 84 cm diameter and
the crown is 24 cm high. Other techniques for fabricating Marshall
Coils were studied, the one selected being that which was felt to
of fer the best chance of success on a one-time basis. Alternate
proposals involved (a) the potting of a freestanding copper insu--
lator array in epoxy resin, and (b) inlaying stamped copper conductor
sections in the slots of a machined epoxy insulator.
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Summary

A Marshall Coil was fabricated bv tne Los Alamos
Scientific Laboratory CMB-G Materials Technology Group
for use in an clectrical testing progran to evaluate
the Marshall Coil concept. The coil is basically a
hat-shaped epoxy insulater whicn was clectroplated
with copper on all surfaces, and a complex concuctor
paitern was machinzd out of the copger. The brim of
the cofl is approximately 84 cm diameter and the crown
is 26 c¢cm high. Other techniques for fabricating Marsh-
all Coils were studiod, the one selected being that
which was felt to ofrer the best chance of suncess on a
one-time basis. Alternate proposals involved (a) the
potting of a freestanding copper insulator array in
epoxy resin, and (b) inlaying stamped copper conductor
sections in the slots of a machined epoxy insulator.

Introduction

A program to fabricate a Marshall Coil was initi-
ated in tne Materials Technology Group at the Los Alamos
Scientific Laboratory to provide one Marshall Coil for

evaluation as a Theta Pinch Reactor Implosion Coil.]

The proposed coil can best be described as a "hat-
shaped" epoxy insulator which is clad with a copper
conductor pattern. It measured 84.1 cm on the QD of
the "brim" with a 24.5-cm-high tubular "hat" scction
which was bored to 21.6-cm diameter. HNinety 1.5-rm-
thick copper conductors were interconnected by the
copper current feed rings on the top and the bottom
perimeters of the coil brim. Each conductor may be
imagined as beginning at the current feed ring on the
tube side of the flange, rasecing radially inward and
then straight up the outside of the tube, spirallina
one-half turn to the opposite side as it passed down-
ward through the tube bore, and continuing radially
outward to the current ring cn the underside of the
flange, 180° opposite its imaginary starting point.
The conductor width diminished as it radially approach-
ed the "hat" section on both the upper and lower brim
surfaces, but remained constant on the outer and inner
hat surfaces. The ratio of conductor/non-conductor
spaces was essentially 1:1. Figure 1 illustrates the
coil before it had been overpotted with epoxy and be-
fore final machining was completed.

Proposed Fabrication Techniques

Several methods for fabricating the coil on a “one
only" basis were proposed; two of the methods were
selccted for final consideration. They were:

Aluminum Mandre!l

{a) Form an aluminum mandrel, (b) electroplate the
surface with copper, (c) machine the required conductor
pattern into the copper, (d) dissolve out the aluminum
mandrel, (e) and pot the resulting copper "basket" in
epoxy.

Epoxy Mandrel
{a) Cast an epoxy mandrel, (b) machine it to size,

(c) electroplate the surfaces with copper, (d) machine
the required conductor pattern into the copper, (e) and
over-pot a portion of the conductor with cpoxy.

Fia. 1. Marshall Coil Refora Qverpotting

And Final Machining.

Evaluation of Proposed Fabrication Techniques

The aluminum mandrel technique utilized conventional
fabrication technology; the only real problem visualized
was in the handliny and positioning of the conductor
"basket" in an epoxy casting mold. This was considered
to be a potrntially serious problem, however, as the
stability of the copper "basket" once it was released
from * e aluminum mandrel was an unknown.

The success of the epoxy mandrel technique depended
primarily upon the adhesion of the copper electroplating
to the epoxy mandrel. Adhesion would have to be suffi-
clent to permit machining of the conductor pattern into
the copper without separation of the two. A test sam-
ple plate of copper-plated epoxy was fabricated and
several 2.3-mm-wide slots were machined into it with 2.3-
mm-wide copper conductor strips between each slot.
Proper fixturing, cooling, and care was requircd during
machining Lbut it was found that slots could be cut with-
out serious 1oss of adhesion. From this observation a
decision was made to use the epoxy mandrel technique to
fabricate the Marshall Coil.

Mandrel Fabrication

A mandrel machine hlank was cast from epoxy in an
aluminum mold (Fig. ). The epoxy formulation was:



Fiqg. 2. Cast Epoxy Insulator Machine Blank

Material Parts by Wt.
Epon 8282 75
Epon 8717 25
Diethanolamine 10

The material was heat cured at 75°C for 16 hours.
The blank was then machined to size in preparation for
electroplating.

The coil design called for 3.9-mm thick x 152~mm
wide circumferential slots in the epoxy insulator at
the perimeter immediatelv adjacent to the copper con-
ductors on both the top and bottom surfaces of the coil
"brim". The purpose of these slots was to increase the
electrical path length vetween the top and bottom con-
ductors. When the coil was placed in service the cavi-
ties formed by the slots would Le filled with polyvethy-
lene insulators. Formation of the slots was accomplish-
ed by adhesive bonding polyvstyrene rings of the same
size as the siots to the epoxy mandrel prior to electro-
plating. They were to be dissolved out after all of
the machining operations on the coil were tinished.
Figure 3 shows the polystyrene rinqs in place on the
epoxy insulator.

Electroplating

The machined epoxy mandrel with palystyrene rings
adhesive bonded to both sides of the “"brim" was sand-
blasted and delivered to the Group CMB-6 Lloctro-
chemistry/Coatinas Section, There a 12.7-mm-wide cooper
strip was fastened around the circurference of the in-
sulator to serve as a means of Ssupporting it in the
baths and to make electrical contactl, The "Shipley
Cuposit" process was used to form a platcable surface.

r

Fig. 3. Machined Epoxy Insulator With Polystyrene Rings

Bonded to Surfaces.

A copper strike was ihen put on the insulator using a
copper cyanide bath (23 gm/liter CuCN. 46 gm/11iter KCN,
20 gm/liter K2603).

Four conforming copper clectrodes were cast and
two thicknesses of polypropylene cloth vere sewn around
them to prevent contamination of the bath by insoluble
inclusions from the copper anodes. The outer regions
of the epoxy "brim" which were not to be platcd were
masked, the four copper anodes were assembled on the
insulator, and it was plated in 7n acid copper bath
(20C gm/liter CuSO4 to 78.75 gm/Viter H2504) at room

temperature and 29 ampslcmz.
ready for plating.

Figure 4 shows the coil

Solution flow patterns developed during plating
because of the large size of the nart in relation to the
plating tank size. The part was plated to a thickness
of 2.0 mm and then macnined smooth and replated. This
process was ropeated several times until the necessary
thickness of copper was achicved.

Machining

Machining of the electroplated copper cladding to
proper thickness and subsequent slotting to form the Y0
conductor strips required proper fixturing, some
special tools, and constant care. However, all of the
work involved standard machining technolougy.



Fig. 4. Epoxy Insulator With Plating Anodes.
(with polypropylent cloth removed to

expose anodes)

A1) of the electroplated copper surfaces were first
machined to proper thickness using a tracer ona 1.4 m
swing lathe. Some problems were encountered. Adhesion
of the copper to the epoxy was marginal and it was dif-
ficult to maintain firm clamping on some arcas as they
were machined. As a result. about two thirds of the
copper on the "brim" area opposite the tubular "hat"
section released from the cpoxy insulator. The "brim"
was again clamped down snugly and the surface machining
operations were completed.

The exterior slots on both sides of the "brim" and
on the “hat" were machined into the copper with an end
mill on a horizontal boring mill. Multiple cuts were
required to form the Y0 slots between conductors on
both sides of the coil "brin". No serious loss of ad-

hesion was experienced Lut care was taken to clamp the
copper arca as it was being machined.

The slots between conducturs on the inside of the
bore were also cut with an end mill, this time on a 90°
arm on a standard milling machine. A low lead was
used to obtain tae spiral down the bore. Some of tne
conductor strips released from the epoxy insulator dur-
irg this operation but no serious problems resulted.
Figure 5 shows the Marshall Coil during some of tne
machining opecrations.

Fig. 5. Marshall Coil During Machining.
(Top) Slotting The Inside Bore

(Bottom) Set-up for Slotting Exterior Surfaces.

Overpotting

After the machining operaticns were completed the
coil was scrubbed with warm water and detergent. A
"Jet-X" car wash spraycr was also utilized to dislodge
dirt and grease particles, particularly veneath the
copper that had come loose during machining. After
thorougn drying, the loose copper on the underside of
the "brim" was rcbonded to the cpoxy insulator with an



epoxy adiiesive. The coror urfoces wire cleaned vith mold. A reom tesmerature cure cpoxy resin syt iem was

Brilio pads ard stcel wust Lo riaove onide agou ala- sclected solely Lezause there was concern thec the
tions. Figure v is a clase-up view of tic machined application of heat to tne coil miaht cause separation
conductors and yrooves. of the copper conductor strins from the cpoxy insula-

tor by differential expansion. There viere disadvan-
tages to the room temrcrature cure system also. Its
higher viscosity would extend the mold filling time
while the pot life was relatively short. It would
also be more apt to cntrap air.

The system selected was Epon 315 resin (70 parts
by weight) cured with Versamid 140 (30 rarts by weignt).
This offered a fair compromise relative to viscosity
and pot life. Vacuum assist was used to speed the
mola filling and a vibrator was utilized to minimize
air entrapment. Complete mold fillina was accomplish-
ed, but there were several small air voids entrapped
in the casting. They were later repaired by drilling
them out and refilling the voids from a hypodermic
syringe.

Completion of Coil

Two operations remained to complete the Marshall
Coil: (1) dissolution of the polystyrcne rings and
(2) machining of the epoxy insulator perimeter to
final size.

To dissolve out the polystyrane rings, the coil
“brim" was irmersed in xylene sclvent in a suitable
metal tank. Agitation was provided by two stirrer
paddles driven by air motors. Several days were
required for compiete dissclution of the rings and tne
solvent was replaced with fresh material as needed.
There was no visible damage to the epoxy insulator or
the copper/epoxy bond. Fiqure 7 snows the coil in the
dissalution tank. Three views of the completed coil
are shown in Fig. 8.

Fig. 6. Close-up Views of tachined Grooves on
Marshall Coil "brim" and Inside the Core.

In preparation for overpotting ihe interior and
exterior of the "hat" section and ali of tue “"brim"
area extending radially inward from the polystyrene
rings, all of the radial slots on woth sides of Lhe
coil rim vere filled with polyurcthane scalant from
the point at which cpoxy overpotting was to end. This
was to prevent epoay resin from running over the poly-
styrene rings wnich lay directly beneatn that portion
of the slots. If these slots had fillec with cpoxy
during overpotting, the nolystyrene rinags would no
longer have been exposed and considerable difficulty
would have been experienced in subseuuently dissolving
out the polystvrene rings. In addition, @ ovad of
polyurethane scalant was run circumferentially around
each side of the coil in tne areas wiere the mold was Fig. 7. Dissoluion of Polystyrene Rings
to shut of f the epoxy flow. This was also to insure
that epoxy would not leak out over the slot areas
covering the polystyrene rings.

The same castina mnld vhich was used for casting
the epoxy insulator macaine blank was also used for
overpottine the coil. Scoe moditications were re-
quired, including the addition of a lid and o-ring
seals so vacuum assist coulu be uscd in filling the



Fig. 8. Completed Marshall Cofl

Other Fabrication Techniques

The techniques used for fabrication of this Mar-
shall Coil, thcugh quite cuccessful, are not well
suited to the production of several coils. A prooosal
;o; fabricating coils on a production basis 1s outlined

elow:

(1) Injection mold or compression mold plastic
insulator mandrels with the conductor pattern
grooved in.

(2) Stamp vut copper conductor ribbon to fit the
grooves in the insulaior.

(3) Adiesive tond the conductor ribLon into tiu
insulator grooves, and the current rings to
the insulator surface.

(4) Join the conductor ribbons to the current
rings by laser welding or crimping.

(5) Overpot or coat with epoxy.
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