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SUMMARY

Ceramic materials have the potential of providing
external pressure housings for a design depth of
20,000 feet with a weight-to-displacement (W/D)
ratio <0.5, provided that the problem areas
associated with the use of ceramics for this
application can be successfully resolved.

Previous studies already have shown conclusively
that ceramics can be successfully applied to the
fabrication of monocoque and rib-stiffened cylin-
ders capable of withstanding high external hydro-
static pressures. Because of their potential to
become a cost-effective material for construction
of external pressure housings, a program was initi-
ated at Naval Ocean Systems Center (NOSC)!
with an objective to demonstrate the feasibility of
assembling entire housing assemblies from
ceramic components.

To meet this objective, the following features of
ceramic housing construction had to be demon-
strated successfully:

a. Ceramic hemispheres with muitiple penetra-
tions containing bulkhead penetrators can be
designed and fabricated to be stronger, but, at
the same time, fighter, than titanium bulk-
heads of similar size.

b. Ceramic cylinders can be fastened to tita-
nium, or ceramic hemispheres with a mechan-
ical joint that allows rapid access to their
interiors.

¢. Metallic ring stiffeners can be incorporated
either into the cylinders, or the joints between
them, to provide the necessary intermediate
radial supports to the cylinder sections joined
together to form a long cylindrical housing.

d. Nondestructive inspection techniques can be
used routinely to detect and locate internal
cracks and voids of critical size capable of
initiating cracks at design stress levels.

1. NOSC is now the Naval Command, Control and
Ocean Surveillance Center (NCCOSC) RDT&E
Division (NRaD).

e. Scaling up of ceramic components in the
housing does not significantly decrease their
critical pressure under compressive loading,
provided they have been previously nonde-
structively inspected and found to be free of
critical-size voids.

The test and evaluation program conducted with 6-
and 12-inch outside diameter (OD) housing com-
ponents has successfully demonstrated engineer-
ing solutions to these problem areas. The data
generated by the test program forms the basis for
the design of (1) monocoque ceramic cylinders,
(2) hemispherical ceramic bulkheads with multiple
penetrations for electrical or hydraulic bulkhead
penetrators, (3) joints between individual ceramic
housing components incorporating metallic ring
stiffeners, and (4) end caps for radial and axial
bearing surfaces on ends of ceramics and hemi-
spheres.

As a resuit of this investigation, a design was
developed for protecting the ends of ceramic cylin-
ders and hemispheres against spalling initiated by
repeated pressurizations of the housing assembly.
The Naval Undersea Center (NUC)2 Mod 1 end
cap design provided a fatigue life in excess of 500
pressure cycles to design pressure for the bearing
surfaces on the ends of cylinders and hemi-
spheres, as long as the axial bearing stress did not
exceed —75,000 psi.

The ability to incorporate these features into the
designs of ceramic housings for deep submer-
gence service resutted in housing assemblies con-
sisting of up to four ceramic 12-inch-diameter
cylinder sections joined and supported by metallic
ring stiffeners, and enclosed at both ends with
ceramic hemispheres incorporating multiple butk-
head penetrators.

The housings for 9,000-psi design pressure,
assembled from monocoque 94-percent alumina
cylindrical sections with /Dy = 0.034 and L/Dy =
1.5 when closed off by two hemispherical ceramic
bulkheads with t/D, = 0.017 provide a 0.6 W/D
ratio. When compared to a titanium housing of the
same size with identical design pressure, the pay-

2. NUC became NOSC, which is now NRaD.
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load capability of the ceramic housing is three
times larger, yet its fabrication cost is only about
50 percent greater.

Ultrasonic and radiographic nondestructive inspec-
tion techniques have demanstrated the ability to
detect and locate voids with cross sections of
=0.010 inch. Voids with cross sections of <0.050

inch did not initiate cracking, even at the ~300,000
psi compressive stress level in the ceramic cylin-
ders or hemispheres. Most of the voids detected in
ceramic components had cross sections of <0.02
inch. The largest void found during the inspection
of all ceramic components tested in this study was
0.05 inch in diameter.

iv
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INTRODUCTION

Deep submergence vehicies require pressure
housings for containment of electronic equipment
sensitive to contact with water. In addition, if those
housings are fabricated from strong, but light-
weight, materials, they can provide the vehicle with
positive buoyancy. This is very desirable for opti-
mization of vehicle performance, as it eliminates
bulky syntactic foam modules which otherwise
must provide the necessary positive buoyancy for
the vehicle.

For depths beyond 10,000 feet, even premium
metallic alloys do not provide the necessary buoy-
ancy for pressure housings, as their specific com-
pressive strength (i.e., compressive strength
divided by density) is too low for this application
(table 1).* Only ceramic, glass and glass, or graph-
ite fiber-reinforced plastic composites are suffi-
ciently strong, and, at the same time, light enough
to provide housings for an operation depth of
20,000 feet with a weight-to-displacement (W/D)
ratio in the 0.4 to 0.6 range (figure 1). The inter-
mediate depth design goal of 20,000 feet for deep
submergence vehicles would allow them to explore
over 98 percent of the ocean bottom (figure 2).
The ultimate depth design goal is 36,161 feet, rep-
resenting the deepest spot discovered to date in
the world’s oceans. Vehicles with pressure hulls
with W/D ratios in excess of 0.6 are considered too
sluggish, and/or lack the operational range
required of high performance AUVs (autonomous
underwater vehicles).

Of the considered materials, ceramics have shown
the most potential for vehicles with pressure hous-
ings in the 4- to 50-inch-diameter range. Existing
technology, though, does not lend itself to fabrica-
tion of ceramic pressure hulls with diameters
greater than 50 inches. Glass, originally consid-
ered for the same applications, has been found to
be, due to its lower tensile strength, more notch
sensitive than ceramic and, thus, more prone to
crack initiation at low stress levels.

*All figures and tables are placed at the end of the text.

At the present time, pressure housings with diame-
ters greater than 50 inches for deep submergence
service must be fabricated from titanium alloys and
their W/D ratio of 0.8 must be augmented with
expensive syntactic foam that provides, at best,
only one pound of additional buoyancy for each
pound of foam. This unfortunate situation may
change only if the technoiogy for fabricating graph-
ite fiber-reinforced plastic (GFRP) composites
becomes mature enough so that large external
pressure housings can be built with confidence. To
date, the largest external pressure housing cylin-
der of GFRP composite for 9,000 psi service mea-
sures 30.25 inches outside diameter (OD) by 25.25
inches internal diameter (ID) by 65.0 inches length
(L) (reference 1). But even this housing must have
titanium hemispherical end closures as no process
has yet been devised for fabricating a GFRP com-
posite hemisphere with a W/D ratio lower than that
of titanium. It will require a decade of development
before the GFRP composite technology is capable
of producing external pressure housings for deep
submergence service with diameters greater than
50 inches.

To arrive at an operationally usable external pres-
sure housing of ceramic material, several fabrica-
tion and design problems needed to be solved that
have, in the past, worked against the acceptance
of such housings by the ocean engineering com-
munity. These problems were (1) selection of inex-
pensive ceramic composition with optimum
structural performance, (2) economical fabrication
of large ceramic cylinders, (3) reliable mechanical
joining of several ceramic cylinders into a cylindri-
cal pressure housing of desired length, (4) elimina-
tion of stress risers on the ceramic bearing
surfaces between individual housing assembly
components, (5) mounting of payload components
inside ceramic cylinders, and (6) protection of the
ceramic housing against point impact.

PREMIUM CONSTRUCTION MATERIALS

Extensive research efforts have been undertaken
to determine the strengths and weaknesses of var-
ious ceramic materials for deep submergence ser-
vice and to develop suitable designs for external
pressure housings (tables 2 and 3). Lightweight
materials are required that not only possess
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outstanding compressive strength-to-density ratio,
but aiso possess adequate tensile strength to with-
stand flexure stresses resuiting from the handling
of these vessels during assembly, shipping, and
launch and/or retrieval at sea.

Two such materials have been found in external
pressure hulls. PyroceramC glass ceramic is a
product of the Coming Glass Works, while CER-
VITRis manufactured by Owens lllinois. They rep-
resent a class of materials converted into
crystalline ceramic from an original glassy state by
the use of nucleating agents and heat treatment.
Tests have shown that glass ceramic has an ulti-
mate compressive strength oi 350,000 psi. The
high compressive strength, when combined with
the low density (0.093 pounds/cubic inch) results in
a strength-to-density ratio of 3,700,000 that sur-
passes that of alumina and beryllia ceramics.

Early evaluations of this material by the Ordnance
Research Lab of Pennsylvania State University
(references 2 and 3) and the Naval Civil Engineer-
ing Laboratory (reference 4) concluded that the
compressive strength-to-density ratio of glass
ceramic is unexcelied and that combined with their
intrinsic high moduli of elasticity and ease of fab-
rication in large shapes (both in length and diame-
ter) make them obvious choices as structural
materials for mass production of large pressure
housings for deep submergence buoys, oceano-
graphic capsules, and vehicles.

Because of high start-up costs and expensive tool-
ing required for spin casting molten material in the
glassy phase, glass ceramics have found no
application in pressure housings for undersea
vehicles to date. Cost trade-off studies conducted
by Corning Glass have shown that it required a
minimum production quantity of 500 identical glass
ceramic cylindrical housings before the unit cost
decreased below that of an alumina-ceramic hous-
ing with the same exterior dimensions.

Alumina ceramic, more than any other ceramic
composition, has seen extensive structural applica-
tions in many technological areas. it has been
used successfully in chemical plants as pump
components, in electrical power plants as electrical
insulators, in mines as grinding mill balis and as

linings of ore chutes, and in smelters as linings of
fumaces. in addition, it has received extensive
evaluation for potential application to oceano-
graphic equipment as deep submergence buoys,
and pressure-resistant housings. The tests con-
ducted at Pennsylivania State University with scale-
model spherical and cylindrical housing
components fabricated from alumina ceramic have
shown that alumina ceramic is a reliable structural
material from which pressure housings for deep
submergence service can be fabricated economi-
cally (references 2 and 3).

Beryllia is another ceramic material that has
received favorable consideration for external
pressure housings. Because of its low density

(0.1 Ib/in®) and high compressive strength
(-250,000 psi), the strength-to-density ratio of ber-
yilia is 2,400,000. Little experimentation has been
done with beryllia as a structural material for exter-
nal pressure housings because of high cost that
surpasses by an order of magaitude the cost of
alumina or glass ceramics. The high cost of beryl-
lia ceramic housings is due to the intrinsic cost of
material and to the OSHA regulations that must be
met whiie handling the highly poisonous beryllium
oxide powder before it is compacted and sintered
into solid shapes.

Studies performed at the Naval Command, Control
and Ocean Surveillance Center (NCCOSC),
RDT&E Division (NRaD) have demonstrated that
beryllia ceramic is a reliable structural material with
higher thermal conductivity than glass or any other
ceramic composition (reference 5). As a matter of
fact, the thermal conductivity of beryllia ceramic
exceeds the conductivity of many metals, like
nickel, titanium, stainless steel, and aluminum.
Therefore, there is no doubt that because of its
outstanding heat conductivity, it will experience
extensive application as small, nonmagnetic pres-
sure housings for electronic components generat-
ing a lot of heat during operation.

Boron carbide is a ceramic material that possess
excellent physical properties, but because of high
fabrication costs has not been seriously consid-
ered for external pressure housings. This situation
may change, however, as more AUVs with high-
performance requirements reach the system
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definition stage. Boron carbide ceramic has a den-
sity of 0.09 ib/in3, compressive strength greater
than 500,000 psi, modulus of elasticity greater than
65,000,000 psi, and flexural strength in the range
of 40,000 to 60,000 psi. These physical properties
make it feasible to design cylindrical external pres-
sure housings for 9,000 psi service with a W/D
ratio of only 0.25; a 50-percent reduction of weight
when compared to alumina-ceramic housings with
the same pressure service. Again, high costis a
major barrier to using boron carbide ceramics, as
fabrication requires that cylindrical or spherical
shapes be isostatically pressed in a graphite mold
at temperatures over 1000°C. Because of this, the
cost of the finished housing is approximately 500-
percent higher than that of an aluminum oxide
housing of the same dimensions.

Ceramic composites are part of a new family of
ceramics made up of several materials joined
together by mechanical and/or chemical bonding.
Two ceramic composites appear to be promising
materials for construction of external pressure
housings; boron carbide lattice filled with metallic
aluminum (reference 6) and silicon carbide lattice
filled with metallic aluminum that has been partially
converted to aluminum oxide (reference 7).

As a family, these composites share two major
advantages over homogeneous ceramic composi-
tions:

(1) There is very little, if any, shrinkage of
ceramic composites during sintering,
compared to about 15-percent shrinkage
occurring during sintering of homogeneous
ceramic compositions. This allows fabrication
of ceramic components to final dimensions
without having to grind them after sintering.

(2) The fracture toughness of ceramic compos-
ites is significantly higher than that of homo-
geneous ceramic compositions since the
boundaries between dissimilar components of
the composite act as obstacles to crack prop-
agation,

There is one additional advantage inherent to
boron carbide/aluminum composite, its density is
only 0.09 Ib/in3, which with its compressive

strength of over 300,000 psi provides a specific
strength of at least 3,350,000.

After reviewing the physical properties, intrinsic
costs, and availability and fabrication processes for
each of the four ceramic compositions discussed,
the focus for further investigation shifted to alu-
mina ceramics.

Alumina ceramics stand out among the many
available ceramic compositions because they pres-
ent the most choices to the designer at an afford-
able price. The physical properties of alumina
ceramic vary with the percentage of aluminum
oxide ir: the sintered product. As a rule, the com-
pressive, tensile, and flexural strengths as well as
the hardness, modulus of elasticity, density, and
production costs increase with higher percentages
of aluminum oxide (table 4). Experience, however,
has shown that the most cost-effective ceramic
compositions are those containing 94- to
96-percent aluminum oxide. The physical proper-
ties of both ceramic compositions make them
structurally superior to the Ti-6Al-4Va titanium alloy
currently used in the construction of deep submer-
gence pressure housings (table 5).

What makes these compositions so desirable for
fabrication of external pressure hulls for underwa-
ter vehicles is the fact that these are the ceramic
compositions with the highest percentage of alu-
mina ceramic from which large cylindrical and
hemispherical sections of pressure hulls can be
fabricated economically. Cylinders with 50-inch
diameters have been fabricated from 94-percent
alumina, and cylinders with 32-inch diameters have
been fabricated from 96-percent alumina- ceramic
compositions. Fabrication of cylinders this large
has been successful and there are indications that
even larger cylinders can be made from these
compositions.

The cost of precision-ground pressure housings
of cylindrical shapes fabricated from 94- or
96-percent alumina composition is approximately
$100 a pound (1989 dollars) in quantities of five or
more. This compares very favorably to fabrication
costs of graphite, or glass fiber-reinforced plastic
composite on a per-pound basis. No comparison
can be made at this time between the fabrication
costs for ceramic and fiber-reinforced plastic
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composite hemispheres, as a process has not yet
been developed for producing GFRP composite
hemispheres with physical properties comparable
to those of cylinders.

To fulfill the need for deep submergence housings
with higher payload capability, several cylindrical
shell sections can be joined together by mechani-
cally reliable, and structurally strong, metallic
joints. It is vital that the joints be able to withstand
hydrostatic pressure. It is also important that they
be capable of withstanding the bending move-
ments imposed on the cylindrical pressure housing
during handling, and launching and retrieval from
the ocean. Whenever feasible, the joint should be
flush with the exterior surface of the fairing enclos-
ing the housing to decrease the vehicle's hydrody-
namic drag.

The ability to form large-diameter monolithic cylin-
drical housings is very definitely limited by size.
The size limit for various materials is imposed by
the following restrictions: for alumina ceramics, the
slumping of green ceramic cylinders and/or hemi-
spheres in the firing kiln during sintering; for glass
ceramic, the nonuniformity of nucleation in very
thick glass sections; and for ceramic composites,
the crushing of green ceramic cylinders under the
hydrostatic pressure of molten aluminum.

However, an approach has been proposed and
experimentally validated to increase economically
the diameter and length of the cylindrical housings
beyond the limits of present technology. This
approach relies on forming large cylindrical hous-
ings by assembling and brazing together smaller
pre-fired, ring-shaped ceramic structural moduiles
(figure 3). The thickness of individual rings is
selected by the designer on the basis of a trade-off
between the cost of pressing and firing individual
rings versus the cost of grinding the parallel bear-
ing surfaces on each ring (i.e., in a cylinder of
given length, the cost is determined by the number
and production cost of individual rings).

The key to the construction of housings using this
method is a reliable, inexpensive bonded joint that
(a) transfers high compressive axial stresses
without squeezing out the bonding agent, (b) is
watertight, (c) has good tensile strength, and

(d) deforms sufficiently to eliminate point loadings
between adjacent ceramic bearing surfaces. The
approach that appears most promising for joining
the modules is brazing with specially formulated
metallic solder. Because the cost of a monolithic
cylinder is significantly less than that of a cylinder
with identical dimensions fabricated by the brazing
of many rings, this construction technique
becomes cost effective only if the cylinder is so
large that it is beyond the state of the art for exist-
ing ceramic technology (i.e., >50 inches in diame-
ter and 30 inches in length). Since all the pressure
housings required by the NRaD ceramic housing
program could be economically fabricated from
monolithic cylinders and hemispheres, modular
construction was not further pursued in the pro-
gram for third generation ceramic housings.

HOUSING DESIGN

Once a material has been selected for the housing
construction, the matter of design must be consid-
ered. The collapse resistance of any housing is
dependent upon the shape of the shell. The two
most common shapes used in oceanographic
research are the sphere and cylinder. Spheres are
used in applications where the hydrodynamic drag
of the structure moving through the water is not
important. However, if it is desirable that the sub-
mersible move quickly through hydrospace, such
as in a free-diving oceanographic instrumentation
capsule, remotely operated vehicles (ROVSs), or
autonomous underwater vehicles (AUVs), a cylin-
drical shape is more appropriate.

The simplest type of cylindrical shell is the mono-
coque cylinder capped at the ends with hemi-
spheres (figure 4). For design pressure =9,000
psi, where thick walls are required not only
because of the cylinder’s low elastic stability, but
also because of high stress loading of the cylinder
wall, the monocoque cylinder provides an inexpen-
sive shell design with fair W/D ratio. It is used
when some structural efficiency can be sacrificed
in exchange for decreased cost in fabrication.

To make a cylindrical housing elastically more
stable under external pressure loading without
increasing its wall thickness, it is necessary to
incorporate radial support (figure 5). Four basic
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cylinder designs exist: (1) monocoque shell,

(2) monocoque shell with integral end stiffeners,
(3) monocoque shell with an integral midbay stiff-
ener in addition to those on the ends (references 2,
3, and 4), and (4) monocoque shell supported at
frequent intervais with integral stiffeners along its
full length. Another potential approach to providing
radial support to monocoque cylinders is to bond a
metallic stiffener to the interior surface of the cylin-
der at midbay (figure 6) or to place a removable
metallic stiffener at the end of the cylinder that also
acts as a joint between adjacent cylinders (fig-

ure 7).

To fulfill the need for longer deep submergence
housings, several cylindrical shell sections must be
joined together by mechanically reliabie, and struc-
turally strong metallic joints. It is vital that the joints
be able to withstand hydrostatic pressure. It is also
important that they be capable of withstanding the
bending moments imposed on the cylindrical pres-
sure housing during handiing, and launching and
retrieval from the ocean. Whenever feasible, the
joint should be fiush with the exterior surface of the
fairing enclosing the housing to decrease the
vehicle’s hydrodynamic drag. Only if the require-
ment for reliable mechanical joints capable of
repeatedly withstanding high compressive stresses
without the initiation of fractures in the ceramic
components has been successfully met would
ceramic housings be considered a viable alterna-
tive to metallic housing.

To meet this requirement, the designer of the joint
will have to consider the loadings on the ceramic
cylinder ends introduced by the mismatch in radial
stiffeners, Poisson’s ratio, coefficient of thermal
expansion, and hardness and surface of finishes
between the end of the ceramic cylinder and the
metallic joint ring (figure 8). Because of their impor-
tance, a significant portion of the NRaD ceramic
program was devoted to design and evaluation of
mechanical joints.

BACKGROUND INFORMATION

The Navy’s ceramic pressure housing program
was initiated in 1982 as part of the NOSC Indepen-
dent Research/independent Exploratory Develop-

ment (JR/IED) Program in deep ocean technology.
Since that time, it has received continuous support
not only from the IED Program, but also from other
Navy activities. The program was planned from the
beginning to progress in an orderly fashion from
small to large housings, and from short o long
housings. Each phase of the program focused on
specific problems that needed to be solved prior to
proceeding further with development of ceramic
housings. Three phases have been completed and
are summarized in the following paragraphs.

PHASE 1, SUMMARY: FIRST GENERATION OF
CERAMIC HOUSINGS

The first phase of the program focused on evalua-
tion of (1) beryllia ceramic as the potential choice
of material for construction of external pressure
housings and (2) the structural concept of monoco-
que ceramic cylinders supported radially at the
ends by spherical, or plane, end closures (refer-
ence 5).

Tests performed with 6.039-inch OD by 9-inch L by
0.207-inch t cylinders in which the ceramic was
subjected to a compressive stress of 150,000 psi
have shown that beryllia ceramic is an acceptable
structural material for external pressure housings,
except for its high cost. The high cost is, however,
tolerable for some applications where the high
thermal conductivity of beryllia is an absolute
operational requirement (0.65 cal/sec cm2 C°/cm).

Tests have shown that the structural concept of
monocogue ceramic cylinders supported radially at
their ends by removable metallic end closures is
valid. The elastic instability of the monocoque
ceramic cylinders (i.e., buckling) was predictable
on the basis of the BOSOR computer program
analysis. The tests, however, also highlighted one
facet of the concept that needed further improve-
ment before this concept could be considered
acceptable for the design of external pressure
housings.

The original concept of bare ceramic cylinders sup-
ported at their ends by metallic hemispherical end
closures was found to have a cyclic fatigue life of
less than 30 pressurizations to design pressure.
The failure of cylinders was initiated by fretting of
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the bare, plane ceramic bearing surface after it
came in contact with the plane bearing surface on
metallic hemispheres. The fretting rapidly prog-
ressed to major spalling and, uitimately, implosion
(figure 9). Unless the cyclic fatigue life could be
extended to a minimum of 100, and preferably 500,
pressurizations to design pressure, this design
concept would see only very limited application to
pressure housings on ROVs and AUVs. The
extension of fatigue life could only be achieved by
total, or partial, elimination of fretting on the
ceramic bearing surfaces in direct contact with
metallic end closures.

Other tests have shown that monocoque cylinders
of polylithic construction performed identically to
monocoque cylinders of monolithic construction.
No difference was found in the structural perfor-
mance between polylithic cylinders whose cylindri-
cal segments were joined either by epoxy
adhesive, or by nickel brazing. In either case, the
polylithic cylinders successfully passed the 10,000-
psi proof test like the monolithic cylinder of identi-
cal dimensions. The distribution of strains on the
ceramic was identical in all three cases.

PHASE 2, SUMMARY: SECOND GENERATION
OF CERAMIC HOUSINGS

The second phase of the program focused on the
following areas: (1) evaluation of alumina ceramic
for construction of external pressure housings,

(2) elimination, or reduction, of fretting on ceramic
bearing surfaces in contact with metallic end sup-
ports, and (3} joining of cytindrical housing sections
to form a long housing assembly (reference 8).

The 6-inch OD by 9-inch L cylinders were fabri-
cated from 94- and 99-percent alumina ceramic.
The hemispherical bulkheads and joint rings were
machined from Ti-6Al-4Va alloy. Tests showed that
both 94- and 99-percent alumina ceramic per-
formed satisfactorily at compressive stresses in
the range of —130,000 to —150,000 psi. In addition,
the elastic instability (i.e., buckling) of monocoque
simply supported cylinders was predictable by the
BOSOR computer program analysis for buckling of
monocoque tubes. The 94-percent alumina cylin-
ders with L/p = 1.5 and t/ p= 0.0345 catastrophi-
cally failed at approximately 17,5000 psi when

radially supported at the ends with thick plane
bulkheads. When hemispherical titanium bulk-
heads with 20,000-psi critical pressure were sub-
stituted for plane bulkheads, the cylinders failed by
buckling at approximately 14,250 psi.

The fretting of ceramic bearing surfaces was
reduced by enclosing the ends of ceramic cylin-
ders with metallic end caps. Epoxy-filled end caps
protect the ceramic bearing surfaces from fretting
due to differential displacement between the
ceramic cylinder and metallic end closures (fig-
ure 10). The 0.001-inch-thick layer of epoxy
between the ceramic surfaces on the ends of the
cylinder and the metallic end caps not only elimi-
nates any differential displacement between the
mating ceramic and metallic surfaces, but also
serves as a compliant bearing gasket for the plane
and radial ceramic surfaces.

The metallic end caps were fabricated from alloy of
which the compressive yield strength exceeded
65,000 psi. Both Ti-6Al-4Va and 7178-T6 alloys
were used. For satisfactory performance, the radial
clearance between the end caps and the ceramic
surfaces was maintained at <0.010 and the depth
of the seat in the end caps >1.44t; where {; is the
thickness of cylinders. Neither fretting nor spalling
were observed on the ends of ceramic cylinders
after 3,000 pressure cycles to 9,000-psi design
pressure.

Brazing together several-inch-wide cylindrical seg-
ments (i.e., rings) into pressure housings was
found to be a structurally acceptabie technique for
tabricating polylithic monocoque cylinders whose
length exceeded the limitations of the fabrication
process for monolithic cylinders of a given diame-
ter. The cost, however, was found to be two- to
three-times higher than for fabricating monolithic
monocogque cylinders of the same length and
diameter, and, for this reason, polylithic construc-
tion is not considered to be a cost-effective
approach for making long monocoque cylindrical
sections. A [ess-expensive approach appears to be
joining cylindrical sections with removable, or fixed,
metallic couplings.

Ceramic cylinders were joined successfully with
removable metallic joint rings that provided simple
radial support to the ends of adjoining cylinders. To
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prevent buckling of the monocoque ceramic cylin-
ders, the joint ring had to act as a stiffener that
would raise the critical pressure of the two
adjoining monocoque ceramic cylinders to 13,500
psi. This was successfully accomplished with a
T-shaped stiffener design machined from
Ti-6Al-4Va alloy. No efforts were made to optimize
the shape of the stiffener in order to minimize its
weight.

PHASE 3, OVERVIEW: THIRD GENERATION OF
CERAMIC HOUSINGS

The following chapters in this report describe in
detail the objectives, test specimens, test proce-
dures, and test results of the program leading to
the development of third generation ceramic hous-
ings. Because the program extended over several
years and covered many technical areas, the
description of the program, test resuilts, and find-
ings are grouped into six chapters, each focusing
on a different area of investigation.

These areas are

1. Overview of the program.

2. Summary of findings, conclusions, and rec-
ommendations.

3. Design and testing of 6-inch-diameter scale-
model ceramic housings for validation and
optimization of ring stiffener concepts (appen-
dix A).

4. Design and testing of 12-inch-diameter full-
scale ceramic housings for validation of geo-
metric scaling factors and mechanical joint
concepts (appendix B).

5. Design and testing of 12-inch-diameter full-
scale ceramic housings for validation of
ceramic hemispherical end closure designs
with single and multiple penetrations (appen-
dix C).

6. Design and testing of end caps with improved
cyclic fatigue life for 12-inch-diameter ceramic
cylinders and hemispheres (appendix D).

7. Nondestructive inspection of ceramic cylin-
ders prior to, and after, pressure cycling
12-inch-diameter housings (appendix E).

Chapters 3 through 7, because of their length and

number of figures, have been placed into separate

appendices, A through E. Only Chapters 1 and 2

are in the main body of the report.

THIRD GENERATION CERAMIC
HOUSING PROGRAM

OVERVIEW
Objective

The primary objective of the third generation
ceramic housing program was to make the concept
of alumina-ceramic housings acceptable for ser-
vice as primary pressure hulls in ROVs and AUVs.
To accomplish that, it had to be demonstrated that

1. The structural performance of the ceramic
cylindrical housing components does not
degrade when their size is increased by 100
percent from scale-model 6-inch OD by
9-inch L by 0.207-inch t to full-scale 12-inch
OD by 18-inch L by 0.412-inch t cyiinders.

2. The heavy metallic hemispherical end clo-
sures can be replaced with lighter, but stron-
ger, ceramic end closures incorporating
penetrations capable of accommodating elec-
trical and hydraulic feedthroughs.

3. The ceramic cylinders and ceramic, or metal-
lic, end closures can be mechanically joined
into a single pressure-resistant structure of
which the critical pressure can be accurately
predicted by the BOSOR4 computer program.

4. The ceramic components can withstand with-
out breakage point impacts of up to 100 foot-
pounds of kinetic energy when protected with
a simple elastomeric coating.

5. The iength of the housing can be extended
without reduction of critical pressure either by
joining several short cylindrical sections with
removable metallic joint ring stiffeners, or by
extending the length of a single monocoque
cylinder and subsequently stiffening it
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internally with metallic rings bonded to the
interior surface of the cylinder at appropriate
intervals.

Approach

To meet the objective in a cost-effective manner,
6-inch and 12-inch-diameter ceramic housings
were subjected to short-term and cyclic pressuriza-
tions. The 6-inch-diameter cylinders served as test
specimens for experimental evaluation of midbay
and end stiffeners of different configurations and
materials. The 12-inch-diameter cylinders served
as test specimens in the (1) validation of scaling
factors used in extrapolation of dimensions from
the 6-inch scale-model to 12-inch fuli-scale cylin-
ders, and (2) demonstration of replacing titanium
hemispherical end closures with ceramic hemi-
spheres incorporating one, or many, penetrations
capped with butkhead penetration inserts.

Test Specimens

The 6-inch- and 12-inch-diameter cylinders and
hemispheres were fabricated by Coors Ceramics
from 94-percent alumina ceramic (table 1). The
metallic end closures of the 6-inch- and 12-inch-di-
ameter ceramic housings were machined from
Ti-6Al-4Va alloy with 125,000-psi yield strength.
The end caps for cylinders and hemispheres, the
penetration inserts, as well as the joint ring stiffen-
ers also were machined from the same titanium
alloy. Aluminum alloy 7075-T6 with 65,000-psi yield
strength was used in some cases for fabrication of
cylinder end caps and stiffeners to evaluate it as a
potential replacement for the more expensive tita-
nium alloy. The test specimens and their dimen-
sions are listed on table 6.

Design Criteria

To meet the objectives of the program with a mini-
mum of test specimens and least expenditure of
funds, the following design criteria were followed:

1.  The ceramic composition selected for all
ceramic components was 94-percent alumina
ceramic, as it provided that highest specific
compressive strength and modulus of elastic-
ity at the lowest cost for a fabricated speci-
men. Other ceramic compositions like SiC,

SiN,, and B4C have much higher specific
compressive strength, but the costs of fabri-
cating cylinders and hemispheres are, in most
cases, 500- to 600-percent higher. Thus, their
application must be reserved for critical Navy
applications where the high cost of the pre-
mium ceramic housing material can be justi-
fied by operational requirements that can be
met only by pressure housings with a W/D
ratio >0.3.

Substitution of 96-, 98-, and/or 99.5-percent
alumina compositions for the 94-percent com-
position used in the 6- and 12-inch test speci-
mens would have resulted in pressure
housings with 5- to 10-percent weight saving
at a 20- to 50-percent increase in cost. The
reason for not selecting these premium com-
positions for the 6- and 12-inch test speci-
mens was the inability of the industry in the
time frame that this program was conducted
to fabricate cylinders and hemispheres larger
than about 20 inches from these materials
without an extensive development program.

- Since the end objective of the NOSC ceramic

housing program was to provide design crite-
ria and to evaluate the applicability of existing
fabrication procedures to manufacture
ceramic housings with 50- to 60-inch diame-
ters, there was no point in fabricating the 6-
and 12-inch ceramic housing test specimens
from alumina-ceramic compositions that could
not be applied to fabrication of pressure hous-
ings in operationally useful sizes without being
preceded first by a long and costly develop-
ment program.

A thickness-to-diameter ({/D,) ratio of 0.034
was the same for 6- and 12-inch-diameter
cylindrical test specimens. It was chosen to
satisfy the design requirement that the maxi-
mum compressive stresses in the cylinders
fall into the 130,000- to 150,000-psi range.
This conservative stress ievel represents a
safety factor (SF) of 2 based on the typical
300,000-psi compressive strength of
94-percent alumina ceramic. Although pub-
lished reports indicate that alumina-ceramic
cylinders and spheres have been stressed to
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levels above 200,000 psi without failure, it
was decided to limit the stresses to 150,000
psi since the alumina-ceramic housings could
tolerate larger voids without initiation of crack-
ing at the lower stress level.

The 150,000-psi maximum design stress level
also was chosen for 12-inch ceramic hemi-
spheres. The peak stress levels exceeded
their values only in Hemisphere Mod 3, where
the peak stresses at the edge of penetrations
were calculated to reach 295,000 psi.

A thickness-to-length (L/D,) ratio of 1.5
between radial supports was the same for all
cylinders. it was chosen to satisfy the design
requirement that the failure of the cylinders, if
supported radially at the ends by rigid bulk-
heads, would occur at approximately 18,000
psi. This represents an SF of approximately 2
based on elastic instability. Because the mag-
nitude of the SF for buckling matches the SF
for material failure, the compressive strength
of the ceramic would be used to the maximum
prior to failure, provided that the radial sup-
ports were designed to maintain their circular-
ity to 18,000-psi external pressure loading.

Radial support provided to the cylinders by
bulkheads, or ring stiffeners, varied depending
on the objective of the test to which the test
specimen was submitted. For housings repre-
senting operational configuration for a design
depth of 20,000 feet, the radial support was
designed to provide elastic stability only to
11,250-psi pressure loading, representing a
25-percent overpressure over design depth.
The 1.25 SF for buckling was considered a
good trade off between weight of the radial
supports (i.e., bulkheads and stiffeners) and
the safety margin that they provided against
buckding of the precision-ground cylinders
since it has been shown that the critical pres-
sures of precision-ground cylinders deviate
less than 10 percent from calculated vaiues.

Thus, for housing assemblies that (a) repre-
sented operational configurations and

(b) were slated for testing to pressures

< 10,000 psi, the titanium and ceramic hemi-

spherical end closures, or ring stiffeners, were
designed to provide elastic stability only to
11,250 psi.

In addition to the lightweight titanium hemi-
spherical end closures with a 1.25 SF, heavier
titanium hemispherical end closures with a
1.55 SF for 9,000-psi design pressure also
were fabricated. The heavier hemispheres
saw service in those housings that, due to
requirements of the user, had to be proof
tested to pressures greater than 10,000 psi.
Housing assemblies slated for destructive
testing were provided with massive, flat-end
closures capable of providing radial support to
external pressures exceeding 20,000 psi.

Finite element computer analysis was
employed to verify the magnitude of stresses
in the hemispherical end closures and joint
ring stiffeners. The BOSOR4 program was
used to check the elastic stability of whole-
housing assemblies. The optimization of indi-
vidual joint ring stiffeners was performed
empirically (i.e., the holes in the webs of stiff-
eners were enlarged until the assembly failed
at 10,000 psi pressure). The empirical
approach was considered to be significantly
less expensive and more reliable for this
application than a computer program capable
of predicting accurately the elastic instability
of ring stiffeners with lightening holes in the
stiffener webs.

The adhesive system selected for bonding the
metallic end caps to the ceramic components
was identical to the one selected for the
NOSC second generation ceramic housings
(70 parts of CIBA Geigy 283 hardener with
100 parts of CIBA Geigy 6010 resin). There
was no reason to change the adhesive sys-
tem as (a) adhesives with better structural
performance were not found in technical liter-
ature, and (b) Martin Marietta Aero and Naval
Systems had performed extensive experimen-
tal evaluation of a commercially available
resin bonding system for their ceramic MUST
pressure hull and also did not find any resin
system with structural performance superior
to the one used by NOSC (table 7). The
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0.010-inch-thick cardboard spacers used
between the plane-ceramic bearing surfaces
of cylinders or hemispheres and the metallic
end caps were also identical to those used in
the 6-inch-diameter NOSC first generation
housings. By keeping both the adhesive sys-
tem and the spacer material identical to those
in the NOSC first generation housings, these
items were not variables in experimental eval-
uation.

7. The end caps on the 6-inch ceramic cylinders
were identical to those on the 6-inch-diameter
cylinder of the NOSC second generation
housings that successfully withstood 1,000
pressure cycles to 9,000 psi without initiation
of cracks on the bearing surfaces (refer-
ence 8). This was not the case with the end
caps on the 12-inch-diameter ceramic cylin-
ders and hemispheres. The design of the end
caps on the 12-inch components did not fol-
low the linear scaling law in all dimensions;
instead of enlarging the exterior lip of the cap
to 0.700 of an inch (0.350 inch x 2), it was
made only 0.350 of an inch deep, the same
size as those on the 6-inch cylinders. The
interior lip was increased to 0.63 of an inch,
but even this lip fell short of the 0.7-inch
dimension to which it should have scaled up.

The reasons for making the lips on the end
caps shorter than the linearly extrapolated
dimensions were twofold: (a) there was a
need to keep the weight of the metallic com-
ponents down and (b) it was thought that the
length of the lips on the caps did not affect
significantly the fatigue life (defined here as
the appearance of surface spalling above the
edges of the end caps) of the plane-ceramic
bearing surface. Test data generated during
the course of this program have shown that
this is not the case; i.e., the depth of the
annular cavity defined by the length of the lips
on the cap very definitely affects the perfor-
mance of the ceramic bearing surface.

8. Hemispherical ceramic bulkheads served as
specimens in tests where the feasibility of
ceramic bulkheads was to be demonstrated.
The 6-inch-diameter ceramic hemispheres
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served only to demonstrate the feasibility of
removable ceramic bulkheads for providing
adequate radial support to the ceramic cylin-
der; for this reason, their design was not opti-
mized. After successful demonstration of the
structural performance of 6-inch-diameter
ceramic hemispheres, full-size 12-inch
ceramic hemispheres were designed, fabri-
cated, and tested. The full-size hemispheres
incorporated penetrations for bulkhead
inserts. The objective of the design was to
demonstrate that by replacing titanium hemi-
spherical bulkheads with ceramic ones the
weight of the ceramic housing may be
reduced, while its critical pressure is
increased.

9. Joints between cylinders and/or cylinders and
hemispheres were designed to perform three
functions: seal, fasten, and line up the sec-
tions of the housing during assembly. In addi-
tion, they were to mate with removabie ring
stiffeners that provided radial support to the
ends of individual cylinder sections. The fas-
teners were not to extend outside the jackets
on the exterior of the cylinders while, at the
same time, provide adequate restraint against
separation of cylinder sections during launch
and retrieval of the operational cylindrical
housing assembly at sea.

PHASE 1, SUMMARY OF 6-INCH CERAMIC
HOUSINGS

Eleven scale-model cylinders were incorporated
into nine different test configurations and subjected
to 4,180 pressurizations to 9,000 psi and 13 proof
tests to 10,000 psi (appendix A). At the conclusion
of the pressura-cycling program, they were tested
to destruction.

The basic test configuration consisted of a single
6-inch OD by 9-inch L ceramic cylinder of which
the ends were protected by metallic end caps and
supported by titanium hemispherical bulkheads
(figure 11). Subsequently, the titanium hemispheri-
cal bulkheads were replaced with ceramic hemi-
spherical bulkheads (figure 12).

The more advanced test configurations consisted
of several 6-inch OD by 9-inch L ceramic cylinders
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assembiled in housings incorporating two, or more,
cylindrical sections. Removable stiffeners provided
not only radial support to the cylinder ends, but
also kept them lined up during, and after, assembiy
into a housing (figure 13). The largest housing test
configuration was assembiled with four cylindrical
sections, three joint stiffeners, and two hemispheri-
cal bulkheads (figure 14). In some test configura-
tions two short 6-inch OD by 9-inch L cylindrical
sections were replaced with a single, long 6-inch
OD by 18-inch L cylinder supported radially at
midbay by an internal, metallic ring stiffener
bonded to the interior surface of the cylinder with
epoxy adhesive (figure 15).

Findings

1.  Ceramic hemispherical bulkheads can suc-
cessfully replace titanium hemispherical bulk-
heads. The ceramic hemispheres with /D, =
0.0308 thickness and W/D = 0.81 weight,
when capped with a titanium ring, provided
the 84-percent alumina cylinder (t/D, = 0.0344
and L/D, = 1.5) with sufficient radial support
to withstand 14,250 psi prior to implosion by
buckling. This represents a 40-percent reduc-
tion in weight over titanium hemispheres pro-
viding radial support of identical magnitude as
the ceramic hemispheres (i.e., providing the
ceramic cylinder with 14,250-psi critical pres-
sure).

2. Removable joint ring stiffeners can be
designed to provide ceramic cylinders with the
same elastic stability as plane bulkheads at a
fraction of their weight. Removable joint ring
stiffeners with elliptical lightening holes pro-
vide the ceramic cylinder sections in a hous-
ing assembly with the same, or greater,
elastic stability than lightweight, operational
titanium hemispheres, but at a lesser weight.

Using the removable joint ring stiffeners,
many shon cylindrical monocoque sections
can be assembled between hemispherical
bulkheads into a single, long cylindrical hous-
ing with the same resistance to buckling (i.e.,
critical pressure) as a single section sup-
ported at both ends by hemispherical buik-
heads (figure 13). Housing assemblies with
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one to four ceramic cylindrical sections joined
by removabie ring stiffeners and closed at the
ends with titanium hemispheres (Model 1)
have achieved a W/D,, = 0.57 at 9,000-psi
design pressure with a 1.25 SF (figure 14).

Fixed ring stiffeners, bonded to the interior of
long monocoque ceramic cylinders, can pro-
vide the same resistance to buckling as short
monocoque cylinders supported at the ends
by removable joint stiffeners (figure 15).
Unlike removable joint rings, fixed ring stiffen-
ers can be fabricated from inexpensive, light-
weight aluminum, or magnesium, alloys. This
is because fixed ring stiffeners do not come in
contact with seawater, nor ar they subjected
to axial bearing stresses. Furthermore,
because the fixed internal ring stiffeners do
not require end caps and the external split
clamp associated with removable joint ring
stiffeners, a housing incorporating a single,
long monocoque-ceramic cylinder internally
reinforced by fixed ring stiffeners is approxi-
mately 7-percent lighter than a housing of
identical length made up of two, or more,
short cylindrical sections radially stiffened by
joint ring stiffeners.

Metallic end caps, bonded to the ends of
ceramic cylinders and/or ceramic hemi-
spheres with epoxy adhesive, protect the
bearing surfaces from fretting caused by dif-
ferential displacement between the ends of
ceramic components and the metallic bulk-
heads or joint ring stiffeners. The cyclic
tatigue life of plane bearing surfaces on the
ends of cylinders of 94-percent alumina was
found to exceed 1,000 pressure cycles at
65,000-psi axial bearing stress loading when
protected by titanium end caps with an annu-
lar seat of 1.5 t; depth, where t is the thick-
ness of the ceramic shell. The thickness of
the adhesive layer did not exceed 0.010 of an
inch.

Metallic brazing ot alumina-ceramic rings
results in joints that are not only watertight,
but also capable of withstanding 1,000 axial-
load applications of 65,000-psi magnitude
without separation.
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6. Critical pressures generated experimentally
by buckling of ceramic monocoque cylinders
agree within 10 percent with critical pressures
calculated on the basis of analytical expres-
sion developed by R. von Mises for simply
supported monocoque cylinders of finite
length.

a. For monocoque cylinders supported
radially at the ends by plane bulkheads
or ring stiffeners, one must use the
distance between supports in the
equation, not the overall length of the
cylinder.

b. For monocoque cylinders supported at
the ends by hemispherical bulkheads,
one must use the overall length of the
cylinder plus D,/3 in the equation, not the
distance between flanges on the
hemispheres.

The critical pressure of 94-percent alumina
monocoque cylinders with /D, = 0.034 and
L/D, = 1.5 was found to be 17.500 <pc<
18,000 psi when supported by plane bulk-
heads, and 14,000 < p. . 14,500 psi when
supported by ceramic hemispherical butk-
heads.

PHASE 2, SUMMARY OF 12-INCH CERAMIC
HOUSINGS

Scope

Seven ceramic full-scale cylinders and five hemi-
spheres were incorporated into a total of fiffeen
different test configurations. They were subjected
to 820 pressure cycles to 9,000 psi and 15 proof
tests to 10,000 psi. At the conclusion of the pres-
sure-testing program, all of the ceramic specimens
that survived the pressure cycling were tested to
destruction.

The basic components of housings (figures 16 and
17) used for the evaluation of mechanically fas-
tened joints between (1) ceramic cylinder sections
and (2) ceramic cylinders and hemispherical butk-
heads consisted of 94-percent alumina-ceramic
cylinders with adhesive-bonded titanium end caps
(figures 18 and 19), joint ring stiffeners (figure 20),

and split wedge band clamps (figure 21). The
dimensions of the 12-inch OD by 18-inch L by
0.412-inch t ceramic cylinder were arrived at by
scaling up, by a factor of two, the dimensions of
the 6-inch OD by 9-inch L by 0.206-inch t cylinders
tested in Phase 1 of the test program. The dimen-
sions of the joint ring stiffeners were also arrived at
by scaling up the dimensions of the joint ring stiff-
eners in the 6-inch-diameter housing assembly.

The end cap was the only component of the joint in
the 12-inch housing that was not scaled up from
the dimensions of the 6-inch-diameter housing (fig-
ure 22). While the depth of the annular seat in the
6-inch-diameter end cap was 1.5 t inch, the depth
of the seat in the 12-inch-diameter end cap was
only 0.58 t inch. The reason for not dimensioning
the height of flanges on the 12-inch-diameter end
cap by extrapolation of flange height on the 6-inch-
diameter end cap was the lack of appreciation for
the effect of seat depth on the cyclic fatigue life of
the joint.

All ceramic hemispherical bulkheads were
designed to displace radially under external pres-
sure at the same rate as the ceramic cylinders with
/D, = 0.0343. This resulted in all hemispheres
having a t/D, = .017 at the equatorial joint. Where
they differed, however, was in (1) the number,
location, and size of penetrations and (2) the con-
figuration of shell curvature and thickness at
penetrations. Five different hemisphere configura-
tions were evaluated.

Titanium hemispherical bulkheads were used pri-
marily in the testing of housing configurations
incorporating one, or more, removabie joint ring
stiffener (figure 19). Two types of titanium bulk-
heads were available for testing. Type 1 had a
design depth of 9,000 psi with a 1.25 SF, and
Type 2 had a design depth of 16,100 psi with a
1.25 SF. The reason for using titanium, instead of
ceramic, hemispherical bulkheads in pressure
housings incorporating removabie joint ring stiffen-
ers was to ensure that implosion of the housing
during pressure cycling was the result of stiffener
buckling and not the cyclic fatigue of the ceramic
bulkheads.

Joint ring stiffeners were designed and fabri-
cated from either Ti-6Al-4Va, or 7178-T6 alioys
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(figure 20). The reason for evaluating ring stiffen-
ers from both alloys was to provide the potential
user of ceramic housings with a choice between
two stiffener configurations. One alloy was for
pressure housings under long-term submersion,
and the other was for short-term submersions
where the corrosion resistance of titanium is not
required.

Joint split band clamps were fabricated either from
6061-T6 aluminum or Ti-6Al-4Va titanium alloys
{figure 21). Split band clamps machined from alu-
minum are considered to be strong enough to
carry tensile stresses generated by bending move-
ments during the handling or lifting of a ceramic
housing assembly made up from as many as four
sections. Since contact with titanium end caps
generates galvanic corrosion, titanium spilit band
clamps were used in tests where the housings
were submerged in seawater for long periods of
time.

Findings
Remcvable Joint Ring Stiffeners

1. Removabile joint ring stiffeners sized by linear
scaling of the dimensions on stiffeners in the
6-inch-diameter model housings perform
structurally in an identical manner to scale-
model stiffeners (figure 22). Since their radial
stiffness exceeds that of a ceramic cylindrical
shell, bending stresses are introduced in the
ceramic shell near the joint stiffeners. Their

magnitude, however, is small. For this reason,

the principal stresses in hoop and axial direc-
tions at that location were all found to be neg-
ative (figure 23).

2. The magnitude of stresses recorded on the
joint ring stiffeners was found to be a function
of stiffener design. On titanium joint stiffeners
without any lightening holes in their webs, the
tensile stresses at 10,000-psi proof pressure
were found to be less than 25,000 psi, the
compressive stresses were less than —35,000
psi, and the bearing stresses were less than
—70,000 psi.

3.  On aluminum joint stiffeners without any light-
ening holes in their webs, the tensile stresses
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at 10,000-psi proof pressure were found to be
less than 12,000 psi, the compressive
stresses were less than —32,000 psi, and the
bearing stresses were less than —70,000 psi.
In this case, the boaring stresses were equal
to the yield strength of the 7178-T6 aluminum
alloy from which the stiffeners were
machined. This, however, did not present any
problems as the thin stiffener web trapped
between the mating titanium end caps on the
cylinders could not extrude radially because of
radial restraint imposed on it by extemnal
hydrostatic pressure.

4. On the stiffeners with lightening holes, the

tensile and compressive stresses increase as
a function of hole size in the stiffener web.
When the lightening holes are too large, buck-
ling of the inner flange takes place below
proof pressure. However, if the holes
machined into the stiffener web are kept
below critical size, the stiffeners retain their
structural integrity at 10,000 psi while provid-
ing a weight reduction of 5 percent.

5. Since the small reduction in weight of the stiff-

ener is accompanied by a large reduction in
elastic stability, the machining of holes in the
ring stiffeners does not appear to be a cost-
effective way of reducing the weight of the
stiffeners. Their effectiveness lies mainly in
serving as penetrations for electric, or hydrau-
lic, lines inside the ceramic housing.

Ceramic Cylinders

1. The 12-inch-diameter ceramic cylinders sized
by linear scaling up of dimensions on the
6-inch-diameter ceramic cylinders perform
structurally in a similar manner to the scale-
model cylinders. Maximum stresses recorded
on the internal surface at midbay were
—137,000 psi (0.3-percent strain) in hoop
direction and 67,000 psi (0.09-percent strain)
in axial direction.

2. The hoop stresses on the internal surfaces of
a cylinder decrease by 5 percent near the
radial support provided by the hemispherical
bulkheads and joint ring stiffener. This indi-
cates that the radial compliance of the support
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provided by the bulkheads and the stiffeners
to the ceramic cylinder is well matched to the
radial contraction of the cylinder under exter-
nal hydrostatic pressure.

When pressurized to implosion while sup-
ported radially by plane-steel bulkheads, the
12-inch ceramic cylinders failed in the same
rangs of pressures (i.e., 17,000 to 18,000 psi)
as the 6-inch scale-model cylinders. This con-
firms the postuiate that the scaling up of
6-inch-diameter ceramic cylinders by a factor
of two does not result in reduction of critical
pressure providing that (1) the maximum
membrane hoop stress at critical pressure
does not exceed —273,000 psi and that (2) the
voids inside the ceramic shell do not exceed
0.05 inch in diameter.

The safety margin between the design pres-
sure of 9,000 psi and the critical pressure for
12-inch-diameter cylinders is approximately
100 percent, even though sonic nondestruc-
tive evaluation (NDE) had detected some
voids with dimensions in the 0.015- to
0.05-inch range beforehand in the shells of
the 12-inch cylinders.

The W/D ratio of 12-inch-diameter 94-percent
alumina-ceramic cylinders with /D, = 0.0343
and L/D, = 1.5 is 0.51 when equipped with
Mod 0 titanium end caps, or 0.48 when
equipped with end caps made from 7178-T6
alumina.

Ceramic Hemispheres

1.

Penetrations can be incorporated successfully
into ceramic hemispheres without reducing
their elastic stability (figure 24). The size of
the largest penetration successfully incorpo-
rated into the 12-inch-diameter hemispheres
was defined by d/D,, = 0.25, where d and D,
are the diameters of penetration and hemi-
sphere, respectively.

It is not known at the present time how many
penetrations a hemisphere may tolerate at
proof pressure without catastrophic failure.
Successful performance at proof pressure of
hemisphere Model 5 with five penetrations

6.

has shown, however, that hemisphere
designs with evenly spaced penetrations are
acceptab'e provided that the separation
between edges of penetrations exceeds the
radius of the larger of the adjoining penetra-
tions.

Point, or line, contact between metallic
penetration inserts and the ceramic sheli sur-
face can be eliminated successfully by placing
contoured laminated phenolic washers under-
neath the flanges of penetration inserts (fig-
ure 25).

All stresses in the ceramic hemispheres are of
a compressive nature, and their peak values
are a function of shell design. Without any
reinforcements around the penetrations, peak
compressive stresses of —278,000 psi magni-
tude were recorded. With properly designed
reinforcement around the penetration, the
peak compressive-stress value can be
reduced to —138,000 psi membrane-design
stress.

The principal compressive stresses in the
ceramic hemispheres at the equatorial joint
are significantly higher than in the ceramic
cylinder (figures 26 and 27). Also, since the
spherical shells are 50-percent thinner than
the cylindrical shells, the resuiting axial bear-
ing stress on the plane equatorial surface of
the hemispheres is 100 percent higher than
on the cylinders (figure 28). This makes the
plane bearing surface of hemispheres more
susceptible to the initiation of cracks under
repeated pressurizations.

The W/D ratio of 12-inch-diameter 94-percent
alumina-ceramic hemispheres equipped with
titanium Mod 0 end rings and connector
inserts varies from 0.46 to 0.80 depending on
hemisphere configuration and number of
penetrations. The critical pressure of ceramic
hemispheres is = 20,000 psi.

Titanium Hemispheres

1.

The 12-inch-diameter Type 1 titanium hemi-
spherical bulkhead for 9,000-psi design depth
performs satisfactorily up to its proof test

J
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depth of 10,000 psi (figure 29). Maximum
compressive membrane stress recorded at
proot test depth is ~100,000 psi. This indi-
cates that, if pressurized to destruction, the
implosion pressure will exceed the specified
critical pressure of 11,250 psi. The W/D of the
Type 1 hemispherical bulkhead is 0.75. It rep-
resents the lowest W/D ratio for 8,000-psi
design depth achievable safely with titanium
hemispherical bulkheads.

The 12-inch-diameter Type 2 titanium hemi-
spherical bulkhead for 16,100-psi design
depth performs satisfactorily up to its proof
test depth of 17,900 psi. Maximum compres-
sive membrane stress recorded at proof test
depth is —100,000 psi. This indicates that if
pressurized to destruction, the implosion pres-
sure will exceed the specified critical pressure
of 22,500 psi. The W/D of the Type 2 hemi-
spherical bulkhead is 1.45.

The joint between the titanium hemispherical
bulkhead and the ceramic cylinder performed
satisfactorily to the 10,000-psi proof test
depth (figure 30). The split wedge band used
for fastening the Type 1 titanium hemisphere
to the ceramic cylinder was identical to the
bands used for fastening other joints to the
12-inch ceramic housing.

End Caps

1.

Mod 0 end caps did not provide the ends of
12-inch-diameter ceramic cylinders and hemi-
spheres with the same protection against the
initiation and propagation of cracks on the
plane-ceramic bearing surfaces as did the end
caps on the scale-model 6-inch-diameter cyl-
inders. While spalling was not visible on the
exterior surfaces of scale-model cylinders
after 2,000 pressure cycles to 9,000 psi, it
was apparent on the external surfaces of the
12-inch cylinders and hemispheres and, in
some cases, after only about 30 cycles (fig-
ure 31).

The cyclic fatigue cracks originating on the
plane-ceramic bearing surfaces of cylinders
and hemispheres propagate circumferentially
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and axially into the shells of the ceramic com-
ponents, forming fracture surfaces that paral-
lel the external curvature of the shell

(figure 32). The fracture surfaces may grow to
a depth of several inches before (a) the
ceramic component weakens from the forma-
tion of layers and implodes unexpectedly at a
pressure that is significantly lower than the
design pressure (figure 33), or (b) the fracture
surface breaks through the exterior or interior
surfaces of the shell causing it to leak.

Tensile, principal stresses on the plane-
bearing surfaces of ceramic components
cause cracks to initiate under cyclic pressure
loadings. The magnitude of principal tensile
stresses at these locations is a function of
joint configuration, axial compressive bearing
stress, and the magnitude of difference in the
physical properties of materials compressing
the joint structure. The magnitude of tensile
stresses on the plane-bearing surfaces of
ceramic components encapsulated with epoxy
in Mod 0 titanium end caps has been calcu-
lated by finite element analysis (FEA) to be in
the range of 5,000 to 6,000 psi for joints
between ceramic cylinders, and 11,000 to
13,000 psi for joints between ceramic cylin-
ders and ceramic hemispheres (figures 34
and 35).

Increasing the depth of the annular seat in the
end cap (i.e., height of flanges on the end
cap) for cylinders or hemispheres reduces the
magnitude of tensile stress on the plane-
ceramic bearing surfaces. This, in turn, delays
the initiation, and retards the rate of propaga-
tion, for the cyclic fatigue cracks on these sur-
faces.

The Mod 1 end caps (figure 36) for 12-inch-
diameter cylinders formed by increasing the
depth of the seat from 0.245 inch to 1 inch,
increased the cyclic fatigue life of 94-percent
alumina-ceramic cylinders significantly. The
12-inch-diameter cylinder 1, equipped with
Mod 1 end caps, successfully withstood 500
cycles to 9,000-psi design depth without vis-
ible exterior spalling. Because of the signifi-
cant improvement in cyclic fatigue life
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provided by Mod 1 end caps, all joints in the
12-inch ceramic housings were redesigned to
incorporate the Mod 1 end caps (figures 37
and 38).

When pressure tested to destruction with
ends radially supported by plane steel bulk-
heads, ceramic cylinder 1 imploded at 16,500
psi. Since the implosion pressure of this cylin-
der differs little from critical pressures gener-
ated in phase 1 of this program by 6-inch-
diameter cylinders with identical /D, and L/D,
ratios, it can be concluded that the extent and
depth of fatigue cracks in the cylinder with
Mod 1 end caps after 500 cycles to design
depth were not large enough to reduce the
structural performance of the cylinder signifi-
cantly.

Nondestructive Evaluation of Ceramic Compo-
nents

1.

The presence of voids with diameters =0.010
of an inch can be detected in ceramic shells
with a thickness of 0.412 inch by using either
the ultrasonic pulse-echo, or through-trans-
mission data-acquisition methods. To achieve
such fine resolution, the C-scan of the
ceramic cylinder or hemisphere must be per-
formed at 0.01-inch increments using a

10 MHz frequency.

The location of a void can be accurately pin-
pointed in the X-Y plane by through-transmis-
sion, or pulse-echo methods operating in
C-scan mode, and its distance from the sur-
face of the shell can be pinpointed by pulse-
echo method operating in A-scan mode.

The size of the void cannot be accurately
determined by sonic inspection methods as
the magnitude of signal generated by echo
from the void depends not only on its size, but
on its shape. As a rule, the irnage of a void
detected by an ultrasonic C-scan is 100- to
200-percent larger than the void itself.
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9.

The size of a void can be accurately deter-
mined by X-ray inspection techniques. The
most sensitive method is digital X-ray com-
puted tomography, followed by digital radiog-
raphy and film X-ray. The width of the void, or
separation of fracture surfaces at right angles
to the ray path, must be = 3 percent of the
ceramic shell thickness in order to be detect-
able by X-ray inspection techniques.

The location of a void can be located in the
X-Y piane by all three X-ray inspection meth-
ods. Its location with respect to the shell sur-
face can be established accurately only by
radiographic computed tomography.

The three-dimensional shape of the void as
well as its location inside the ceramic shell
can be accurately determined only by radio-
graphic computed tomography (figure 39).
Because of the high cost, it must be applied
only to locations where ultrasonic inspection
has previously pinpointed the presence of a
large void.

The magnitude of voids detected in the 6- and
12-inch-diameter housings and hemispheres
varied in size from 0.01 to 0.05 inch. The
number of voids varied from one cylinder to
another. The largest number of voids was
found in cylinder 3 at an apparent density of
three voids per cubic inch. Over 80 percent of
the voids detected were <0.015 inch in size.
The sizes of voids in the remaining 10 percent
of void population varied from 0.015 to 0.050
inch.

Some voids in the 0.04- to 0.05-inch range
were found within 0.05 inch of the external
surface. They did not implode, or serve as
crack initiators when the external surface of
the cylinder was subjected to 10,000-psi proof
pressure.

Voids with diameters < 0.05 of an inch do not
initiate cracks in ceramic cylinders pressur-
ized externally to < 300,000-psi compressive
stress level.
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CONCLUSIONS

i

Ceramic of 94-percent Al,O3 composition is a
reliable material for construction of external
pressure housings designed to operate at
compressive stress levels of < 150,000 psi.

The 94-percent alumina-ceramic housings
can tolerate voids with <0.050-inch-
diameters under compressive stress loading
of —300,000 psi magnitude during a single
pressurization, and —150,000 psi during multi-
ple pressurizations without initiation of cracks.

Monocoque cylinders with t/D, = 0.034 and
L/Do = 1.5, when supported radially at the
ends by ceramic hemispheres, fail by buckling
at = 13,500 psi and at = 16,500 psi when
supported by plane bulkheads.

There appears to be no reduction in structural
performance of ceramic cyiinders and hemi-
spheres under external pressure associated
with linear scaling up of their dimensions.

Ceramic, instead of titanium, hemispheres
can be used as end closures in ceramic cylin-
drical housings.

Muttiple penetrations can be incorporated into
a ceramic hemisphere without reducing its
critical pressure.

Ceramic cylinders and hemispheres can be
joined and securely fastened with mechanical
joints of split wedge bands that draw titanium
end cap rings (bonded with epoxy adhesive)
to the ends of the cylinders and hemispheres.

The cylindrical housing assemblies can be
extended to any length by joining and fasten-
ing many cylindrical sections together. To pre-
vent reduction of elastic stability resulting from
the increase in spacing between radial sup-
ports provided by hemispherical end closures,
stiffeners must be incorporated into the cylin-
drical housing assembly. Stiffeners may be
incorporated into the joints between ceramic
cylinders or inserted inside the cylinder and
bonded to its interior surface.
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10.

11.

12.

13.

14,

15.

Metallic ring stiffeners, when incorporated into
joints between cylindrical housing sections,
replace the radial support to the end of a cyl-
inder that was previously supported by a
hemisphere.

Metallic ring stiffeners, bonded to the interior
surface of a monocoque ceramic cylinder at
midbay or at lesser intervals, make it feasible
to reduce the shell thickness or increase the
cylinder iength without reducing its elastic sta-
bility.

The cyclic fatigue life of ceramic components
in the pressure housing is determined by the
growth rate of axial cracks on the plane-
bearing surfaces initiated by tensile radial
stresses at that location.

Tensile radial stresses are generated by the
mismatch in the physical properties of the
ceramic shell and the adhesive-bonded tita-
nium end cap. The magnitude of tensile radial
stress is inversely related to the modulus of
alasticity of the material from which the end
cap is fabricated (i.e., an aluminum end cap
generates higher tensile radial stress on the
ceramic bearing surface than an end cap
made from titanium).

The cyclic fatigue life of plane-ceramic bear-
ing surfaces under repeated —70,000 psi axial
loadings has been found to be > 100 pressure
cycles when encapsulated in Mod 0, and

> 500 pressure cycles when encapsulated in
Mod 1 end caps.

A W/D ratio of 0.6 is achieved by housings of

a single 94-percent alumina-ceramic monoco-
que cylinder with /D, =0.034 and L/Do = 1.5

equipped at the ends with Mod 1 titanium end
caps, and closed off by ceramic hemispheres

with Mod 1 end rings.

Voids in 0.412-inch-thick ceramic shells can
be detected by several nondestructive tech-
niques. Ultrasonic technique detects voids
20.01 inch, digital radiographic tomography
detects voids =0.02 inch, and digital radiog-
raphy or film X-ray technique detects voids
=0.03 inch.
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16. The size of the void can be accurately mea-
sured only by digital radiographic tomography.
Digital radiography and X-ray film techniques
produce close approximations of the actual
size, with the images of the voids slightly
(approximately 1 to 3 percent) oversize. Ultra-
SONic microscopy presents images that are
approximately 5- to 10-percent larger than
voids. Standard ultrasonic C-scans generate
images that are 100- to 200-percent larger
than voids and, for this reason, are not suited
for measuring void sizes.

RECOMMENDATIONS

1. The cost-effective design for ceramic external
pressure housings consists of a monocoque
cylinder and two hemispheres whose ends,
after encapsulation in titanium end caps, are
fastened together by split wedge bands. The
payload capacity of such a housing may be
increased economically by joining several
identical cylindrical sections with joint ring
stiffeners that not only line up, but also pro-
vide radial support to the ends of the cylin-
ders.

2. The compressive design stress in any of the
ceramic components fabricated from 94-per-
cent alumina should not exceed —150,000 psi,
except at penetrations in the ceramic hemi-
spheres where a local compressive stress of
—200,000 psi magnitude is acceptable.

3. To maximize the cyclic fatigue life of the axial
bearing surfaces on ceramic cylinders and
hemispheres, their ends must be protected by
titanium end caps of Mod 1 design filled with
epoxy adhesive (figures 41 and 42). The
height of the flanges on the end cap must
meet the h = 3.2 t, requirement. An epoxy
layer <0.01-inch thick is the preferred inter-
face between the mating ceramic and titanium
bearing surfaces inside the end cap.

4. With Mod 1 end caps the cyclic fatigue life of
bearing surfaces on 94-percent alumina
ceramic housing components subjected to
—-68,000 psi average bearing stress exceeds
500 cycles to design pressure.
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To reduce the axial bearing stress on the
edge of the ceramic hemispherical bulkhead
to the same level as on the adjoining ceramic
cylinder, the shape of the equatorial edge on
the hemisphere should be modified to repre-
sent a cylindrical skirt with the same thickness
as the mating cylinder.

To attain a 50-percent margin of safety
against material failure and elastic buckling at
design pressure of 8,000 psi, the 94-percent
alumina-ceramic monocoque cylinder must
have t/D, = 0.034 and /D, = 1.5 dimensions.

To provide the ceramic components with ade-
quate impact protection, an elastomeric jacket
0.25-inch thick should be placed over the
ceramic surfaces.

All ceramic components must be nondestruc-
tively inspected for extenal cracks and inter-
nal defects in the form of voids or cracks.
Components with external or internal cracks
of any length are not acceptable. Voids >0.05
inch also make the component unacceptable
unless empirical data can be found to the con-

trary.

The following cost-effective nondestructive
QC inspection procedure is recommended for
ceramic components:

a. Apply dye penetrant to all surfaces, and
visually inspect for cracks.

b. Perform continuous ultrasonic C-scan
indexed at 0.01-inch intervals of shell
surface by means of pulse-echo, or
through-transmission techniques utilizing
> 10 MHz transducers calibrated on a
ceramic witness specimen with 0.03-inch
fiat bottom hole.

c. Place film on the interior surface of the
ceramic shell at locations where ultra-
sonic C-scan has located voids that
appearto exceed 0.05 inch in size, and
expose it with X-rays.

d. Develop the film and measure the
images of voids. Use these measure-
ments as the basis for acceptance or
rejection of the ceramic component.
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GLOSSARY
- NCEL Naval Civil Engineering
Laboratory
AUV autonomous underwater NDE Nondestructive Evaluation
vehicle NOSC Naval Ocean Systems Center
FEA finite element analysis oD outside diameter
ORL Ordnance Research
GFRP graphite fiber-reinforced Laboratory
plastic
ROV remotely operated vehicle
h height of flange on the end
cap SF safety factor (factor of safety)
, specific strength strength-to-density
ID internal diameter
IRNED independent Research and t thickness
independent Exploratory te thickness of cylinder
Development D, thickness-to-diameter ratio
ts thickness of sphere
L Length
L/Do thickness-to-iength ratio WD weight to displacement
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Figure 1. W/D of external pressure housings fabricated from premium structural materials.
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Figure 4. Typical approach to raising the elastic stability of a monocoque cylinder.
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Figure 5. Standard techniques for preventing individual cylindrical sections from buckling under
external pressure when their ends are not radially supported by bulkheads.
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ADDITIONAL RADIAL
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Figure 8. The length of a single monocoque cylinder can be extended without decreasing its critical
pressure by inserting one, or more, metallic ring stiffeners into its interior that provide the needed radial

support against buckiing.
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TO THE END OF MONOCOQUE CYLINDER

JOINT RING PROVIDES RADIAL STIFFENING
TO THE ENDS OF MONOCOOUE CYLINDERS

Fig_ure 7. The length of a cylindrical pressure housing assembly can be extended without decreasing its
critical pressure by adding more cylindrical sections supported at their ends by metallic joint ring stiffeners.
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Figure 9. Direct radial and axial support of the ceramic cylinder by metallic bulkheads
or joint rings results in fretting of the ceramic bearing surfaces that resuilts in crack
initiation, spalling, and, uitimately, failure.
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Figure 10. Metallic, circular end caps bonded with epoxy adjesive to the
ends of the cylinder protect the ceramic bearing surface from chafing and

Figure 11. Typical 8-inch-diameter housing consisting of a single
ceramic monocoque cylinder protected by end caps and radially
supported by titanium bulkheads.
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Figure 12. A 6-inch-diameter housing used to demonstrate the feasibility of
removable ceramic bulkheads that provide radial support to the cylinder ends
by means of a mechanical joint.

Figure 13. Components of a 6-inch-diameter housing used to
demonstrate the feasibility of providing radial support to individual
cylindrical sections by means of removabile joint ring stiffeners.
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Figure 14. A 6-inch-diameter housing assembied from components
shown in figure 13 that was subsequently proof tested to 10,000 psi.




FEATURED RESEARCH
TITANIUM DETAIL B | DETARA
END BELL 18.40 in. i l

TITANIUM END CAP TYP CERAMIC CYLINDER MODEL 2

VINYL TAPE VINYL TAPE

™~ STIFFENER
TYPES C, D,E,F, G, or H

6.038 OD

DETAIL C R DETAIL A
18370 in. — < 1 /
- *t- / ’ - \
P A A S R AR -k R A A e PN R OB i S = ‘ —
{ [} I
Mahl/  ALUMINUM
117 MIDBAY STIFFENER
|
I
|
TITANIUM END CAP TYP € CERAMIC CYLINDER MODEL 3
VINYL TAPE
DETAIL A

Figure 15. Types of radial support for individual monocoque ceramic cylinders that
were incorporated into the 6-inch-diameter NOSC third generation ceramic housings.
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FEATURED RESEARCH

Figure 18. The cylindrical housing section consisting of a 12-inch OD by 18-inch L by
0.412-inch t monocoque 94-percent alumina cylinder equipped with titanium end caps
and enclosed by a polyurethane jacket.

Figure 9. Typical hemispherical bulkheads for the 12-inch-diameter housings.
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Figure 20. Typical removable joint ring stiffeners for 12-inch-diameter housings.

Figure 21. Split wedge bands used for clamping together components of the housing assembly.
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ELASTOMERIC JACKET
CLAMP BAND
O-RING SEALS

N
TITANIUM %
END CAP
EPOXY BOND N cenamic
N
1/
TITANIUM /
COUPLING %
RING
A
-

Figure 22. Arrangements for joining ceramic cylinders consisting
of Mod 0 end caps, removable joint ring stiffener, and external
split wedge band clamp.
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Figure 24. Two of the ceramic bulkhead configurations evaluated in the test program.

:
¢

T~

n
N\
1

O-RING
SEAL

PLASTIC

BEARING

PAD
CERAMIC
HEMISPHERE

PLASTIC
WASHER

TITANIUM
NUT

Figure 25. Penetration insert for the ceramic bulkheads that
allows screwing in of standard threaded bulkhead penetrators.
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TITANIUM |/ %M
EQUATORIAL
RING
TITANIUM
L END CAP
L AROUND CERAMIC
CYLINDER
AR
o Ol o
CERAMIC / \
HEMISPHERE
ELASTOMERIC
O-RING SEAL JACKET
CLAMP BAND

Figure 26. Arrangement for joining ceramic cylinders to
ceramic bulkheads using Mod 0 end caps and extemnal
spiit wedge band clamp.

Figure 29. Titanium bulkhead fastened to the 12-inch-diameter
ceramic cylinder by means of a split wedge band clamp.
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TITANIUM END CAP

TITANIUM
HEMISPHERE

/LAMP BAND

PLASTIC SPACER

Figure 30. Arrangement for joining a metallic spherical bulkhead to
ceramic cylinder using Mod O end cap and spiit wedge band clamp.

Figure 31. Spalling of external surface on 12-inch-diameter ceramic
cylinder observed after repeated pressure cycling to 8,000 psi.
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Figure 32. Typical fatigue crack on the plane-bearing surface of a ceramic
housing component. With continued pressure cycling, the crack will
propagate axially and circumferentially.

Figure 33. Typical fracture surface of a hemisphere that failed during pressure cycling.
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sure vessel: center support ring

20-inch validation pres

n of maximum principal sresses in ajoint between cylinders encapsulated
ovable metaliic joint ring stiffener.

Figure 34. Distributio
d supported by arem

by Mod O end caps an
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20-inch validation pressure vessel: hemi/cyl joint

Figure 35. Distribution of maximum principal stresses in a joint between a cylinder and hemisphere
encapsulated by Mod 0 end caps.

49




FEATURED RESEARCH

CERAMIC
EPOXY

CYLINDER
BOND
412 .020 THICK
R e oad
= ‘

RTV SILICON RUBBER
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A é
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15° BEVEL A é
?
. /
1 | l ] o l‘_—’L'l
MOD 0 MOD 1

Figure 36. End caps for 12-inch-diameter ceramic cylinders. The Mod 1 end cap significantly
reduces the formation of fatigue cracks on the plane-ceramic bearing surface.

ELASTOMER JACKET

N N IIIIIIII/' "/ \‘\\\ NN
\/’\\\ // DY
e

Figure 37. Optimized joint between ceramic cylinders
incorporating the improved Mod 1 end caps.
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Figure 39. One of the large voids detected in the 12-inch-OD cylinder 3

U

EQUATORIAL TITANIUM
RING \ END CAP

CERAMIC
CYLINDER

//////%§ ;: /"’/,,/’/’//, g '>..

NN
[/, ‘./m&\\\lll
98 o %, o

TITANIUM ~
HEMISPHERE /
O-RING SEAL . S
JACKET

CLAMP BAND

Figure 38. Optimized joint between ceramic cylinder and
metallic bulkhead incorporating the improved Mod 1 end cap.

Specimen:

1200 in OD x 11.176 in ID
849% Alumina Ceramic
Cylinder #3

by radiographic ~omputed tomography.
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l Table 1. Premium structural materials used in construction of external pressure housings.
. Weight Compressive  Strength
Material (Ibfin3)  Strength (kpsi)  Weight

l Steel (HY80) 0.283 80 280
Steel (HY130) 0.283 130 460

. Aluminum (7075-T6) 0.100 73 730
Titanium (6Al-4V) 0.160 125 780

| Glass (Pyrex) 0.080 100 1250
Glass Composite 0.075 100 1330

| Graphite Composite  0.057 100 1750
Beryllia Ceramic 96% 0.104 225 2160

| Alumina Ceramic 94% 0.130 300 2310
Glass Ceramic

l (Pyroceram 9606)  0.093 350 3760
Silicon Carbide 0.114 450 3947

. Boron Carbide 0.089 400 4494

|

i

|

i

|

|

|

|
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Table 2. Physical properties of typical ceramic compositions for structural applications, sheet 1.

Flexural Strength Compressive Strength
(@ 20°C MOR) (@ 20°C)
. 3 psix10?
o n e T o o w0 w0 w0 o s0 s
Nomica T ° * Aluming ) J M M
Whisker Reind. Alumina — — -
zm . ]
Silicon Carbide | e———p— Siicon Carbide -
Silicon Nitride p—
Titasium Diboride. - Spinel -
Soron Carbide -
Mullite -
Alumioun Nitride -
Spinel - Cordierite -
Mullite -
Cordierite - Porcelain =
Aluminum Titanate =
Porcelain - Yingsten Carbide £e
m CM L____J] w M _—
© 0 600 ’°:w.‘3°° 1500 3000 0 500 1000 1500 2000 2500 aooo: ’:oo
MPa
(Coors Ceramics Bullstin #380)
Elastic Modulus Stiffness to Weight Ratio
(@ 20°C) Elastic Modulus/Density
psix 108 (@ 20°C)
o 25 S0 I o
Alymina ) —'— ) ) Alumina —
Whisker Reinl. Alumina — Whisker Reint. Alumina foma
Zirconia - Zirconia -
Silicon Nitride — m Nitride ———
Titanium Diboride - Titanium Diboride -
Boron Carbide - Boron Carbide -
Aluminum Nitride - Aluminum Nitride -
Spinel - Spine
Mufiite . Mullite -
Cordierite - Cordierite -
Alyminum Titanate - Aluminum Titanate N
Porcelain - Porcelain -
Tungsten Carbide av— Tungsten Carbide
Tool Steel - Tool Steel -
0 150 300 450 600 750 0 30 60 90 120 150
GPa GPa/gicc
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Table 2. Physical properties of typical ceramic compositions for structural applications, sheet 2.

Hardness Fracture Toughness
(508 gm load Vickers) (K.o)
Kg:mm?
[+] 600 1200 1800 2400 3000 3600
Alumina e Alumina - e
Whisker Reini. Aluming - Whisker Reinl. Alumina -—
Zircania - Zirconia
Silicon Carbide - Silicon Carbide -
Silicon Nitride - Silicon Nitride -—
Titanium Diboride P Titaniym Diboride -
Soron Carbide - Boron Carbide -
Spinel - Mulite - |
Mullite jom Porcelsin -
Tungsien Carbide = S Tungsien Carbide
Tool Stee! —— Tool Steel Sy
0 [ ] 12 18 24 20 48 ] 10 0 0 ’ ’-:0
GPa MPamv:
{Coors Cemmios Gulletin #980)
Coefficient of Thermal Expansion Thermal Conductivity
(25-1000°C) (@ 20°C)
104rF BturinfttnF
[+] i: 4 [ 0 2!:0 500 7?0 1000
Aluming ) - Alumina i )
Whisker Reinf. Alumina - Whisker Reinf. Alumina -
Zirconia - Zirconia jm
Silicon Carbide . Siticon Carbide S—
Silicon Nitride - Silicon Nitride -
Alumioum Nitride - Titanium Diboride -
Spinel - m -
Mullite - Spinel -
Mutlite -
Cordierite - "
. Cordierite -
Aluminum Titanate = Aluminom Titanate -
Porcelain - Porcelain -
Tungsien Carbide - Tungsten Carbide apme
Tool Steel o Toal Steel -
(4] 2 4 6 ] 0 12 [ 25 50 78 100 125 150
104rC Wim-KX
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Table 2. Physical properties of typical ceramic compositions for structural applications, sheet 3.

Thermal Shock Resistance

Maximum Use Temperature**

(ATc)*
oF
] °‘3° 1200 '90
Alurnina — Al
Whisker Reint. Alumina
Whigker Reinl. Alumina
Zircon
Lirconia v Silicon Carbide
Silicon Nitride
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0 200 600 900 1200
“Down Shock-Cold Water Quench o “NolLoad Condibons
{Coors Cerarmice Bullstin #980)
Dielectric Constant ~ Density
(@ 25°C 1 MHz)
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Aluminum Nitride _— Siicon Cartide
Shicon Nitride
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Table 4. Physical propetties of alumina ceramic.
AD-99.5 AD-99.9%
PROPERTIES T AD-8S AD-90 AD-%4 AD-96 A .9
$ UNITS TES Nom BSNALD, Nom SN ALD, Nom SIS ALD,  Nom %% ALD, Nom MW AL0, Nom WINAC,
OENSITY T g ionu m) | ASTM (208 . 1410121 3600 13) 37010 13) 12010 | 180w 1% @ 14)
T 16631 Te6h | 0909) 05120
SURFACE ASHR0 WCROVETRES | pacpucueren | | S0 1
Gome | (MICROWNCHES) 10(39) 0500 13(51) 13(51) 05009 09(15)
FNISN o seD QA O¥mmancth| 5,50 0109 03012 03012 0109 <003( 1)
TRVSTAL RANGE MICROME TRES TN 20209473) | 210 (0904) | 22509985 | 220 (79788 | SS001911870) | 16(39-236)
SZE amnact | (MICROWOHES) | secTion 61236) 4058) 12473) 11 433) 176200 308)
Am""!' % ASTM C373-72 o 0 ° ) 0 )
GAS PERM. _ - 0 (] 0 0 0 0
COLOR - - WHITE WHITE WHITE WHITE ORY NORY
smnsm oc MPa (pu s 100 | ASTMEQVITS | 3170460 U 1201) 8(52) Y $52180)
TLASTIC MODWRWS 20< GPa tpu -+ 108) 062 7510 79 43) 303 4) 1041 306 (561
MODUYS GPa (pu = 108) %014 man nwan 124 (18) 152022 15823)
MODULUS GPalpu-108) | ASTMCBABTS | 138020) 158(23) 165 (26) 17225) 20033 2803
TRANS. SOMICVEL. mvaec (fusec) 820010 | 8829100 | 89029)x105 | 91 (309x10: | 9BBAxI | 99032 -0
POLSSON'S RATIO - 0.2 0.2 0. on 022 0.2
STWINESSAWEIGHT 20¢ GPag Z 3 7 ) s % o
O ey ¢ Meato) [ AsTMOTIZ | ecen | amz0e | 203005 | 26000 | 220080 | 3m2c50
HARDNESS GPa (kgymm) - 9(960) 10 (1058) 12(1175) 11 (1088) 14 (1440) 15{1551)
TESHE 75 S5 0D O] 9308 08 T1015)
STRENGTH 1000°C MPa (kpu) | MMATEST#4 | T 0305) 103 (15) %6 (14) — o M3
. P T 0 T D T R R
ORI X< Bropny) | ASMcas®2 [ 16001Y wIme | 2409 17072 360 | BI0W)
CORFRCIENT
OFTHERMAL 251000C | 104°C(10 #°F) | ASTMGIT281 | 220400 8145 82046 82146 2046 206!
SPECIC MEAT  100< WRg-K (cabg- G| ASTMCISIR2 | 920(022) $201022) W21 W21 0 121) 0 [0.21)
THERMAL SHOCK ,;, Ten - 200(570) 300 (5701 300(570) 250 (480 2000921 200(392)
e €A | Nolsdeonss | w00wssn | 15000732 | 1000092 | 1700008 | socwn | soepes2
ryT [ seoa 92(235) 87 220) 83210) 87 Q20) 94240)
OELECTRIC 3 18 ackvmen ' 134(340) 126320 11.8 (300 108 (279) 1142901 128025)
STrENCTy 12 | ERemm | astoniers | 173000 12.2 450} 167 (425) 146 (370) 16.9 (430} 181 (460)
064mm TraCK 216(550) 28(500 216 (550) 177 (450) '8 (580) 2325901
0.25mm 283020 2900 2302 228 (5001 33.1 (840) 31.5 (300)
oeeLECTRIC Ve _ AST™ D108 82 1] 91 90 9 39
100y 5C 82 88 91 90 97 98
CONSTANT | WA ASTM D2520-81 82 a2 HY 30 3 -
Yo , aSTMOIson | 0001 00006 00007 00011 00002 00020
OISSIPATION FACTOR | M 25¢ i A AT 0.0004 0.0004 00001 00003 00002
164 ) | 00014 00007 00010 0.0002 0.0002 -
Vamz ASTMODIS0.81 ; 00! 0.005 0007 0010 0002 0020
LOSS INDEX 1 oz %< A e 0007 0.004 0004 0001 0003 0002
. 0010 0005 0009 0002 0002 —
nC -10ra >iQre >10vs >101e =10 >ihe
200C 46 - 10% 14 10" 1.2 x 10" 31100 - >0
VOLUME RESISTIVITY 500¢ ohm-cmiiom | ASTMDIS2966 | 40 - 108 28100 48100 40 100 = 33104
0 C 70-10¢ 704108 2.1 2107 10- 100 - 90 =107
1000°C - 86-108 50105 10 - 108 Z 112107
TEMP AT WHICH
T VALUE ‘6 RESSTIVITY S, | 850 (1562) 960 (1760) 950 (1742) 1000 (1832) - 170 (2138)
1 MEGOHM-CM
95% M,50, 004 003 - - 001 00
vy WEGHT L05s e @20C-NOTE 3 ' : :
" i ﬂm”z:’&?& 3: 10 05 - — 01 01
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Table 6. Dimensions of components used in the assembly of pressure housings.
6 inch Diameter Housings

Model 1

Model 2

Model 3

Cylinders - 99.5 percent ALO, composition
6.0 inch OD x 9.0 inch L x 0.188 inch thick

Cylinders - 94 percent AL O, composition
6.038 inch OD x 9.0 inch L x 0.206 inch thick

Cylinders - 94 percent AL,O, composition
6.038 inch OD x 18.25 inch L x 0.206 inch thick

12 inch Diameter Housings

Type 1

Mod 1

Mod 2

Mod 3

Mod 4

Mod 5

Cylinders - 94 percent AL O, composition
12 inch OD x 18 inch L x 0.412 inch thick

Hemisphere - 94 percent ALO, composition

Single 2 inch penetration at center of hemisphere
11.79 inch OD. thickness constant at 0.2 inch except
for a penetration flange of 0.5 inch thickness.

Hemisphere - 94 percent of AL O, composition
Single 2 inch penetration at center of hemisphere
11.79 inch OD, thickness increases uniformly from
0.2 inch at equator to 0.4 inch at center.

Hemisphere - 94 percent AL O, composition
Single 2 inch penetration at center of hemisphere
11.79 inch OD, thickness constant at 0.2 inch thickness.

Hemisphere - 94 percent AL,O, composition

Four 2 inch penetrations equally spaced at 45° latitude
11.79 inch OD, thickness constant at 0.02 inch,
except for a reinforcement band of 0.4 inch thickness
around penetrations.

Hemisphere - 94 percent ALO, composition

Four 2 inch penetrations equally spaced at 45° latitude,
and a single 3 inch penetration at the center of hemisphere
11.79 inch OD, thickness increases uniformly from

0.2 inch at equator to 0.4 inch at center.
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Table 7. Physical properties of expoxy adhesive used for bonding end caps to
ceramic cylinders and hemispheres.

Castings Parts by weight
Araldite GY 6010 100
Hardener XU HY 283 70
(Supplied by Ciba-Geigy)

Preparation

Resin and hardener were degassed separately and mixed
thoroughly by hand. The mixture was then degassed to eliminate
air bubbles.

Cure schedule (18-in casting) 7 days at 23°C

Tensile Properties
(at 23°C unless otherwise noted)

Tensile strength (psi) 4,700
Yield elongation (%) 3.6
Break elongation (%) 26.1
Tensile Modulus (psi)

at 23°C 272,500
at0°C 300,300
at -20°C 314,100
at -40°C 323,400
at -100°C 355,700
Compressive Properties

Compressive strength (psi) 13,400
Compressive modulus (psi) 328,000
Yield compression (%) 5.3
Ultimate compression (psi) 34,200
Ultimate compression (%) 53.7

Fiexural Properties

Flexural strength (psi) 7,100
Flexural modulus (psi) 154,000
Lap shear* (psi) 3,700
HDT (°C) 37

* Alclad 2024 T-3 Aluminum Alloy 1/2-in x 1-in lap joint in shear at room temperature.
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