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ABSTRACT

This report presents the structural ¢~velopment of a
titanium oceanogragnic vehicle capable of operating at depths
of 15,000 to 20,000 ft. Emphasis is placed on the utilization
of current titanium technology in the construction of the
vehicle. To assist in the development, four titanium models
were designed, fabricated 'a.ccording to feasible full-scale
techniques, and tested to failure under external hydrostatic
pressure, Based on the test results, estimates are made of
the ratio of weight to displacement required for titanium
pressure hulls with collapse depths to 30,000 ft. The need
to fabricate full-scale "trial manufacturing' sections to
definitely establish feasibility is emphasized.

INTRODUCTION

Considerable interest has recently been shown in manned vehicles
capable of exploring the depths of the ocean. A glance at Figure 1 shows
that 60 to 98 percent of the ocean floor cnnld be explored by manned
vehicles capable of operating at depths of 15,000 to 20,000 ft.

The structural design of the hull of such a vehicle must consider
strexxgth-to-we{ght ratios of poesible hull materials and the relation
between structural weight (or depth) and payload. The steels currently in
use are too heavy for consideration as hull materials. Thus, the designer

must introduce new materials such as high-strength aluminum,
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Figure 1 - Distribution of Ocean Depth

beryllium, fiberglass, titanium, or super strength stcels. Since welding
tecnniques for some of these new materials have not vet been developed,
new methods of construction must also be considered.

High-strength titanium iz one of the mosi promising new hull materiais.
It weighs approxiraately 276 1b/cu ft compared to a weight of 490 Ib/cu ft
for sieel. Some allcys with yield strengths of 120,0C0 psi may currently
be welded in thin sheets if extreme care is usad to prevent contamination.

rjonweldable alloys with vield strengths to 175,000 psi and grsater are

also available,
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This report presents the structural development of a titanium oceano- ’
graphic vehicle with collapse depths to 30,000 ft; discusses the use of
composite construction; and on the basis of model test results, presents
estimates of the strength-weight characteristics of composite titanium
pressure hulls. -
DESIGN CCNCEPTS
A coraposite pressure hull as referred to in this report, ia composed
of cylindrical segments, not physicaily joined together, placed inside a
. relatively thin jacket. The cylindrical segments are designed to resist
the loads due to the external hydrostatic pressure, whereas the function .
. of the jacket is to provide watertight integrity, longitudinal strength to
v resist bending moments occurring when surfaced, and corrosive pro-
tection for the strength elements. The chief advantage i3 that composite
construction elimirates the need to weld or join the basic hull structures.
The material used in the cylindrical segments may be chosen for its high
s‘rength-to-weight ratio, and the material used in the jacket is normally
selected for its relative ease of fabrication and its resistance to salt
water environment.
. Yarious combinations of materials with compatible yield strengths and
moduli of elasticity may be used in the construction of composite pres-

sure hulls. The principle will be demonstrated for three typical combi-

nations.
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JACKET MATERIAL WITH HIGHER MODULUS OF ELASTICITY

Figure 2 is a stress-pressure diagran: for a composite hull of HY-135
steel and a high-strangth titanium alloy with steel; the material with the
higher modulus of elasticity, is used as the jacket matesrial, Here it is
assumed that there is an initial clearance between the s.e:l jackst and
the titanium segm=nts. During the initial application of presasurs, the
steel of the jacket follcws Curve | and is stressed to its yield poin:t at a

relatively low preseure. As further pressure is applicd, the steel flows

plastically and remains stressed at 135,000 pe: (if strain nz-dering efiects

ave neglected) and transmits the pressure load to the titanium. Upon
release of pressure, the two raaterials act together., Recause of the

differences in rioduli of elasticity, the stee! {ollows the atespe Curve




and the titanium follows the less steep Curve 2. Therefore, at zero o,

pressure, the steel jacket is in a state of residual tension and the titanium m
is in a state of residual compression. The magnitude of these residual

stresses depends on the relative yield strengths of the titanium and

steel, the geometry cf the hull, and the maximum pressure applied. It is K
not devendent upor: the magnitude of initial ¢learance betwee.n jacket and
rings as long as the Bauschinger1 effect is negligible, Although it is
assumed in Figure 2 that there is an initial clearance between the steel
and titanium, these same materials may be used with no initial clearance
B

or with the steel preshrunk around the titanium.

JACKET AND RING MATZIRIAL WITH SAME .
MOLDULUS OF ELASTICITY ‘

A second combination of compatible materials, high-strength titaniurn
segments inside a lower strength, weldable titanium jacket, is demon-
strated in Figure 3. It is assumed that there i8 no initial clearance
between the jacket and core; therefore, as pressure is initially applied,
both the jacket and the ring segiments follow the same Curve 1 [because
their moduli of elasticity are the same) until the stress in the lower
strength jacket reaches its yield point. If strain-hardening effects are
reglected, the jacket continues to yield at the same stress as the pres-
sure is increased, but the cylindrical segments are stressed at an
increased rate since they are carrying a larger percentage of the pres-

sure, When the pressure is released, the two hulls function as a unit

1 References are listed on page 57,
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The strecs in the jacket follows the upper Curve 2, and that in the inner
segments follows the lower Curve 2, resulting in a residual tension in the
weldable titanium jacket and a slight residual compression in the high-
strength, inner segments at zero pressure,
JACKET MATERIAL WITH LOWER MODULUS OF ELASTICITY

Figure ¢ demonstrates the third principle of composite construction
for fiberglass and titanium where the material in the !acket has the lower
modulus. Because of the fabrication technique, the fiberglass jacket has
an initial tension whick holds the nonweldable c¢ylindrical titanium

segments in place. The two shells function together at all times, and all

stresses are elasiic. As the pressure is applied and released, the

T om
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stregnes in the fiberglass jacket fuilow the upper curve anc those in the

titanium rings follow the lower curve. o
DESCRIPTION OF MODELS

The four models reported in this investigation are designated DSR'/-3, S
DSRV-3L, DSRV-3C and DSRV-3CP. Skotches of the models are shown
in Figure 5, and represezntative stress-straia curves for the titanium x
&,

alloys used in the fabrication of the models are presented in Figure 6.
Model geometries were determined foi' & projected oc=anograpnic
vehicle with an outside diameter of 9 ft and a coliapse depth of 30,000 it,

A schematic eketch showing prototype geometries and yieid strength -

requirements is presented in Figure 7.




Figure 5 - Models DSRV-3, DSRV-3L, DSRV-3C, and DSRV-3CP
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Figure 5¢ - Model DSRV-3C Figure 5d - Model DSRV-3CP -

Figure 6 - Typical Stress-Strain Curves fur Titanium
Alloys Used i Models
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Sirce this was primarily an investigation of hydrostatic strength, it
should be emphasized that the criteria used for the selection of the
titanium alloys for the models were simply those of strength and welda-
bility. The alloys used in the fabrication of the models are not neces-

sarily those which would be recommended for a prototype vehicle.




MODEL DSRV-3

Model DSRV-3 is a membraae sandwich composite cylinder about 1
diameter in length., This rather exploratory model was designed to study
the strength of a typical bay of a composite hull fabricated from a titanium
alloy with a y . eid strenzth of 150,000 psi." in designming the typical bay,

2 on all the

the two-dimensional Hencky-Von Mises stress intensity
material was arbitrarily allowed to rzach 95 percent of th= yield strength,
Longitudinal bending stresses were eliminated by varying the thickness of
the shell rings.3 Fiperglass was chosen a8 the material for the jacket
since it provided a s.mple solution to the problem of sealing the cylinder
for test purposes. The ratio of weight of material to weight of lisplace-
ment for a typical section of the model was 0. 67."

The titanium rings were machinad from forged tubes of 6A14V titanium.
A fiberglass jacket, coniposed of 50-percent glass content cloth together
with epoxy resin was hand wrapped tightly around the assembled titanium

rings. Photographs of various stages in the fabrication of the model are

shown in Figure 8.

* All yield strengths presented in this report are compressive yieid
strengths (0.2 percent offset). All specimens were tested at a rate of
250 psi/min beyond the proportional limit. An effort was made to load
the maodels at approximatoly the same rate as the specimens.

s+ A density of 276 1b/cu ft was used for titanium in the ccmputations of
displacement ratios for all four models.

12
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Figure 8 - Various Stages in the Fabrication of Model DSRV -3

Figure 8b - Typical Ring Figure 8c - Complete Ring Assembly
Assembly Prepared for Fiherglass Jacket

Figure 8d - Initial Stage Jacket L .yup
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Figure 8e - I"inal Stage of Tigure 8f - Layup of
Jacket Layup Sealing Surface

MOLCEL DSRV-3L

Model DSRV-3L is a membrane sandwich cylinder approximately
3 diameters in length. The design of this model was based on the test
results of Model DSRV-3 and was intended to produce a conservative
estimate of the collapse strength of the assumed semi-infinite cylindrical
portion of the projected prototype hull shown in Figur=s 7.

It was concluded from the results of Model DSRV-3 that a long sand-

wich cylinder witk similar typical bay geometry would collapse in the

plastic general-instability mode. This conclusion was supported by

results of the test of a small rinz-stiffened cylinder. (These results are
presented in the Appendix.)
The plastic general- instability collapse strength depends on the ratio

of the critical elastic buckling stress to the stress at collapre. To

14




ensure a conservative interpretation of test results, it is therefore
necessary that for a particular model test, this ratio be held as low as
the minimum ratio which may ue encountered in the prototype. In sodel
DSRV-3L, this was accomplished in two ways:

1. The critical buckling stress in the elastic general-instability mode

was minimized by

a. designing a cylinder of sufficient length to sirnulate a semi-
infinite cylinder and

b. sele~ting a hull material with a low Young's modulus.

2. A material with a yield strength of 175,000 psi was chosen to pro-
duce a relatively high stress at collapse, At present this vield strength
is considered to bs an upper bound.

Since the actual stress-strain curves for the material to be used in the
model wers not available for design purposes, the average circumfer-
entiai strass of a typical section was allowed to reach the vield strength
at a depth of 30,000 ft. Model DSRV-3 test results had indicated that this
would be a conservative approach. To improve the f{atigue strength of the
iacket and to ensure that the inner and outer segments acted as a
structural unit in the plastic range, Dending stresses were eliminated in

3}oa

the inner and oute:r shell rings by varying the thickness of the rings.
weldable titanium alloy with a yield strength of approximately 120,000 psi

was chosen aa the material for the jacket and end rings. The ratio of

weight of material to weight of displacement {cr a typical section was C.02. “

15




T'wo titanium alloys were used in manufacturing Model DSRV-3L.
Briause of its welaability, zolution annealed 6A14V titanium with a yield
streng . of 140,000 psi was chosen for the jacket and end rings. The
inner and outer rings and the spacer rings were machined from
13V11Cr3Al titanium forgings aged to ensure the required yield strengths,
Some dittficulty was encountered in fabricating the 1/32-in. jacket. A
preliminary test sheet, 12 in. long, was successfully rolied to the proper
diameter. Attempts to roll a sheet 36 in. long were unsuccussful, how-
ever, and the jacket was finally formed by pressing. An allowance of
approximately G.010 in. was made in the circumferential les; jth of the
cylinder for shrinkage due to welding. This value was determinad by
welds made on test strips of 6 Al4V titarium. After forming, the cylinder
waa carefully aligned in 2 longitudinal seam jig. The edges of the cylin- S
der were butted together in a fixture, the cylinder was clamped along its
entire length, and the joint was fusion-welded by machine; see Figure 9.

The inner and outer riags and the spacer rings were machined from
forged rings in the heat-treated condition and with a Rockwell Hardness
number of C46. Based on preliminary tesis of small forging somples,
the forgings for the spacer rings were aged at 900 F : 5* for 60 hr. A
ductility of 3 percent was obtained on tests of specimens from an extra
forging included in the heat {or test purposes. This was considerably
le2s than the 8-percent ductility of the samples. The forgings for the

inner and ouier shell rings were aged at 900 F for 40 hr in an

16
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Figu:e 9 - Fusion Welding of 1/32-Inch Titanium Jacket
unsuccessful attempt to improve the ductility. The reduction in ductility

is attribute to the working of the rings during forging. The stress-strain




curve uf Figure 6b was determined from tests of specimens taken from
the extra forgings inciuded in the heats,

The end rings were machined from 3/8-in. plate in thc solutioa
annealed condition. After machining, the rings were slipped inside the
Jacket. This operation was facilitated by the initial diamretrical clearance
of 0.020 in. between tke outer rings and the jacket. The assembled
model was then placed in a sealed atmospliere; see Figure 10, Air was
bled from the system as argon was supplied over a 24-hr period. A
6A14V filter wire was used in welding the jacket to the end rings.

Photographs of the model before test are shown in Figure 11. Note
the irregular surface of the jacket caused by the manufacturing operation.
MODELS DSRV-3C AND DSRV-3CP

Models DSRV-3C and DSRV-3CP were designed to study the collapse
strength of machined titanium hemisgpherical ¢ud closures with and with-
out penétrations. Since stress-strain curves were not available for
design purposes, the average stress in the hernisphere was allowed to
reach 120,000 psi at a collapse depth of 30,000 ft. To avo‘d the additional
cost involved in fabricating a composite cylinder to provide boundaries to
the hemisphere, monolithic cylinder-hemisphere structures were used.
The cylinders were designed to provide membrane boundary conditions
for the hemispherem.4 The reinforcement for the penetration of Model

DSRV-3CP was also deaigned to provide a membrane boundary condition.?

18
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This resulted in the replacement of 153 percent of the removed cross- *
sectional arcd. The weight of material to weiyht of displacement for the B -
hemi.cheres was §. 68,
The models were machined from a 5-in diameter annealed forging of ) of
- *
6Al4V titanium. Photographe of the models after fabrication are shown a
in Figure 12.
C
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Figure 11 - Model DSRV-3L before Test

TEST PROCEDURE

Foil-resistance strain gages were used to measure strairs in the
longitudiral ard circumferential directions of each model. Gages were
located to indicate the strain distribution along the length of the models
as well as around the circumference. Gage locations are shown in the
diagrams of Figure 13,
Since facilitics with sufficient pressure capacity were not available
on station in the early stages of this investigation, several tanks were
used ir testing Model DSRV-3. The model was subjected to a pressure v

of 300J pai in the 10-in. -diameter pressure tank at the Taylor Model

20
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Figure 13 - Strain-Gage Locati.ns
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Figure 13a - Model DSRV-3

Note: All even-numbered gages measured circumierential strain.
All exterior gages have numbers in the 100 scries; all inte-
rior gages in the 20 series.
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Figure 1l3b - Mogel DSRV-3L

Note: The letter A indi:ates gages placed on the model during reinstcru-
mentation after the third of five runs.
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Figure 13d - Model DSRV-3CP

Note: Strain Sensitivities, the initial slop of pressure-strain plots
(s in/in/psi), follow gage numbers.




Basin. Qil was used as a pressure medium, and strains were measured
on both the interior and exterior surfaces. The oil was then drained
from the tank and the tank was filled with water, The 10-in, tank was
then sealed, placed inside the Mod¢l Basin's 20-in. -Giameter tank with a
pressuc= line between the heads of the twu tanks, and a4 pressure of
3000 psi was applied to both tanks. With the pressure at 3000 ps1 in the
20-in. tank, the pressure in the 10-in, tank was raised to 6250 psi.
Strains were measured on the interior surface of the model only. The
model was next tested to collapse in the 17 1/2-in, -diameter high-pres-
sure tank at the Naval Ordnance Laboratory. Water was useq as 3 pres-
sure medium, and no facilities were av..ilahle for strain measurements.
Model DSRV-3L was tested in the Model Basin's new 17 1/2-in. -
diametar, 25,000-psi pressure tank. Water was used as the pressure
medium and both internal and external strains were recorded. A
rubber-to-metal cement was uised to waterproof the external gages.
Many of the internal gages were lost during the first three pressure runs,
{These gages had been put on the inner rings and spa2cer rings before the
model was assembled.) After the third run, the model was removed from
the tark and reinstrumented. The gages indicated by the letter A in
Figure 13b were placed on the model during this reinstrumentation, Two

additional pressurc runs were made on the model. The model was

removed from the tank several times during the test and visually inspected

for local buckling of the jacket.




Mcdels DSRV-3C and DSRV-3CP were tested to coliapse in the Model
Basin 5-in.-diameter high-pressure tank. Oil was used as the pressure
medium, and internal and external strains were recorded to collapse. All
of the external gages could not be recorded during the same preesure run
since only a limited number of leads could be brought out of the tank.

TEST RESULTS

Models DSRV-3, DSRV-3C, and DSRV-3CP collapsed at pressures of
14,250, 14,000, and 14,700 psi, respectively. Model DSRV-2L failed at a
pressure of 15,750 psi. When the model reached this pressure, the
strains began to run and the pressure fell off slowly. The pressure was
then released so that the model could be used for future dynamic studies.

Measurements on the model after test indicated a maximum variation in

)
I

diameter of 1/16 in. in the n * 2 mode. Photographs of the models after *

test are shown in Figure 14,

During the test of Model DSRV-3L no buckling was observed in the
jacket when the model was removed from the tank for visual inspection.
Figure 14a shows the extent to which the jacket yielded around the high-
strength shell rings. The irregular surface, shown in Figure 11, has
disappeared and the location of the shell rings can be determined from
the circumferential outlines apparent in the photograph.

Pressure-strain data for all four models are plotted in Figure 15,
Strain sensitivitiea the initial slope of the pressure-strain piots, for

Models DSRV-3C and DSRV-3CP are tabulated in Figures 13c and 113d.
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Figure 15b - Model DSRV-3L




N DY
— »*—*—,-.»*—4—.—

o t
e i i o

(.

Pa my -

.|
[g]
1
>
[+ 4
[
Q
o
3
<
i
(%]
°f
]
ke
J
x
fzy




Ot~ AYSU 19POW - pS| @inBiyg

wew e wewnys
°

m

° e
T

~+—

=
et

!

. -
20

& B




dOE-A¥SA 19POW - 9§ 2and1 g

.

e e R

e

+
v

+ —e—i — T--g

S VDU S S

"1
Ighe
b

—

.
;
i
!
+-4
i

i
+

R L —+ b

IR

At

-4‘—-&-4_1?'
|
ey
-t

-
b b

t

17

: Ir—‘"“‘—*"f

SO U S

Ll

H
}

S I

L b b dio o o




DISCUSSICN

Stresses in each model at collapie were well into the plastic range of
the material. Model DSRY -3 apparently failed in the plastic general-
instability mode. No strain data were recorded necar collapse pressure
during the test of DSRVY -3, and the model was extensively damaged. Thus
there is no positive proof as to the actual mode of collapse. However, the
appearance of several of the rings after collapse indicated that collapse
occurred by general instability in the n » 2 mode. Model DSRV-31L defi1-
nitely failed by plastic general instability; this is demonstrated by the
measiured out-of-rourd shape after completion of the test and by the
bifurcation of recorded circumferential strains as shown in Figure 15,
Models DSRV-3C and DSRV-3CP each failed by plastic buckling of the
hemispherical portion.

Prior to the design and test of these models, no reliable theories werse
available with which to predict the plastic general-instability strengt. of
stiffened cylinders and the olastic buckling strength of deep spherical
shells.‘ Therefore, explorateory tegts were conducted on a machined
ring-stiffen>d cylinder which {ailed in the plastic general-instability mode

and on a series of machined aluminun: hamispheres which failed in botn

* Bijlaard develep»arra theory for the plastic buckling of spherical shells
in 1999.5 At the time Mode} DSRV-3C was designed, no experimental
resuils were available with which to check the validity of his work., How-
ever, there was reason io believe that a design based on his theory would
nct be conservative since it reduces to the classical small deflection
theory in the elastic range.

At d




the elastic and inelastic buckling modes. The results of the cylinder
test are incorporated in the Appendix, and the hemispherical test results
are summarized in Reference 6.

Semi-emperical design equations for machined shells were d«v=loped
for both modes of collapse. The pressures calculated using these
equations are compared with the present results in Table 1. Excellent
agreement betwecn experiment and the applicable design equation was
obtained for each model.

Several assumptions were necessary to compute the plastic general-
instability pressure for Models DSRV-3 and DSRV-3L. On the basis of
relative moduli and yield strength the fiberglass jacket of Model DSRV-3
was considered to be equivalent to one of titanium one-fourth the actual
thickness, For Model DSRV-31,, the titanium jacket was considered to
reduce the pressure acting on the segments by a pressure equal to that
which causes yielding of the unsupported jacket according to the Hencky-
Von Mises yield criterion.

The elastic strains obtained for each model in areas not affected by
boundary conditions were in reasonable agreement with theory. The
average experimental strains obtained from gages in typical bay locations
of Model DSRV-3 were within 6 percent of the theoretical strains predicted
by the theory of Reference 3. With the exception of the longitudinal
strains in the jacket, the strains measured in Model DSRV-3L were also

in reasonable agreement with calculated strains. 2 However, the
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lcngitudinal strains in the jacket were higher than the calculated values
at the frame and somewhat lower than the calculated value at midbay.
The experimental strains in areas of DSRV-3C and DSRV-3CP away from
the bourdary cylinder and, in the casc of DSRV-3CP, away from the
penetration were in excellent agreement with those strains associated
with equilibrium considerations.

The cylinders of Models DSRV-3C and DSRV-3CP and, in the case of
Model DSRV-3CP, the penetration reinforcement provided ideal,

membrane boundary conditions for the spherical portions of these models

consistent with the design concepts unecx.“lr The measured strains demon-

strate that no appreciable bending occurred in any areas of the spherical
portions »f these models; see Figures 13c and 13d.

No special attention k.ad been given to boundary conditions when
designing Models DSRV-3 and DSRV-3L. However, from the limited
amount of strain data recorded in areas adjacent to the bulkheads on
Model DSRV-3L, it appears that the radial deflection of the end rings was
slightly less than the membrane defiection of a hemispherical end closure
as represented by Models DSRV-3C and DSRV-3CP, Therefore, the
strain distribution obtained near the ends of Model DSRV-3L appears to
be a realistic representation of those which would occur if it had been
terminated by hemispherical closures similar to DSRV-3C and if the
junctures had heen designed to provide membrane boundary condition to

the hemisphere. Since the magnitude of the measured strains near the




ends of Model DSRV-3L are not severe, it appears that the design of the
inner and outer shells and of the stifiened spacing at each end is adequate.
However, the friction between the end stiffener and the flat bulkhead
undoubtedly restricted radial deflection at that point. Theoretical calcu-
lations? required to determine the geometry of an intersection between
the cylinder and the hemispherical end closure would show whether
additional area is needed in the end ring.

A considerable amount of creep occurred during the test of each
model; strains, which were recorded at intervals throughout the test of
each model except DSRV-3, continued to drift as data were recorded in
the latter stages of each test. The collapse pressure of each model was
influenced by the rate at which pressure was applied, just as the shape of
the stress-strain curve and the 0,.2-percent oifset yield of a simple
compression specimen is influenced by the raie at which load is a.pplied.7
Therefore, extreme caution should be used when designing a titanium hull
to withstaud pressure for a long-time duration to ensure adequate con-
sideration of the effects of rate of load application.

The relationship between estimated collapse depth and the yield
strengtl: of the inner rings for cylindrical hulla of the same geometry
and, therefore, the same weight-to-displacement ratio as Model DSRV-3L
i3 shown in Figure 16. It has been assumed that each alloy has the same
strain-hardening characteristics and that the yield strength of the

jacket material is two-thirds that of the inner ring material. Since ring
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TABLE 2

Estimated Ratio of Weight of Pressure Hull to Weight of
Displacement for Various Composite Titanium Hulls

| - ol
[* . 4 DIAMETERS *

L TITANIUM WITH AN ASSUMED
STRENGTH OF 120,000 P8I

Yield Strength | Yield Strength Collapse
of Material of Material De. th Weight of Pressure Hull
Used in Rings | Used in Jacket . Weight of Displacement
poi psi

120,000 80,000 22,500

120,000 80,000 27,000

-
|

120,000 £0,000 30.000

150,000 100,000 22,500

150,000 100,000 27,000

S —

150,0¢0 <00.000 30,000

r__..
175,000 £20,0C0 27,005

175,000 120,000 30,000

200,000 120,000 30,000
——

Not conservative since ratjos of weight of hull to weight of dis-
placement for both calculated cylindrical and herispherical shella
are considerably less than those of DSRV-31, ard DSRV-3C frrm
wnich this value was extrapolated.

Not conservative since ra‘io of weight of cylindrical hull to weight of
its displacement is considerably less than that of DSRVY-3L from
which this value was extrapolated.
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titanium jacket and HY-150 titanium rings. Corresrcnding conclusions
may be drawn from Tabie 2 for other c~llapss depths and material yield
strengths.

Various methods of producing the Ligh-strength titanium rings required

for composite construction appear feasible. For relatively smali

diameters, the complete rings could be forged in a manner similar to

that used in Model DSRV-3L. Recent developments in diffusion bonding
offer a method of joining segments of a ring to form large complete rings,
For example, segments of annealed 6A14V titanium alloy could be joined
by diffusion bonding to forin a complete ring and could then be heat-
treated to strength ievels of 150,000 psi and greater. Several titanium
alloys with a yield strength of 120,000 psi, such as the 6Al4V and 721
alloys, show promiae of being weldable under favorable conditions.

Complete rings of these materials could, therefore, be formed by welding

segments together. When a ""wezldable' titanium alloy is used as the ring

material, composite construction offers the advantage of eliminating
many of the difficult and time-consuming weldments such as those joining
the web and shells. Although compositc construction will undoubtedly
require machining of the individual ri:ngs, it is likely that considerable
machining of fully welded titanium hulls will alsc be required to obtain
proper welding conditions.

Each main structural element was machined {or this series of models.

However, several conclusions may be reached concerning hulls of similar




geometry fabricated by other means, such as by forming and welding
plates or by diffusion bonding machined elements. If performed at room
temperature, welding and forming operations will give rise to consid-
erable residual stresses which, in turn, will cause an early nonlinear

pressure-strain relationship to occur., For the depths studied in this

series of tests, collapse strength of both cylindrical and spherical titanium
alloy hulls are affected by this relationship, and a corresponding decrease
in collapse pressure can be expected for hulls fabricated by this method.
Further nonlinearity and an associated decrease in collapse strength

can be expected if initial imperfections are present due to fabrication.
These initial imperfections may be severe in both the welded as

well as the diffusion-i:onded hulls, where very high temperatures are
required during the bonding operation. The effect of both residual
stresses and initial imperfections on collapse strength will be particu-
larly noticeable in the hemispherical end closures. Therefore, if these
results are used to predict collapse strength of hulls of similar

geometry but assembled by different fabrication procedures, careful
consideration should be given to the possible effects of residual stresses
and initial imperfections. Since these effects are almost entirely elimi-
nated in composite cylinders, it is possible that the structural efficiency
of cylinders fabricated according to this method is greater than that of

cylinders fabricated by the standard method of fully welded construction.
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Hull penetration, cylinder-end closure junctures, fatigue strength, and

methods of attaching machinery foundations require investigation before
a deep-depth oceanographic vehicle of composite construction may be
accomplished. Recent Model Basin tests of small-scale composite
aluminum cylinders indicate that satisfactory hull penetrations, end
closures, and fatigue strength may be achieved. However, rea.listic.
large-scale models with penetrations and end closures must be tested
under both static and cyclic loading to confirm these preliminary con-
clusions before sufficient confidence may be placed in a prototype design.
Methods of attaching foundations to a composite hull must be developed,
pai-ticularly if the inner rings are nonweldable. A successful solution to
this problem is anticipated since the shcck requirements would most
likely be very nominal.

It appears that the most severe obstacle to attaining a deep-depth
vehicle is the development of full-scale fabrication techniques. Com-
posite construction offers a promising solution to this problem. How-
ever, as in the case of a welded titanium hull, construction of a full-
scale, "trial manufacturing' section is considered mandatory before the
feasibility of a prototype may be definitely established. Such a "trial
manufacturing section should include a portion of cylinder with repre-
sentative rings, an end closure, and an associated juncture. Each of
these segments would also provide useful information for a welded tita-

nium sandwich hull in the event that advances in teclinology permit this
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type of construction. This is particularly true of the end closures which,

at this time, present a very difficult fabrication problem, regardless of

which method of joining is considered. If titanium welding technology is

ﬁot developed, the possibility exists that a steel jacket and steel end

closures may be substituted for the titanium jacket and end closures

considered in thi; report. However, this would result in a weight penalty

which might be severe for hulls with low length-to-diameter ratios.
CONCLUSIONS

1. A titanium hull composed of a composite cylinder with an HY-120
jacket and HY-175 inner rings and terminated by machined HY-120 hemi-
spheres would weigh approximately 60 percent of its displacement, when
designed for a collapse depth of 30,000 ft. Similarly, hulls composed
chiefly of HY-150 or HY-120 rings would weigh about 55 or 63 percent
of their displacement, respectively, when designed for a collapse depth
of 22,500 ft. Further estimates are summarized in Table 2.

2. The collapse strengths of the cylindrical Models DSRV-3 and
DSRV-3L are predicted by a semi-empirical equation aeveloped in the
Appendix for plastic general ihsta.bility. The collapse strengths of the
hemispherical portions of Models DSRV-3C and DSRV-3CP are predicted
by Equation [14] of Reference 6 for the plastic buckling of machined deep
spherical shells.

3. The hydrostatic collupse strength of titanium hulls depends on the

rate at which the load is applied.
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4. Composite construction shows promise of enabling the use of
present high-strength titanium alloys and associated technology in thc
design of deep-depth oceanographic vehicles,

5. Before definite conclusions can be reached regarding the feasibility
of a titanium deep-depth vehicle, large-scale modeis with realistic
penetrations and end closures should be tested under static and cyclic
loading and a full-scale *'trial manufacturing' section, including end
closures, should be fabricated.

RECOMMENDATIONS

1. The hydrostatic and fatigue strength of titanium hulls with realistic
penetrations and end closures and constructed according to feasible full-
so2le fabrication procedures should be investigated.

2. Maothods of attaching machinery foundations to compcesite hulls
should be developed.

3. A full-scale, 'trial-manufacturing' section of a composite titanium
sceancgraphic vehicle should be fabricated to demonstrate feasibility,

4. The effect of creep on the coliapse strength of titanium hulls
should be investigated.
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APPENDIX

HYDROSTATIC TEST OF A SMALL STIFFENED ALUMINUM CYLINDER

Prior to the work sumnmarized in this report, an explorvatory test was
conducted on a 1.75-in.-diameter stiffened cylinder to determine the
applicability of available theorizs of collapse for shells with closely
spaced frames and of a strain-hardening material at prescures in excess
of 10,000 psi. The mcdel, designated DSRV-P, was machined tvrom a
solid bar of 7075-T6 aluminum which had a comaressive yield strength
of 81,000 psi. A rketch of Mcdel DSRV-P is shown in Figure 17, ard a
typical stress-strain curve for the material uged is shown in Figuve 18,

Model DSRV-P zcllapsed at a pressure of 12,400 psi. A ohotograph of
the model after collapsc is shown in Figure 19.

It c’i: be seen from Table 3 that Formylas [92]8 and [92A]8 predict

ccllapse pressures well briow the observed ncllapse pressure. The TMB

9

piastic-hinge theory’ aldgo gives collapse pressure velow the experimental

collapre presasure. USince ths peometry involved ie very stable and,

therefore, a good deal! cof strain hardening occurred befurc ~ollavre
theories such as tness, which depend on an arbatrary yield strength as
that obtained Ly the C.c-percent-offeet method, cannotl be exrecizsd to

apply. The elastic collapse pr2ssures predicted by Kendrickw {general

instability), Fermula [9]“ (asymir.etric shell buckling), and Lunchick!?

{axisymmet~ic shell buckling) are well above the ¢bserved collapse pres-

. . . . - 13 . A2 )
sure. The available theeries of Reynolds ™ and Lunchick™ “ for collapse




2.99)%"°
2.3916"
2.0437" ———f

16499 — o
1.2561"

lo— 0.8623"
—« 0.5144" lo—

*5" Ring Saal

o ~ k=0.0878"

( Typicel)

l

}o——— 1.7500°0.

|.59‘32' 1.0.
1.2432°LD.—=|

ho—
b

Figure 17 - Model DSRV-P

/ ]
/ M
/ .

U SN N
oOR 0004 Q008 0008 QMG GINZ
Sirgin in niin

‘gure 18 - Typical Stresy- Strain Curve for Material
Used in Model DSRV -3

50




'PS0 1082

Figure 19 - Model NDSRV-P after Collapse
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TABLE 3

Ratio of Theoretical Collapse Pressure to Experimental
Collapse Pressure for Model DSRV-P

Theoretical Collapse Pressure
Experimental Collapse Pressure

Theory of Collapse

Formula [92 ]8 0.82

Formula [92A]8 0.80
9

TMB Plastic Hinge 0.9.

Kendrick Part IIIlo 3.3

EMB Formula [9]*} 7.2

Elastic Axig ymmetric Shell
Buckling 12 8.0

Reynold's l:’l:utlc3 Asymmetric
Shell Buckling

Lunchick's Phlﬁc Axisymmetric
Shell Buckling

Plastic Ganeral Instability,
Formula } 0.95

Plastic General Instability,
Formula 9 0.96

by plastic asymmetric and axisymmetric shell buckling, respectively,
also give pressures above the experimental collapse pressure.

The appearance of Model DSRV-P after failure (see Figure 19) sug-
gests that it may have collapsed by plastic general instability. Unfortu-

nately, no theory existed for this mode of collapse &t the time of this test,




Therefore, the following approximations for the plastic general instability
collapse strength were developed..

The assumption that the plastic general-instability strength of a long,
stiffened cylinder is analogous to the plastic buckling strength of a
columnls leads to the following approximation of the plastic general-

instability collapse pressure Pyt

where E i{s Young's modulus,
Et is the tangent modulus at the critical stress level, and
Pcr equals the elastic general-instability pressure as predicted by
Bryantu’ when modified to consider only the effective width oi

shell and the internal or external position of the stiffener.

x
|
I
]
!
[
j

For sufficiently close frame spacing, the average circumferential
stress ¢, may be approximated by
PR,
A ;TK:/—L:
where P is the applied pressure,
Ro is the outside radius,
h is the shell thickness,

A, is the cross-sectional area of the frame, and
L

¢ is the distance betweun frame centars.

& Lunchick presents a more rigorous solutio: to thiz problem in Refer-
ance l14.




The longitudiral stress ¢ may be approximated by

X
PR

% 2n

o]

and the radial stress v by
(4]

Z is assumed tc apply in the

If the Hencky-Von Mises yield criterion
plastic range, the stress-strain relationship betwcen the model and a
simple compression specimen may be expressed in terms of the stress
intensity o, defined as

o= [0 4 0 -“‘x]l/z 5]

The plastic general-instability collapse pressure p, can now be
estimated as follows: From a representative atress-strain curve of the
material used in the cylinder, Et/E may be defined in terms of o and,
therefore, p, can be plotted as a functior of . by using Equation [1].
Similarly, the applied pressure p can be plotted against ¢, as dstermined

by Equation (5] p, corresponds to the intersection of the two curver,
q t

Bryant's expression for the general-instability collapse pressure PBl

is composed of two terms:

Ly, h +p I (6]
P = P » g ' D » D

is associated with the strength of the unstiffened shell,
is associated with the strength of frame per unit length

of shell,




is the bulkhead spacing,

is the number of circumferential waves,

is the moment of inertia about the centroid of a section

comprising one frame plus a length of shell equal to one

frame spacing, and

R is the radius to the midplane surface of the shell.
Modifying the necond term in Equation [6] {o consider only the cffec-
tive width of shell and the internal or external position of the stiffener
yields the fonllowing expression for the elastic general-instability collapse
pressure
4

El
p Eh . A + einz - 1) [7]
' 2

cr

IR

Az,
is the moment of inertia about the centroid of a section
comprising one frame plus an effective lingth of ahell.
and
is the radius to neutral axis of the frame, effectivs sheil

combinatior,.

The eftective length of shell L, may be determined by

! 4
L = F il ~0)*b




where b is the width of web in contact with the shell,

~ 8 -~ 9

« 2 cosh“'z‘-coc"'-z-

F1 z ; , and
cosh ] sinh g + cos ﬁ sinﬁ
2 2 b

Va
2
. _[3(1 -y )J [L-b)
(Rh)%2

Since the plastic buckling of an unstiffened cylinclt:rla under uniform

pressure is a function of the secant modulus E, as well as the tangent

*
moclulus,z.K Equation (1] may vield slightly conservative pressures when

Therefore, tae

applied to relatively short ring-stiffened cylinders.

following expressior can be used to predict the plastic g2neral-instability

collapse pressure p__ of short as well as long ring-stiffened cylinders.

|7 . ~
)\4 E tIe

v 7t
(n? 4 A 1){a? + »2) LR R 2

ef-1 s

) >

Apolying Equations [1] and [9] to Model DSRV-P gives collapse pres-

sures p, ard p.t of 95 and 96 percent of the experimental coliapse pres-

sure, respectively.

* F1 may be determined graphically from Reference 17. N

*% For the purpose of this analysis, the plasticity reduction facter for
moderate length cylinders obtained hy Gex-u'd“3 may be adequately

. approximated by [Euﬁt}’?,
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