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ABSTRACT

The design of the Westinghouse Magnet for the Oak Ridge National

Laboratory's Large Coil Program (LCP) incorporates a main lead bushing

which transmits heat-leak loads by conduction to the supercritical

helium stream. The bushing, which consists of epoxy resin cast about a

copper conductor, must be electrically insulated, vacuua tight and be

capable of withstanding the stresses encountered in cryogenic service.

The seal design of the bushing is especially important; leakage from

either the helium system or the external environment into the vacuum

will cause the magnet to quench. Additionally, the epoxy-resin casting

must resist mechanical loads caused by the weight of leads attached to

the bushing and thermal stresses transmitted to the epoxy via the

conductor.

The epoxy resin is cast about the conductor in such a way as to

provide the required vacuum tight seal. The technique by which this is

accomplished is reviewed. Equally important is the elimination of voids

in the epoxy which will act as stress-concentrating discontinuities

during cooling to or warming from 4K. The types of voids that could be

expected and their causes are described. The paper reviews techniques

employed to eliminate voids within the cast-resiu portion of the

bushing.



1. INTRODUCTION

The Westinghouse magnet design for the Large Coil Project (LCP)

employs a forced flow supercritical helium conductor cooling scheme.

The Westinghouse design will incorporate a bushing with heat leak loads

transmitted by conduction in the copper bus to the low temperature

supercritical helium stream. The main bushing seal which incorporates

this copper bus must be electrically insulated, vacuum tight and capable

of withstanding the thermal stresses of cooling to and warming from

cryogenic temperatures. The vacuum and mechanical integrity of the

bushing is especially important, because the bushing communicates

between the helium coolant system and the vacuum surrounding the coil

proper; failure of the epoxy casting would degrade the vacuum of the

coil, causing warnup and Lench of the magnet. Additionally, the

bushing must support mechanical loads applied by the external leads and

by thermal stresses accumulating within the coil and transmitted via the

superconducting conductor.
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2. BUSHING DESIGN REVIEW

The bushing design is an adaptation of the approach used for

sealing the lead penetrations of transformers and low and medium voltage

feedthroughs located in nuclear containments.v ' ' The insulation,

sealing and structural support are all provided by a cast epoxy resin

which compressively loads the bushing's metal and Micarta members

(Fig. 1). This cocaressive loading is the result of two additive

contributions. The first is the purposeful mismatch of the thermal

contraction of the epoxy resin to that of the stainless steel, Micarta

and copper parts. This contraction results from the cooling of the

bushing from its 125°C casting temperature to ambient. The second

contribution is obtained by adjusting the bushing geometry so that the

contraction of the epoxy is directed inward onto the embedded parts

during cure. It is necessary, because of the design of the bushing

flange, to incorporate an electrical insulator between the copper bus

and the stainless steel flange. This insulating piece, the Micarta lead

insulation, is both sealed and held in place by the collapsing epoxy

compound.
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3, BUSHING STRESSES

The main lead is subjected to stress applied via the copper

conductor and transmitted through the cast epoxy lead support to the

steel flange. These stresses are substantial and are composed of

thermal, magnetic and mechanical components that must be supported by

the cast epoxy insulation^-'. The cumula*ive effect of these forces has

been estimated to be 10.3 kPa (1500 psi) at the epoxy/copper bus

interface. The epoxy must be void free to support stresses of this

magnitude. Voids in the resin vill have undesirable electrical and

structural effects. The degree of adversity will depend on the void

size, shape arid location with respect to the resin/copper bus interface.

The presence of voids, shrink marks and surface flaws in a cast

epoxy product is often lived with, eliminated by empirical means, or

circumvented, often ingeniously, A. plausible explanation for their

existence, and therefore their remedy, has not been put forward.

Process variables, such as the degree of vacuum, are assigned as their

cause without providing an adequate mechanism to support that

assumption. A search of the available literature has not yielded

definitive work in this field. The following sections are an attempt to

provide suitable explanations and to suggest an effective method of

preventing these discontinuities.
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4. VOID TYPES AND CAUSES

A.I Grapevining

Grapevining is a void which occurs at the interface of a heaced

copper surface and a polymerizing thermosetclng resin. It is

characterized by a slender void whose length to depth ratio is in the

order to 50 to 100; e.g. typically 3.3 cm (1.5") length to 0.04 cm

(0.015") depth. It follows an irregular path which is parallel to the

axis of the metal and to the force of gravity. It is a void which is

peculiar to the casting process in which preheated copper conductors are

baing embedded and is one of the less frequently seen imperfections. It

occurs in clusters of two or more, which share the same general

origin. The grapevine is bounded one side by Che conductor, while its

width and roof are shaped by the casting compound. Its cause is

believed to be rooted in the film boiling phenomenon of the

thermosetting resin.

The elements which combine to create the resin film boiling

phenomenon are the conductor, flange material, temperature, surface

preparation, the epoxy composition and the degree of exothena at the

moment of gelation. Each of these elements will be treated in the

following discussion.

The heat capacity (the product of mass and specific heat) of

metal components can give rise to resin film boiling at their interface

with the epoxy resin by supplying most of the thermal energy required by

the process. Studies have shown^ ' that roughened metal surfaces, as

these were, have a greater surface area, and, therefore, greater heat

transfer potential than smooth surfaces. The aluminum oxide media used

to roughen the metal provide angular and jndercut pits. Highly filled

epoxy casting mixtures such as the ones used are known to display
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wetting angles on metal of 33° at 25°C. Such poor wetting is not

conducive to complete filling of a roughened surface; therefore, tha

epoiy liquid does not completely fill each angular impact crater to its

base.

The volume between the base of the impact crater and the resin

fills with vapor from the low vapor pressure components of the resin

mixture. Heat from the metal is transmitted to the liquid via

conduction and convection and, through the resin vapor phase, by

radiation. The resin temperature rises, generating more vapor, and

forces the liquid out of the impact craters and away from the metal

surface. As the volume of gas between the liquid and metal increases

the vapor starts to rise along the metal surface due to buoyancy. This

action causes the pressure of the vapor to decrease, thus encouraging

additional evaporation. At this point, the vapor can become superheated

because of the increased contribution of radiation heating of the resin

through the enlarged vapor phase. A superheated vapor will spread along

the metal-liquid interface in the form of a film that is only a few nils

thick,(5) producing the phenomenon of film boiling. The thickness of a

film of superheated vapor is consistent with the typical depth of the

grapevine void.

It is suggested that the above mechanism is concurrent with

gelation of the resin and that these two events combine to form the

grapevine. Gelation can contribute exothermic heat to sustain or give

rise to film boiling, and moreover, film boiling occurring at the moment

of gelation would explain the irregular channel taken by the void. As

the vapor rises by bouyancy along the metal/resin interface it

encounters areas which are gelled and areas which are still liquid. The

vapor would be able to displace the liquid phase only ana would have to

skirt the islands of gelled material. The void path, then, is a record

of the liquid areas which were encountered during its brief life and

accounts for its irregular track. The presence of these channels, at a

resin/metal interface threatens the quality of the seal by forming a

potential leak path.
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4.2 The Vacuole

This void is characterized by being slightly oval and having a

high gloss surface. It is always located next to a metal surface and

separated from it by a thin wall of cured resin, Fig. 2. The vacuole1s

metal companion can be an embedment or the mold wall. When first formed

the void contains a vacuum from which it derives its name.

The thermal conductivity of a filled epoxy resin is approxi-

mately 0.036 cal/cm. sec.°C compared to 0.905 cal/cm.sec.°C for copper.

This difference in thermal conductivity can contribute to vacuole

formation if the resin system exotherms during polymerization and

contains a metal component at a temperature less than the peak exotherm

temperature. The metal's ability to conduct heat at a high rate

compared to that of epoxy can be a driving force in void formation. The

rate of heat flow through the resin matrix can be the primary cause of

vacuole formation. In a hypothetical casting, containing a copper rod

at 25°C located in the center of an exothermic resin matrix preheated to

70°C, two centers of thermal significance are created: one cooler area

at the metal/resin interface resulting from heat loss to the copper, and

one hotter area located in the center of the resin mass. The former is

isolated from the rest of the casting because of the resin's low thermal

conductivity and the latter, an exothermic core, isolated for the same

reason. Polymerization occurs ir. the exotherming core at a high rate,

thus drawing liquid resin from the cooler copper/resin interface,

creating a vacuole at that location.

4 .,3 The Marooned

The marooned is a void located in the resin mass away from a

metal surface. As with the vacuole, it contains a vacuum, displays a

high gloss surface, but is elongated. Typically its width is 0.04 cm

(0.015 in.) and its length is 1.9 cm (0.75 in). Such a void is formed

by the collision of two or more advancing fronts of polymerizing resin,

each front competing for the remaining liquid resin in their collision
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plane. The remaining liquid resin available in the collision plane is

insufficient to satisfy the chemical shrinkage requirements of each

front, thus creating the marooned. A void created in this manner is

elongated rather than oval, and is perpendicular to the polymerization

fronts. This void could be expected with any thermoset or thermoplastic

selected.

Figure 3 shows a marooned believed to have been created by such

a mechanism. The figure is a photograph of a fractured cast epoxy

part. Pictured are the mating surfaces of the break which occurred in

an epoxy toroid with a 10.2 cm (4 in. sq.) cross section cast about a

7.6 cm (3 in.) outside diameter aluminum rod. The mold consisted of a

1.1 cm (0.45 in.) thick sheet of rolled steel. The marooned shown is

believed to have acted as a stress riser and caused the mechanical

failure in this cast structure.
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5 . VOID PREVENTION

5.1 The Grapevine

High resin vapor pressure at gel temperature is the primary

cause of void formation. Two preventative measures can be taken. The

first is selection of resin components with low vapor pressure and the

second, control of the heat flux available during gelation. Heat flux

can be effectively controlled by selecting materials with low heat

capacities and limiting resin exotherms.

5.2 The Vacuole and Marooned

Resin gelation originating in two or more locations is the cause

of these voids. Uncontrolled completion for liquid needed to occupy

space created by polymerization shrinkage is the result. The solution

is to orchestrate the cure such that it originates in a single location

and progresses through the casting toward the mold wall. This action

accumulates the polymerization shrinkage and deposits it between the

casting and the mold wall.

5-1



6. CONCLUSIONS

The paper postulates a thermal mechanism by which voids are

created within a thermosetting resin. Two of the void types described

are associated with a metal/resin interface and are referred to as

grapevining and vacuoles. The cause of these flaws is rooted in the

heat capacities (the product of the mass and specific heat) of the

components employed and their thermal conductivity. The third type

identified, the marooned, results from a collision between two or more

advancing fronts of solidifying resin.

Void free castings can be achieved by orchestrating the cure or

solidification of the thermosetting resin in such a way as to cause cure

to originate at one location. The cure should progress from this

originating point through the casting such that polymerization shrinkage

is directed to t_he surface of the mass. Secondly, the preheat and cure

temperature should be maintained at a point below the boiling

temperature of the casting resin components to avoid film boiling.

6-1



7. ACKNOWLEDGEMENT

The au thor wishes to thank. Dr. A. H. Cookson, Manager,

I n s u l a t i o a Department , Westinghouse R&D Cente r , for h i s v a l u a b l e i npu t

and editorial efforts.

7-1



8. REFERENCE

1. Quirk, J . F - , "Compressive Seals for Nuclear Penetrat ion",
Westinghouse E l e c t r i c Corporation, U.S. Patent No. 4,017,568, April
12, 1977.

2. Quirk, J . F . , "Aging of Gas Tight Seals i n Single and Multiconductor
Feedthroughs", 1982, 14th National SAMPE Technical Conference,
At lan ta , GA.

3. Quirk, J . F , Janocko, M. A. and Shestak, E. J . , "A Hign Voltage,
High Current Cryogenic Bushing", April 10, 1981, Cryogenic
Engineering Conference, San Diego, CA.

4. Bennett, C. 0. and Meyers, J . E. , Momentum, Heat and Mass Transfer,
McGraw-Hill Book Company, I n c . , 1962, p . 356-359.

5. McCabe, W. L. and Smith, J . C , Unit Operations of Chemical
Engineering, McGraw-Hill Book Company, I n c . , 1956, p . 484, 485.

8-1



Yl F. 'Quirk
in su l a t i on Systems

Approved:
A. H. Cookson, Manager
Insulat ion Department

9-1



Epoxy Lead Seal »
and Support

Liquid Hoiium Inlet

Liquid Helium.
Exit

Micarta Insulation

— Steel Flange

-Copper Lead

Fig.l - M a i n lead assembly



Fig. 2 - Epcxy Casting Displaying a Vacuole Associated With Copper Conductor



,Fig. 3 - Fracture Failure Originating at a Marooned Indicated by Arrow


