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ABSTRACT

In this report we describe two different specific designs for the
implementation of a toroidal Ni/Cd cell concept originally developed at
NASA, They consisted of a double swaged and a swaged-welded configuration.
Toroidal prototype cells of bath designs were manufactured and evaluated.
We have demonstrated that large capacity toroidal Ni/Cd cells are feasible.
In practice they do probably not offer significant advantages over conven-
tional Ni/Cd cells. Mechanical contacts for high rate cells are judged as

not feasible since their quality slowly degrades in the oxidizing cell
environment.
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I. INTRODUCTION
tl

This contract effort is part of an overall program to provide elec-
- trical storage technology for photovoltaic power systems in the multikilo-

44
f watt range on the low earth orbiting satellites that are foreseen in the
- late 1980s,

g’ The emphasis here is on a new concept in nickel-cadmium battery
: design which can offer better thermal management, higher energy density and
much lower cost than the state~of-the-art.

I The described effort was based on a NASA toroidal Ni/Cd cell con- .
cept. It was critically reviewed and used to develop two new cell designs

- for practical implementation. One is a double swaged and the other a
swaged-welded configuration. The concepts and their practical implementa-
tion are described in Sections II and IXI. Section IXXI.5 contains a sum-~
mary discussion and corclusions.
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II. DEVELOPMENT OF A SWAGED TOROIDAL Ni/Cd CELL

1. Objective and Design Approach

1.1 Introduction

NASA developed a new concept in Ni/Cd battery design which can po-
tentially offer better thermal management, higher enswiy density and much
lower cost than the state-of-the-art. A graphical iliustration of the
concept is shown in Fig. l. The concept is based on a toroidal shape of
the cell containing a wound core of electrodes. Conceptual assembly in-
volves inserting two can halves around the wound core and into each other.
The two cell halves would be separated by a nylon spacer and act also as
the electrical contacts. Cell sealing would be achieved by a swaging pro-
cess.

1.2 Prograwn Objective

The objective of the present program was to assess the feasibility
of the toroidal Ni/Cd concept by building and evaluating prototype cells.

Since there existed no past experience with this construction method detailed

procedures, parts and fixtures had to be developed. In the following we
discuss in detail our initial design approach.

1.3 Review of Design Requirements

1.3.1 General Remarks

The packaging of the cell is a key to success and no prior
experience exists with the toroidal cell configuration. The single most
important question is: whether or not a hermetic seal can be made with
this construction. Other expected problems such as, e.g., electrical con~
tinuity and the resistance at the interface and in the long electrode
strips will then be subsequently solved. The overcharge mode of hermeti-
cally sealed Ni/Cd cells deserves however, special consideration here since
it impacts diretly on cell can design.

Hermetically sealed Ni/Cd cells are limited by the nickel oxide
electrode. On overcharge, they evolve oxygen at the nickel oxide electrode
which migrates to the cadmium electrode where it is reduced. The internal
pressure generated depends primarily on (a) overcharge rate, (b) electro-
lyte £fill level of the separator, (c) presence of inert gas.
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Fig. 1. 100 ampere-hour toroidal Ni/Cd cc1l.



To optimize Oy gas transport in fairly electrolyte saturated stacks,
the cells are evacuated piior to sealing and will be at negative pressure
except during overcharge. If the cell contains one atm of inerk s, it
will generate considerable pressure on overcharge, since the oxyg#ii has to
diffuse through the inert gas matrix. (There will be no convection in the
separator pores). The above considerations have the following impact on
the pressure vessel design parameters:

(1) pressure range - vacuum to ~ 50 psig
or 0 psig to 2100 psig

(2) it may be necessary to provide an evacuation and £ill
port. '

An access tube to the assembled battery would also greatly facili-
tate the relative state of charge adjustment of the cadmium hydroxide and
nickel hydroxide electrodes. Customarily, a precharge is provided for the
cadmium hydroxide electrode.

1.3.2 Cell Can

Above, we discussed the pressure reguirements of the cell case.
A rough estimate for a toroidal container of the dimensions given in Fig. 1
shows the following. Assuming a’ tensile strength of 50,000 psi, a 10 mil
external cylinder wall can withstand approximately 200 psig internal pres-
sure. More problematic is an exteinal pressure onto a cylinder. Here, the
maximum safe pressure is not determined by the yield stress of the ma~
terial, but by the occurrence of buckling. For example, Roark (1) gives a
formula (Table XVI, #31) for the critical external pressure at which a thin
cylinder held round at both ends will buckle. Substitution of values for
nickel 10 mils thick yields a buckling pressure of 53 psi for the inner
(1.92" dia) wall and 14 psi for the outer (4.54" dia) wall. These values
are too optimistic since they apply to a cylinder held circular on both
ends while the cup walls are held circular only on one end. For an open
cylinder, the corresponding values are only about 13 and 7 psi. The exact
calculation of the effect of the double wall thickness separated by a nylon
gasket on the pressure, especially on compression (external pressure) is
not possible. The cell stack has to be discounted as a structural support
for buckling by external forces since it is too flexible. Even a very
tightly rolled stack will easily compress many times the case wall thick-~
ness.

The flat top and bottom face of the toroid may show considerable
deflection. An estimate based on an annular plate rigidly fixed at both
edges (Roark, Table X, #77) yields, for a plate thickness of 10 mils with

an aplied load of 50 psi, a deflection of 140 mils. This esti{mate is opti~

mistic, since the edges have been assumed to be rigidly clamped although
their supports will actually give somewhat. In addition, there may be the
danger of pucker buckling at the outside edge of the toroidal vessel.
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In summary, the smooth walled pressure vessel will most probably
require more than 0.0) inch material to eafely withstand all conditions
anticipated in the high capacity Ni/cd cell.

1.3,3 Cell Seal

The most serious problems are associated with the cell seal.
They relate to the forces needed to swage the nickel can and the pressure
which has to be maintained on the nylon gasket in relation to the forces
which can be exerted onto the can structure during the sealing process.

To produce and maintain hermeticity, the contact pressure of the
nylon gasket has to exceed the maximum operating pressure of the cell. This
pressure on the gasket has to be maintained permanently or cell leakage
will occur.

For purposes of estimating the loads to be placed on the case struc-
ture, let us assume that the pressure in the insulators is in the range of
75-100 psi and that the tensile strength of the nickel is 50,000 psi.
Pressure in the outside insulator will be balanced by tensile hoop stresses
in the outside cylindrical part of the positive cup and by compressive hoop
stresses in the outside cylindrical part of the negative cup. If the posi~
tive cup is 0.010" thick, 100 psi internal pressure will produce a hoop

stress of 22,600 psi. This may be acceptable if the assumed materjial strength

is correct and the seal pressure can be well controlled. The negative cup,
however, is prone to buckling failure under relatively small loads, as was
discussed earlier.

In summary, to maintain the compression necessary for hermeticity on
the gasket the resistance to buckling of the compressively stressed portion
of the vessel wall has to be increased.

1.3.4 Assembly Procedure

There are several fundamental problems in forming a seal by
expanding the inner cylinder and reducing the outer cylinder of the toroid
independent of the specific procedure used to achieve this. The most
severe problems result from cell wall buckling under compression and from
the negligible energy storage of the plastic gasket material.

We have discussed above that the maximum permissible external load
on a thin wall cylinder is not limited by plastic flow of the material but
by buckling. In normal swaging or deep drawing procedures, the buckling is
prevented by a closely fitting internal support mandrel. In our case, the
cell interior is not accessible and the electrode roll is much too resil-
ient to act as such a support. The stress that can be applied before buck-
ling becomes a problem will be somewhat larger than the 15 psi mentioned
above, since in the redrawing deformation occurs successively in a limited
area which gets a certain amount of support from the neighboring material.
Theoretically, the maximum compressive force on the inner vessel wall has

N STR TR



to be only equal to the sealing pressure. This implies careful swaging or
redrawing of the outside to yield exactly this level of compression at the
inside, and then absolutely maintaining the position of the outer wall
without allowing any elastic relaxation. In practice, this appears an
impossible control problem as will be more evident later. An alternative
procedure involves the redrawing of the outside enough to also slightly
redraw the inside at the same time. To compress the inner cell wall to the
yielding point (say to 50,000 psi) would require application of an external
pressure of around 200 psi. Of course, the wall would need st¢rong external
supports to avoid buckling under that pressure.

The problem associated with maintaining permanent compression on the
gasket material can best be illustrated by the sketch in Figure 2. For this
discussion; we assume that buckling is no problem.

Let us examine in more {etail the process of redrawing the outside
diameter of the cell (similar arguments apply to the inside diameter). In
the redrawing process, a cylindrical ring whose inside diameter is somewhat
smaller than the outside diameter of the positive cup is pressed over the
cup applying radial forces and reducing the cup diameter. If the size
difference (interference) between the redrawing die and the cup outside
diameter is large enough, the contracting positive cup may compress the
insulator against the negative cup sufficiently to generate the desired
sealing pressure. If the interference is higher still, the yield stress of
both the positive and negative cup may be exceeded, and further increase in
die-cup interference will result in little increase in insulator pressure.

After the redrawing die has passed over the cell, the elastic com-
pression in the cups will relax. This relaxation will be about equal for
both walls. Due to the relaxation of the gasket compression, the outside
cup will pass through the point of 0 stress and be under a slight expansion
while the inside cup remains under slight compression. The associated
elastic force is the compressive force on the nylon gasket. To illustrate
the magnitude of the forces involved, let us consider the following:

To compress the cup wall which forms the inside support for the
outside insulator to its yield point, the nylon must exert a radial pres-
sure of around 200 psi. Assuming nylon to have an elastic modulus of
5 x 10° psi, a radial pressure of 200 psi will elastically deform the 30
mil thick insulator about 1.2 x 10~ in. (0.012 mils). Since the inner and
outer cup walls constraining the insulator are both in compression inside
the drawing die and both equally stressed (yielding), they will both expand
together when the die forces are removed and the elastic energy stored in
the cup walls will be dissipated. The compressed nylon will relax too,
inducing compressive stresses in the inner cup and tensile stresses in the
outer cup. The magnitude of these induced stresses, however, will be very
small. If, for example, the total strain in the nylon insulator were
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¢
transferred to the outer cup wall, i.e., the radius of the outer wall were
expanded by 1.2 x 1072 in. while the radius of the inner wall was held
constant, the resulting contact pressure between the nylon and the outer .
wall would be about 1 psi. To support a sealing pressure of 100 psi, we Q; :
calculate the necessary wall thickness from the buckling pressure equation 34
used earlier (Roark, Table XVI, #31) to be about 25 mils. A similar stiff-
ness could also be achieved with a thinner wall thickness and suitable
reinforcing ribs.
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Such solutions would allow suitable compression of the gasket, but
would not support the higher loads which could result from overcompression
due to an undersized restrainer, for example. Insurance of sealing pres-
sures within acceptable limits (say 75 to 100 psi) would require very close
control of tolerances in all components (less than 0.0005 in. on the radius
of the can and swaging ring). Such stringent requirements are not feasible
with state-of-the-art technology. If higher capacity cells with larger
outer diameters are considered, the problem of avoiding buckling will be-
come increasingly more severe.
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The above considerations show that it is imperative to prevent the
elastic relaxation after the plastic deformation. This means, in practice,
that the sleeve would basically have to also be the drawing tool. The
friction forces involved in the drawing process, even if well lubricated,
are considerable and require in all probability significantly increased
wall thickness for the retaining sleeves.

Other practical problems are associated with supporting the cell
structure during the redrawing procedure, since only the exterior of the
toroidal pressure vessel is accessible. Substantial forces are transmitted
not only perpendicular to the vessel wall, but also in the axial direction. :
Here, too, the danger of collapse exists especially at the outside where i
the wall curvature is relatively small. These difficulties are, however, ‘
of less fundamental nature and can probably be handled, e.g., by construct- :
ing support jigs and using several drawing passes with only small diameter L
reductions in each pass. + 3

In summary, the fundamental problem is in permanently pressurizing
the sealing gasket without buckling the outside diameter of the inner cup.
The specific method of pressurization is of secondary importance. Swaging
or redrawing will create an excellent fit (small clearances) between the
cups and the insulator, but unless the elastic relaxation after the redraw-

ing process is prevented, no appreciable permanent pressure remains on the
seal.
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1.4 Specific Design Approach vi

To overcome the main problems'identified in the original NASA design ?%'
we have developed a cell design with corrugations. i3
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This cell design obtains its stiffness and the necessary retention
of compressive sealing force from a suitable use of corrugations. Figure 3
shows an illustration. 1In this modified redrawing concept, we would reduce
the outside of the positive cup (or expand the inside of the negative cup)
only in several narrow bands around the cell. Here, corrugations have been
rolled into the outside and inside diameters of the cell opposite mating
corrugations in the other cup which were formed when the cup was made.
This mechanical interlocking has the dual advantage of securing the case
together under internal pressure loading and of increasing the sealing
pressure in the nylon as the internal pressure increases. Two mechanisms
here allow the sealing pressure to remain after removal of the external
forming forces in contrast to the unrestrained redrawing method discussed
earlier. First, the small deformed bands are held in compression by the
relatively larger adjacent cylindrical areas. Second, the nylon, no longer
in bulk compression, can act in a much more elastic manner.

Based on a preliminary stress analysis, a circumferential corru-
gation of semicircular cross section with a 0.040 in. radius would be suit-
able. Such corrugations would be applied about every quarter inch.

To provide added strength and reduce head deflection, we have also
shown ribs at the top and bottom of the cell. As an example, 36 radial
ribs, of half-circular cross section with 0.075 in. radius appear in a
preliminary calculation to yield acceptable deflections and stress levels
with 0.010" material. In addition, these ribs will facilitate cell seal-
ing, since they provide a positive interlock for holding the cell without
requiring significant pressure during the swaging operation.

o L W T N | A

In summary, this cell design appears most attractive. It retains
all desirable features of the toroidal NASA design and has the following
special features:.

(1) Strong, lightweight cell case.

{2) BAn excellent interlocking seal which improves with
cell pressure.

(3) A controllable cell assembly procedure.

2. Development of Cell Closure Process

Development of suitable parameters for the swaging process was a
crucial step. As discussed earlier, the general procedure of forming, for
example, the outer can seal consists of pregrooving the inner can followed
by grooving of the outer can. In the following subsections we discuss the
effect of the insulator, groove shape and depth of the can material prop-
erties and of various forming procedures on the nature of the resulting
closure seal.
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2.1 1Insulator

To achieve a good reliable seal, a seamless nylon tube gasket is
required. Such tubes can easily be extruded, however, for small quantities
the cost is prohibitive. We explored therefore the formation of suitable
tubular gaskets from sheet stock. Both heat and solvent sealing techniques
were explored. Under carefully controlled conditions, satisfactory seals
were made by heat sealing, however, the procedure was not reproducible and
the seals were susceptible to cracking. As an alternative, an adhesive
procedure has been investigated which gives a lapped seal as shown below.

—§~N\N~\\\\“-‘

Nylon Seal

The difficulty in making such a seal lies in beveling the connecting
ends of the nylon film at a constant angle over the width of the f£ilm (5%).
In addition flat mating surfaces are required to make a good adhesive bond.
Using a hardened steel jig, schematically shown in Figure 4, good beveled
mating surfaces were produced by grinding of the nylon edge. The other
edge of the nylon is given the appropriate matching bevel and the edges are
joined using aqueous phenol. The bonded area is clamped, cured and the
phenol removed in boiling water. The 10:1 angle of the chamfering jig
allows a 0.32" overlap in the 0.032" nylon film. By this technique we
produced bonds which were as strong and flexible as the original nylon.

In later experiments we also employed elastomeric insulator seals.
They offer a larger elastic deformation and can easier seal small channels
such as inhomogeneities in the metal surface. Elastomers which show good
chemical resistances to concentrated base are listed in Table 1 along with
temperature, hardness, and compression set characteristiecs. A Shore A
hardness of 70-80 is considered the most suitable compromise for seal ap-
plications. Compression set refers to the ability of an elastomer to re-
turn to its original shape after compressive stress. A typical seal was
fabricated from 0.031 inch Neoprene sheet (70 Duro).

Neoprene was used because, in addition to its resistance to potas-
sium hydroxide, it is commonly available in a variety of sheet thicknesses
and hardnesses; and can be bonded to itself using a variety of adhesives.
The insulating cylinder is constructed from sheet using a 0.25" lap joint.
After the joint has cured the excess rubber in the joint area is removed
using a small sanding drum to give an even lapped seal (see Fig. 5 below).
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Table 1

& Elastomer Properties

—_— Alkali Temperature Hardness
Elastomer Resistance Range, F Shore, A Compression Set

T Isobutylene~- Good -50 to 300 40~-80 Fair to good

i Isoprene (Butyl) '

- Chloroprene Good -60 to 225 30-90 Good to excellent
(Neoprene*) '

B Chlorinated Excellent ~-60 to 300 40-90 Excellent

% Polyethylene
Chlorosulfonated Excellent -50 to 325 50-90 Poor to fair 5
Polyethylene ;
(Hypalon¥) !
Ethylene- Excellent ~-70 to 350 - 30-90 Good to excellent ﬂ
Propylene

" Epichlorohydrin Good ~80 to 325 40-90 Poor to fair

L
*DuPont

Reference: Seal Compound Manual, Parker Seal Co.; "Guide to Selecting
Elastomers," Product Engineering, July, 1978; "Elastomers"
Machine Design, March, 1978.
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Fig. 5. Neoprene lapped seal.

The adhesive used in making the seal is Bostik 1142 applied as de-
scribed on the container. It was evaluated along with Atlantic Brand Neo-
prene Bonding Cement and Devcon Rubber as tc the strength of the bond pro-
duced and resistance of the bond to KOH. Cyanoacrylics are known to be
brittle and have low resistance to base. Initial tests using short cure
times (less than 24 hrs) and immersion of the joint in 30% KOH for three
days showed some loss in bond strength. However, when the Bostik adhesive
was cured over 24 hrs and subjected to KOH for three days the joint ap-
peared as strong as the rubber itself. Ultimately seamless elastomeric
tubes can be manufactured by a variety of processes.

2.2 The Swaging Process

2.2.1 Analysis of Groove Profiles

The hermetic seal between the two half cans is achieved by
compression of the nylon gasket between grooves in the inner and outer cell
walls. Number and dimension of the seal forming compression bands depends
on the relative shape and dimension of the inner and outer grooves and thus
on the forming wheels.

Three types of seals are illustrated in Figures 6 and 7 involving
(1) three point compression, (2) side compression and (3) bottom compres-
sion. Major factors used in evaluating the relative merits of the seal
types include the total area of compression in the seal and the magnitude
of the compressive force making that seal. However, it is also of impor-
tance to evaluate the possibility of executing the seal formation in prac-~
tice.
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Outer Forming Wheel Forming ‘Wheel

¢

(a) | i

Outer
Groove

-

Inner
Groove

ilig. 6. Cross-section of can seal showing three areas of compression
(~ Xl0).

(a) | | (b)

Fig. 7. Cross-section of can seal showing side contact (left) and
bottom contact (right) seals (~ X10).
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To maximize the quality of the seal one might wish to maximize the
area of compression by using 3-point contact or side contact seals. How=
ever, these seals distribute the wall stress over a greater area than the
bottom contact seal. This may cause a reduction in compressive force per
unit area which could decrease the quality of the seal. This is a trade-
off that will require further investigation. .

The multi-contact seals also require greater accuracy in their as~
sembly. Small errors in groove placement would cause loss of compressive
seal at one or more points and any subsequent shift in relative groove
position could lead to total seal loss. The bottom contact seal would be
less sensitive to variations in cell assembly due to less stringent demands
for exact groove placement. The major factors in forming wheel design are
width and depth of the grooving bead. The detailed shape of the grooving
bead, especially of the outer forming wheel, appears to be of lesser impor-
tance due to the smoothing effect of the deforming metal.

2.2.2 Experimental Exploration of Grooves and Seals

2,2.2.1 Metal Grooviny

The development of experimental techniques for the for~
mation of sealing grooves was carried out on cylinder sections and cans.
Electroformed nickel cans were obtained from a commercial electroformer
(Plating for Electronics, Inc., Waltham, MA). The cans (4.54 and 4.66 in.
OD) were quite uniform (+2 mil) from top to bottom except in the immediate
vicinity of the bottom edge. Around the circumference, however, the thick-
ness varied widely from 17 mil over 2/3 of the circumference to a minimum
of ~6 mil in the remaining third. Although such cans are ultimately not
acceptable we considered them useful in exploring the effect of thickness
and pretreatment on the swaging step. Fixtures were designed to be used
with a ftandard lathe. Figures 8 and 9 show typical forming wheels and the
inner can support mandrel. :

Swaging of corrugations into the as-received cans resulted in break-
ing of the metal in the thin areas. The cans proved to be highly stressed
as generally experienced with deposits from normal Watts plating baths. In
order to relieve the stresses the cans were heat treated at 750°C in a Hp-
No atmosphere. After heat treating the metal working was greatly facili-
tated, however, workhardening led eventually to reoccurrence of tears across
the bottom of the grooves in the thin metal cans.

Sections were cut from grooved material and mounted in epoxy. After
grinding the specimen to a representative cross-section, the cross-section
was polished and photographed. Figures 10 and 11 show such cross-sections
from 18 mil Watts deposit, unannealed and annealed respectively. The un-
annealed cans resisted grooving and metal thinning was observed particu-
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Fig. 10

Fig. 11

Groove cross-sections in cans from Watts baths
(X20 enlargement).



larly to the left and right of the groove center (see Fig. 10). In addi-
tion, the groove depression is slightly shallower than the groove in the
annealed can probably due to elastic rebound after passage of the forming
wheel. The grooves in the annealed cans gave cross-sections showing little
or no thinning and with dimensions closely duplicating the wheel head pro-
file.

In the thinner parts of the non-annealed cans (14 mil or less) the
metal cracked and parted while being grcoved. A cross=-section showing the
initiation of a crack in a 14 mil specimen is shown in Figure 12 and the
crack enlarged in Figure 13 (X150). Annealed cans show tearing at approxi-
mately half the above thickness at around 6 mil.

Cans plated from a sulfamate bath (A. J. Tuck Co., Brookfield, CT)
were evenly formed at a thickness of 22-27 mils. However, they were ex-
tremely hard (~ Brinell 210) and showed ~20% thinning in the grooving
operation (Fig. 14). After annealing at 800° under Ny-H; the cans became
quite soft (~ Brinell 70). This material grooved easily and became very
rigid as a result of the grooving operation (Fig. 15). This rigidity is
due to the combined effect of the groove shape and workhardening of the
metal.

During the grooving studies reported above, it was found that an-
nealed cans could be grooved evenly using moderate pressure from the for-
ming wheel. Two cross-sections of the grooves produced are compared to the
profile of the forming wheel used, see Figures 16 and 17. The annealed
nickel matches the shape of the forming wheel (Fig. 17) better than the
unannealed nickel (Fig. 16). This duplication of profile allows the gene-
ration of the different possible corrugated seal types based on forming
wheel shape.

Experimentation as illustrated above showed the relationship between
metal properties, grooving wheel configuration and groove shape-and dimen-
sion. Annealed nickel from sulfamate plating baths appears to be a suitable
substrate.

2.3.2.2 sealing of Cylinder Sections

After establishing the response of the metal to the
varying grooving processes we investigated simulated seals using concentric
cylinders. To form the cylinders, two pieces of commercially annealed
0.021" nickel (representative lengths: 11.80" and 12.20") gave cylinders
of appropriate diameters to have approximately 0.040" of gap between the
cylinders when the smaller one is nested in the larger. The ends of the
sheet were joined by spot welding 1/2" strips of 0.005" nickel over the
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Fig. 12

Fig. 13

Crack in grooved can from a Watts plating bath
(top X20, bottom X150).
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Fig. 14

Cross-sections of swaged cans plated from a sul-
famate bath (X20).
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Cross-sections of grooves in 18 mil nickel

(Figs. 10 and 11). Mated with grooving wheel
profile.
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seam. Figure 18 shows cross-sections produced through the use of 0.040"
and 0.050" deep outer (upper) grooving wheels distorting the nylon insu-
lator into 0.040" and 0.035" deep (0.20" wide) pre-formed grooves in the
inner (lower) cylinder wall. A mandrel supporting the edges of the inner
{lower) grooves was used during the grooving of the outer (upper) cylinder
wall. After the sealing operations, a section of the hoop was cast in epoxy
before cutting out the section of the hoop for evaluation. The objective
was the examination of the cross-section as if it were still subject to the
hoop stress of the cylinder. In these cases, and especially the case shown
in Figure 18b, the thinning of the nickel (from 0.021" to 0.015") combined
with excess gap between the cylinders (~0.010" greater the insulator thick-
ness) allows the nylon insulator to escape compression between the can
walls.

To overcome these difficulties, forming wheels capable of making
deeper grooves were made. Due to increased depth of the forming wheel head
(0.060" and 0.070"), the head was formed with a larger radius (from 0.040"
to 0.050") in an attempt to minimize metal thinning. The outer grooving
operation was again done over an inneyr mandrel for support.

Figure 19 shows the cross-section of seals produced using the deeper
grooving wheels. These seals are improved with the cross-section in Figure
19b showing a gap of less than 3 mils between the nylon insulator and in
inner (lower) nickel surface., lowever, examination shows a new cause for
lack of compression at the bottom of the groove. In each case measurement
of the inner (lower) groove depth shows that it has increased and that this
increase allows the gap to remain.

This increase in inner (lower) groove depth is caused by the nylon
insulator transmitting the distortion in the outer (upper) cylinder wall to
the inner (lower) cylinder wall. This deformation occurs as the cylinders
pass between the mandrel and forming wheel. This means that the inner and
outer groove depths increase simultaneously and by approximately like
amounts once contact is made between the nylon and inner cylinder surface.
Because the surfaces are not held together by the hoop stresses in the
cylinders, the surfaces can separate once the forming wheel has passed.

To better simulate the actual sealing procedure, cylinders (2.5"
high) were fabricated, nested, and mounted (separated by a nylon insulator)
in shallow (~1/4"), close-fitting wells (fitted to the outside diameter)
attached to the headstock and tailstock of a lathe. The deeper forming
wheels (0.060" and 0.070") were then used to form the corrugated seal be-
tween the cylinders using no internal support. The cross-sections of such
seals are shown in PFigure 20.

These cross-sections show no increase in inner (lower) groove depth.

The outer (upper) grooves are nearly 25 deep as observed previously with
the 0.060" and 0.070" deep forming wheels (0.050" instead of 0.055" for the
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0.060" wheel; and 0.060" instead of 0.,065" Jor the 0.070" wheel). However,
a compressive seal is not achieved due in part to an apparent oversized gap
(0.048" instead of the desired 0.040") between the nickel cylinders (an
experimental problem). Also there is always some relaxation of tension
when cutting cross-sections despite the clamping and epoxy mounting.

Another factor is the greater metal thinning (0.021" to 0.009", see
Figures 20a and 20b) to the point of cracking (Fig. 20c). 'This greater
thinning may be caused by the greater distortion caused when the cylinder
sandwich is held by the ends as compared to grooving over a mandrel. This
distortion causes binding between the nickel cylinders and the nylon insu-
lator so the outer cylinder is not free to slide over the nylon surface.
When the cylinders are free to move, part of the material used to make up
the increased surface are required in the groove comes from a decrease in
the cylinder length. If the cylinder cannot provide the material by moving
into the groove, then the increasedarey must be f~rmed at the expense of
metal thinning.

Outer grooves can be made while supporting the outer seal package by
its ends in supports mounted in a lathe. However, a severe distortion of
the seal pachkage by the grooving wheel was noted during the grooving opera-
tion and thinning of the Ni to the point of cracking was observed. To bet-
ter support the seal package during the sealing operation, steel rings were
made that closely fit the outer diameter of the outer cylinder. These rings
hold the cylinders round and provide a surface opposite the point of con-
tact of the forming wheel for support wheels to offset the pressure of the
forming wheel (see Fig. 21).

A critical examination of our experimental results has shown the
following:

o localized swaging (grooving) of both inner and outer
cell surfaces is feasible,

e form stability of the cell can increases greatly with
grooving,

e close fits between the nylon gasket and the two cell
sur faces can be achieved with appropriate groove tool
shapes and dimensions,

e seals with significant permanent compressive force on
the nylon gasket have not been realized.

Practical execution of compressive seals with a gasket material of
such high elastic modulus as nylon may not be possible. For example, as-
suming the nylon gasket to have an