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1.0 INTRODUCTION

The develooment of pressure vessels for use in solid fuel motor cases
had reached a stabte in 1960 wherein further progress was restricted
by the lack of suitable high strength materials and limitations in
methods of fabrication. Though the potentially high strength-to-weight
ratio of fiber reinforced cases was recognized, the use of metallic
cases offered certaln advantages peculiar to metals alone. The appli-
cation of metal wire or tape reinforcement in pressure vessels dates
back at least a century. High tensile steel wlre has been used as

the banding material on certaln rifles and guns, as well as on other
hollow bodies, With the possible exception of one recent investigation,
no attampt has been made to utillize the transverse strength of wire

or tape to support the axial stress in cylindrical pressure vessels,
Previously vessels had been reinforced with wound profile strip which
was shrunk onto the vessel (while the strip was simulteneously quenche-
ed to high strength), putting the cylindrical portion of the vessel
into compression. Though the tape was contoured and inberlocked, it
does not appear to support any of the axial load. The Curtiss-Wright
proposed method provided a means whereby the transverse strength of
severely cold reduced tape was utilized. The method simultaneously
facilitated application of ultra high strength materlals which might
otherwise be difficult or impossible to use.

The interlocking Titanlum concept was an oubtgrowth of relatively
recent work carried out by the Wright Aeronautical Division of the
Curtiss~Wright Corporation on the development of the high strength
Titanium alloy BL20VCA. In sheet form, this alloy 1s heat treatable
to a yield strength of 180,000 psi, with a strength-to-weight ratio
higher than that of the best ferrous materlals used in rocket motor
casings. Unfortunately, this alloy is difficult to weld and even a
successful weld cammot be heat treated to maximum strength because the
aging response of base material and weldment differ considerably. It
was observed that this alloy, similar to most precipitation hardened
alloys, benefits considerably as a result of severe cold work prior to
aging. In this mammer, the strength of BL20VCA was increased to
300,000 psi, a strength which if fully utilized in a pressure vessel
would result in a strength-to~density ratio of about 1.7 x 10°,

The objective of the subject contract consisted of developing the
fabrication, tooling, and metallurglcal procedures for the fabrica-
tion of sub-scale pressure vessels utilizing the interlocking tape
wrapped method of construction for attaining high strength~to-density
ratios.
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1.0 INTRODUCTION (Continued)
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. Btructure consisted of an I-beam shaped tape separating two layers of

The design includes an end adapter which was successively stepped
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2.0 SUMMARY
2.1 Phase I

During the Phase I contract, the Wright Aeronautical Division of J;j
Curtiss~Wright Corporation pursued the work program aimed at demon- kiw
strating[phe feasibllity of fabricating interlocked Titanlum wound »
pressure vessels from the material and experimental manufacturly
standpoint utilizing an original design concept.¥ The Drogram was
directed toward the fabrication of 6" diameter hydrotest vessels.

The original design conslisted of three layers of spirally wound cone-
toured Titanium tape which interlocked (Piewwe~3*}, The tape was
wound on end adapters into which pistons could be inserted so that
the cylinder could be pressurized (Frsume-24, The three layer

channel shaped tape. The interlock was obtalned by inserting the
butted legs of the adjacent winds of the chanmel shaped tape into the
I-beam shaped tape with an interference fit. The wires maintained
the interlock through designing the tangent of the angle on the wires
to be less than the coefflicient of friction for B120VCA Titaniumiy

The stresses present in a cylindrical pressure vessel are two times
as great in the hoop direction as they are in the axial direction.
By usling the interlocking tape concept, a portion of the material
stressed in the axial direction is eliminated so that the remaining
material 1s stressed to the same degree as the material in the hoop
direction. This type of design predicts cylindrical vessels with
efficiencies approaching that of spherical methods of construction.

for the three (3) layers of tape and provides for pimming or staking
of each wire to the adapter to prevent unwinding (Figure 3). In
addition, a coating was provided for the internal surface so that the
vessel could be pressurized without seapage into the windings. The
projected weight savings of the cylindrical portion as compared to a
s0lid wall steel vessel of 200,000 psi uniaxial yleld strength, was
50% (Figure 4). .

The original wire design was fabricated from round wire through the
use of a Turks Head mill (Figure 5). Satisfactory shapes of both
the chamnel and I-beam were fabricated in 100 ft. lengths. The ex-
ternal tape dimenslons were obtained by micrometer measurements.
However, the internal dimensions required destructive analysis.

This limited the internal inspections to the start and finish of each
100 £t. length., The internal dimensions were obtained by sectioning
the wire and projecting it at 50 magnifications (Figure 6
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2.1 Phase I (Continued)

The heat treatments for both the chamnel and I-beam tapes were op-
timized to produce a minimum 250,000 psi yield strength (Figure 7, 8,
and 9). In addition, the mechanlcal property in both the smooth and
notched condition was established for temperatures as low as =320°F
(Figure 10). The coefficlent of friction of Bl20VCA Titanium was
established experimentally as between .270 and .348,

Twisting and bowing of the tapes after the final Turks Heading opera-
tion was found bto cause difficulty during subsequent wrapping. This
difficulty was eliminated through the use of speclally designed spools
onto which the tape was wrapped and subsequently vacuum heat treated.
Materlials for the vessel liner were evaluated, and a vinyl coating was
selected as being the optimum from the standpoint of adherence, re-
sistance to cracking or flaking, and adequate ductility with low
modulus

The fabrication equlpment for the sub-scale vessels was accomplished
through the conversion of a lathe (Figure 11). The wrapping apparatus
consisted of a collapsible mandrel (Figure 12) onto which the three
layers of tape are wound. The interlocking of the wires during
assembly was accomplished by three equally spaced pneumatically load-
ed rollers capable of applylng a radial force of 2500 lbs. on the tape
(Figure 13) The helix of the wrap was obtained through the use of
gage blocks and sine bar devices mounted at the end of the mandrel
shaft. A spring loaded gulde pushed the tape axlally at the point of
tangency with the mandrel to insure that adjacent wraps were butted.

Two 6" diameter pressure vessels were fabricated usi the tape,
tooling, and fabrication method developed in Phase In%Figure 14).

The wrapping of the first vessel revealed that the maximum radial
force of 2500 1lbs. was sufficlent to plastically deform the tape. The
second layer was removed and, using new tape, rewound under a radial
force of 1350 lbs. which was found to be satisfactory. The third
layer of tape was applied using a force of approximately 1300 lbs.

The vessel was successfully wrapped in all areas except the adapter

to mandrel transition, where a step occurred. After extraction of the
collapsible mandrel, the profile of the tape showed a saw tooth effect
indicating the interlock had been partially disengaged as a result of
the removal of the mandrel.

The second vessel was wrapped in a simllar maymer as the first vessel
with minor corrections to the tooling and modifications to the radially
applied assembly loading. After completion of the wrapping, the col-
lapsible arbor was removed wlth little difficulty. The vessel dlameter
was approximately 0,020" smaller at the center than at the adapter ends.
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2.1 Phase I (Continued)

The outer dlameter remained smooth but the immer surface was slightly
saw toothed in a manner simllar to vessel No. 1.

The vessel was assembled wlth pistons and pressurized. The vessel
leaked at 30 psl as a result of a separation of the tape at the
cylinder-to-adapter interface. This area was repalred with the use
of an inner and outer molded shell in order to re-hydrotest. The
second hydrotest resulted in separation of the tape in the cylindrical
section remote from the end adapters. TFrom the examination of Tthe
vessel, 1t was concluded that the interlock was insufficient to pre-
vent the tapes from disengaging during hydrotesting.

2.2 Phase IT

Analysis of Tthe falled vessels from Phase 1 indicated that additional
surface contact was required between the I-beam and chammels to in-
sure lnterlock. The redesign consisted of increasing the height of
the I-beam and channel legs to twice their original value (Figure 15).

‘In additlion to the redesign, several other areas of investigation
~appeared to be required. These other areas to be investigated in-

clvded a continuous method for the inspection of the wire to insure
uniform quality. Alternate designs were also consldered to insure the
interlock of the tapes. The effect of these alternate designs on the
structure strength and weight were to be investigated through the use
of structural and interference rigs. Since the design concept is
based on the coefficient of friction of Titanium. which establishes
the angles on the tape legs, further work on the effect of surface
finish, surface contaemination, and load on coefficient of friction
was performed. Theoretical analyses were also run to establish the
effect of the curvature of the wire over the 6 inch mandrel on the
dimensions of the wire.

The inspection procedures investigated in Phase I were reviewed with
respect to the most feasible methods of continuously inspecting the
wires. The alir gage method or optical comparator method appeared to
be -the most practical. The optical comparator method was developed
through the use of a speclal light source and special tooling to
provide a continuous inspection method at 624 maghifications with the
use of comparator charts (Figure 16). The process resulted in ex=-
cellent results for the intermal dimensions of the tape and in com-
bPination with the micrometer method developed in Phase I, provided the
required continuous inspection method for the tapes.

Numerous alternate designs were investigated for increasing the re-
liability of the interlock of the tape construction. These designs
included welding, brazing, adhesives, explosive forming, soft metal
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2.2 Phase II (Continued)

shims, and present design with increased tolerance and decreased
angles (Figure 17). The decreased angles on the tape legs and the
use of a shim between the chammels appeared to be the most feasible,
and these altermnates were included in a 10 times size interference
rig evaluvation.

As previously noted, the results of the analysls of the sub-scale
vessels indicated that additlonal interloclk was necessary between

the layers of tape. It was also felt that the disengagement of the
wires covld have been attributed to 2 lower coefficlent of friction
than established during Phase I, BRig testing of actual tapes with
various surface finishes and degrees of surface contamination under
varying loads was performed during Phase IT, These tests showed that
Increasing loads decreased the coerficlent of frictlon and that small
amounts of surface contamination reduced the coefficlent of friction
below the required value based on the original design (Figure 18).

It was also established that, when the coefficient of friction was
greater thanr the desired magnitude (that established during Phase I),
the wires actvally welded together, The results of this analysis

were incorporated into the interference rig by the use of vapor blast-
ing to nrepare the surfaces and through the decreased angle test., It
should be noted that a lower coefficient of friction reduces the angle
on the tape legs and makes the tolerances more criticgl and smaller,

The interference rig consisted of two, 10 times size channels and half
of an I-beam. Interference could be varied through the use of bolts
and load cell washerg in the I-beam portion of the rig (Figure 19).
The rig utilized the original 12° angle on the legs and the redesigned
twice helght legs. The test showed that interlocking was not accom=-
plished until the mating surfaces picked up and galled. Even though
the contact surfaces were increased by the redesign, the failures

were similar to Those experienced during the testing of the vessels
in Phase I.

The analysis of the failed rig indicated that the coefficient of
friction between Titanium and Titenium was less than the design values
of .3 to .5 assumed and experimentally determined. Since the required
coefficient of friction must be greater than .213 which is the tangent
of the 12° angle, it was felt that surface contamination such as
oxidation, slight misalignment, or a decrease in the coefficlent of
friction due to an increase in load were the factors affecting the
performance of the rig,

Other programs were undertaken in conjunction with the redesigned wire.
These programs included methods of fabrication, the ductility of
Titanium tape and the Titanium sheet metal which would be used in the
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2.2 Phase II (Continued)

10 times size rigs, and the effect of the wrapping on a 6" diameter
on the dimensions of the wlres.

Attempts to fabricate the increased height leg channel and I-beam
wires by the process developed during Phase I proved unsuccessful.
The inside surfaces of the legs were incompletely fllled due to in-
sufficient material (Figure 20). Various modifications to the roller
design were attempted but proved unsuccessful due to the pulling down
of material at the intermnal surfaces during the rolling operation.
The solution appeared to be to form the legs during early rolling
passes to a height greater than the finlshed dimension, and then in
the final pass collect the metal in order to fill the leg cavity.
This method was attempted bubt proved unsatisfactory due to excessive
loads on the tongue of the rollers. Hard rollers falled by shearing
of the corners of the roll tongues, and the softer rollers failed by
flowing of the material in the same area.

Altermate methods of fabrication were investigated. These methods in-
cluded the Turks Headlng operation for performing the shape and ob-
taining the final dimenslon through die drawing. Other methods ine
vestlgated included alternate methods of rolling, drawing, machining,
and chemical milling.

The use of dies proved umsuccessful due to Insufficlent die life
because of the lack of a sultable lubricant for the B120VCA material.
The chemical milling and machining procedures would not produce the
required tolerances. An experimental rolling of the redesigned wires
proved successful in that the experiments showed that the required
dimenslions and tolerances could be obbtained. Fixed priced orders
were placed for quantitlies of tape sufficlent to fabricate sub-scale -
vessels. However, these orders were terminated due to insufficient
time to complete by the end of the contract and the results of the
rig tests which indicated further redesign.

Metallurgical investigations were undertaken to establish the duct-
11ity of the Titanium material in both the tape and sheet metal forms
for both the heat treated and ammealed condition (Figure 21). This
testing was required in order to establish the feaslblility of in-
creasing the tolerances for the interferénce flit of the channel and
I-beam tapes and to establlish whether the interference rig would have
sufficient ductllity. Samples of cold rolled rectangular tape and
sheet material were fabricated with machined simulated wire shapes.
The dimensions were equal to the actual wires and to 10 times size,
simulating the interference rig. The results of these tests show
that the material has adequate ductility for the fabrication of vessels
and the evaluation of the interference and effect of interlocking in
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2.2 Phage II (Continued)

the 10 time size rig. Additlonsl tests were run in both the smooth
and the notched condition to establish the strength and notch sensi-
tivity of the material.

Two significant results were obtained from the material tests. The
notched to smooth ratio of one was obtalned at approximately 170,000
psi tensile strength (Figure 22). At strengths greater than this,
the material became notch sensitlve to a degree directly proportional
to the increase in the ultimate tensile strength. Vacuum annealing
was used on one series of smooth tensile specimens fabricated from
the cold worked wire. The maximun room temperature strength was
ovtained with an air ammeal at 700°F (Figure 23), As the annealing
pressure was decreased to a vacuum of 10=° Torr, the ultimate tensile
strength decreased. The results indicated that the strengthening of
the cold work tape was due to absorbed interstitial gases such as
oxygen, nitrogen, or hydrogen. The anneal at low pressures, outgasses
the material thereby eliminating the strengthening effect of the in-
terstitials., As the result of material testing, 1T was evident that
the full strength of the cold worked B120VCA Titanium could not be
used in the tape wrapped construction due to notch sensitivity which
would cause premature failure due to the stress raising effect of the
small internal radii.

The effect of the wrapping curvature on the dimensions of the wire
during assembly of sub-soale vessels and during inspection were
theoretically analyzed. The changes in the dimensions of the tapes
were found to be significant for 6 inch diameter curvatures (Table 1).
The wire shape used for sub=-scale vessels was changed to compensate
for the distortion. However, in diameters greater than 12 inches,
such as contemplated for full size hardware, the distortion is insig-
nificant and compensatlion need not be made,

The ten times size structural rigs were fabricated from B120VCA
Titanium plate. These rigs were designed to establish the effect of
the various designs and alternate designs on the assembly and per-
formance (Figure 24). The rigs were instrumented with both strain
gages and photostress plastic. The analyses of the rigs with the
minimun interference of ,012" and with 12° angles showed that the
stress concentration of the internal radil of the I-beam exceeded the
tensile strenglth of the fully heat treated moterial (Teble 2 and
Figure 25)., In the aymmealed condition, the contact stresses were
sufficlently high to plastically deform the material during assembly
and reduce the interierence so that faillure occurred due to bending
upon application of tThe tensile load (Figure 26). The failure during
assembly of the fully heat treated rig wos due to the flexure of the
I~beam during the assembly of the first set of channels. This flexure
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2.2 Phase IT (Continued)

has to be overcome in the assembly of the second set of channels, whlch
resulted in a greater than normal load during the assembly of the rig,
This adverse condition was compensated for by assembling the four
channel pleces simultaneously. This procedure resulted 1n a satis-
factory assembly of the fully heat treated specimens. The test re-
sults on the structural rig showed that the fully heat treated materlal
rig failed at an axial load of 16,200 pounds and that the annealed
material rig failled at 30,000 pounds axial load. The heat treated rig
failed through the I-beam while the ammealed rig falled by flexure of
the channel and disengagement. The analyses of the straln gage and
photostress measurements taken during testing revealed that in both
cases the rig experienced flexure of the channels shortly after appli-
catlion of load. This flexure indicated that the precompression of the
channels and the tension in the I-beam was not of the magnltude origln-
ally calculated or sufficlent to eliminate flexure of The chamnel legs.
The hardened material failed due to the increase in the stress at the
internal radii of the I-beam while the soft rig failed due to the
precompression ylelding of the contuct surfaces.

A 9° angle rig falled during assembly due to non-uniform loading.
A 12° angle rig with .040" interference falled at approximately the
same load for the same reason,

The analysis of the rig results indicated that the cause for the pre-
mature fallures was the increased stresses from non-uniform precoms-
pression and stress concentrations. To substantiate this, a 9° rig
with .012" interference was reworked to relieve the outer corners of
the butted surfaces of the chamnnel so that only the inner portion be-
low the gage points made contact. This rework would produce a maximum
condition of non-uniform stress during tensile testing. The rlg con-
firmed the assumption and fallure occurred at 7,600 pounds which was
approximately one-half the value obtalned on the rig that had not been
relieved and one-fourth value of the other rig which had not been re-
lieved and fabricated from the annealed material,

Two additional rigs were assembled, utilizing brass shims between the
butted faces of the chammels. One of the rigs was 9° and the other

was 12°, and both the rigs were of .012" interference. The intent of
the brass shim was to uniformly distribute the stresses in the area of
compression. The stress calculations based on the photoelastic analyses
of the previous tests and the photoelastic analysis on the assembled

rig indicated that the fallure load would be approximately 20,000 pounds.
Both rigs falled at 21,000 pounds, confirming the stress analysls

which had been modified for non-uniform load distribution at the areas
of precompression.
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2.2 Phase IT (Continuved)

The results of these rig tests were used to redesign the tape wrapped
structure to compensate for the non-uniform precompression and for

the notch sensitivity of the Bl20VCA Titanium. The redesign resulted
in a welght increase and a loss in efficlency of the structure (Figure

27).

Fabrication of this design is not contemplated since the weight re-
duction for the 250,000 psl Titanium tape construction is 9,E% when
compared to a monolithic design using the new maraging steel 187
nickel.

10
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CONCLUSIONS

The feasibility of fabricating sub-scale pressure vessels by the
tape wrap method was demonstrated on a converted lathe.

The fabrication of the I-beam and charnmel shaped tapes was
accomplished on the original design by the Turks Heading method,
and the feasibility of producing the tapes redesigned for in-
creased contact surface was demonstrated by rolling.

The structural testing of the incressed contact surface design,
and alternate designs showed that the tape wrap concept was
feaslble and that the structure required modification to compen-
sate for non-uniform precompression stress distribution, and for
the inherehtly lower strength of B120VCA in the presence of stress
concentrations.

A compensated redesign using 250,000 psi Titanium tape was made
which would result in a structure having a weight 9.4% lighter

ag conpared to a monolithlc case fabricated from the newly develop=-
ed 300,000 psi meraging steels.

The coefficient of friction of Bl20VCA Titanium which is the con~
trolling design parameter of the Tape Wrap concept 1s significant-
ly effected by surface finish, load, and slight amounts of con-
tamination,

(2) Increasing the surface rouvghness by vapor
blasting results in cold welding and inecreased
coefficients.

(b) Increasing the load decreases the coefficient
for Titanium,

(¢) Contaminsation reduced the coefficient to a value
below that required by the desigm.

The strength of the B120VCA Titanium is greatly effected by cold
work, motches, and absorbed gases.

(a) Cold working can increase the temsile strength
of Titanium from 180,000 psi to greater than
250,000 psi.

(b) At the high strength levels, stress concentrations

(KT) of 5 and 10 can reduce the strength to 170,000
psi.

11
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3.0 CONCLUSIONS (Continued)

6. (c) The absorbed gases in the Titanium are a significant
factor in the strength and ductility obtained with
cold worked material.

12
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L.0 DISCUSSION

L.l Alternate Desisms

4.,1.1 Redesiegn of Shapes for Deeper Groove

The vessels fabricated during Phase I revealed that the interlock
between the tapes was not sufficlent to withstand the loads imposed
during disassembly of the wrapping mandrel or during pressurization.
The disengagement of the tapes was evidenced by a stepped irregular
surface on both the inside and the outside of the vessels, The
analysis as to the cause of the disengagement concluded that one

or a combination of the following were contributory:

1. Low coefficient of frictlion between contact surfaces.

2. Distortion of the cross-section due to bending to the
radius of the mandrel.

3. Insufficient pressure or tension during wrapping.

L, Deviation of the crogss-section dimensions fronm
specified tolerances.

b.,1.1.1 Design

The original wire design was modified to increase the height of the
legs to ensure that sufficient contact existed vetween the layers

of the tepe. The modification consisted of an increase in the helght
of the legs in combination with coupensating the thickness of the
I-beam web in order to result in the least increase in welght for

the same structure thickness. The modification provided for increas-
ed internal radii and also resulted in a larger entrance gap during
assembly precluding interference before engagement. The comparison
of the new design to the old design is shown in Figure 28,

L,1.1.2 Dimensional Change During Wrapning and Inspection

During the fabrication of the sub-scale vessels, the wire is formed
over a 6" mandrel This curvature results in distortion of the

tapes which effects the angles and dimensions. In addition, the
inspection method developed during Phase II uses an optical com-
rarator and measures the wire cross-~section by passing a beam of
light tangent to the wire while it is bent To a diameter of 6", In
order to use this instrument effectively, a theoretical change in
the wire cross-section as a function of the radius must be establish-
ed  This dimemsional change would be used to compensate the observed
measurements of the tape shapes. Two variations of the wire cross-
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4.1.1.2 Dimensional Change During Wrapping and Inspectlon (Continued)

sectlon were consldered; one for the Phase I I-beam and chamnel and
the other for the deeper flanged Phase II deslgn.

4,1,1.2.1 Method of Analysis

The analysis was divlided into two parts; the change in section due

to Poisson's ratio and the change due to strain energy. The Poisson's
ratio analysls accounts for the changes in the wire cross-sectlon due
to tenslile and compressive bending stresses transmitted to the cross-
sectlon by Polsson's effect. The total strain for any fiber in the
cross=-section is given bys

A XL
in which
A = total strain (in.)
M = Poisson's ratio
Yo = distance from neutral axis to the fiber (in.)
£ = original length of the fiber (in.)
and Ro = réaius of curvature of the neutral axils

In the strain energy analysls, the flanges of the chamnel or I-beam
tapes are assumed to rotate through the angle, B8, such that at any
radius, R, the total strain energy in the wire is a minimum. The
assumptions made in the analysis were:

1. The flanges of the wire cross-section are conslidered
as rings subjected to uniform twisting moment about
the Z- axis (Figure 29). In addition, the rotated
flanges are subjected to bending along the length of
the wire due to curvature (Figure 30).

2. The web acts as a beam of unit width subjected to end
moments due to the rotation of the flanges (Figure 29).
In additlon, the web is also subjected to bending along
the length of the wire (Figure 30).

For minimum strain energy, the following equation relating B, b,
h, d, t, and B (defined as shown in Figure 28) is obtained:
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4,1.1.2.1 Method of Analysis (Continued)

/ 6
p o a (W) @
h’ .
in which A =8h 4LTK3 - K + K"1>
5'51:(

K= Db
h

2

and B = 88.977 &t

a*

4.1.1.2.2 Besults of the Analysis

The family of curves in Figure 31 shows the variatlion of the strains
Ab, and Ad. for both the shallow (Phase I design) and deep wires
(Phase II design) with respect to the ben? radius of the wire. In
all cases, the strains in the deep channel and "I" sections are
greater than those in the similar wires with shallow flanges. The
curves are asymptotic to the X~ and Y- axls because the displacement
(A) is inversely proportional to the radius (R).

The family of curves in Figure 32 shows the rotation,, of the

flanges as a function of the bend radius, (R). At any constant radius
the rotations of the flanges vary directly as the depths of the flanges,
resulting in greater rotatlion for sections with greater depth. Also,
the rotation of the flanges varies inversely as the "stiffness" of

the web. Flgure 33 shows the variation of Ad due to strain energy

as a function of the radius. The variation of total strain (4) due

to Polsson's ratio and strain energy are plotted against the radius

in Figures 34, 35, 36, and 37.

Table 1 shows the change in the dimensions for the 6" sub-scale
vessel fabrlcated from both tape designs. It can be seen that with
the Phase I design the change in dimensions was significant, however,
it should not have effected the performance of the interlock to the
extent of disengagement at 50 psli., For larger vessels these dis-
tortlons of dimenslions are insignificant and can be neglected.

4.1.1.2.3 BRedundant Forces and Moments in a Helical Coil

Since several designs were to be evaluated by structural testing of
simple unlaxial specimens, 1t was necessary to develop an IBM program
to design the actual wire shape to be used in blaxially loaded tape
wound pressure vessels., This was necessary since it was anticipated
that several designs of tape would result from the structural testing
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4.,1.1.2.3 Redundant Forces and Moments in a Helical Coil (Continued)

and the availabllity of an IBM program would eliminate the necesslty
of solving a series of simultaneous equations for each of the proposed
designs to establish the dimenslons for the blaxial state of stress.

In order to evaluate the axial, bending and torslonal stresses in the
wire when wound helically to any desired radius, an investlgation was
made to determine theoretically the redundant forces and moments 1in
a helical coil of one turn subjected to uniformly distributed loads,
consisting of radial load (p), axlal load (w) and circumferential
shear flow (q).

The method of the elastic center was used for the solutlon of this
highly redundant structure. The redundants were applied at the
elastic center of the helical coll which coincides with the center-
line of the coil. The displacements at the elastic center were ob-
tained using the Castigliano's theorem of the Differentlal Coefficient
of the Intermal Work which states, "If the internal work of a frame
structure is expressed as a function of the external forces, the
resulting expression is such that its partial differentlal coefficients
give the relative displacements of their points of application™. The
general equation 1s as follows:

' . My \ds My \d-5 Mp\dLS
ot MGG A nGEE < nd)gE - - - -

the direction of the displacements or, in
other words, the direction of the redundants.

in which, Q

M the moment due to the redundants and the

externally applied loads.

and subseripts r, X, t refer to radial, axlal, and tangential dlrec-
tions, respectively.

The integration was performed for one tura between the limits of zero
to 277

Knowing the displacements (rotatioms and deflections) due to unit
redundant forces and the externally applied loads, a system of simul=-
taneous equations are set up incorporating the unknown redundant moments
and forces. Solubtion of these moments and forces will determine the
stresses in the wire (Table 3). '
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4,1.1.2.4 Derivation of Formulas

This sectlion outlines the detalled derivation of formulas for the
solution of the redundant moments and forces in a2 hellcal coil of one
turn due to radlal and axlal loads and circumferential shear flow.
Fig. 38 shows a free body diagram of the coll with the loads and re-
dundants. All moment redundants are shown in. vectors.

Nomenclature

X5 Y,

0

s 4o = Redundant forces at the elastlc center in the
X, Y, 2 directions, respectively

o)

My, s My, s Mg, = Bedundant moments at the elastlc center in the
X, ¥, % directions, respectively

§ = shear flow (1lbs. per in.)

4 - wiform distributed radial load (1lbs. per in.)

W « uniform distributed axial load (lbs. per in.)

7%, - pltch of helical coil

% - helix angle

A - angle in plane normal to coil axis

R -« radius of coil

- momeénts at oL~ location in t, x, r directions,

MAQ! Md-;a MA
respectively

A\ 4

7" - uniform distributed torque along circumference
(in.-1bs. per in.)

6Exs ©yy »E:e =~ angular rotations at the elastic center about the
X, ¥, Z axis, respectlvely, due to unlt redundants

in x, y, 2z direction, respectively.

b,x, 67»’ s0;3 =~ linear displacements at the elastic center about
the x, y, 2 axls, respectively, due to unit re-
dundants in x, y, 2 direction, respectively.

Qxy, 9,,1 ,6-,,! ~ angular rotations at the elastic center about X,
X, ¥ axis, respectively, due to unlt redundants in
Yy, 2, 2 directions, respectively.

5,,,6" ,bn ~ linear displacements at the elastlic center about

X, X, Yy axis, respectively, due to unit redundants
iny, 2, 2 directlons, respectively.
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Sy, 16y, 161, - angular rotatlions at the elastic center about
° ° X, ¥, z axls, respectlvely, due to applied loads.

6,‘, ’ 6,/,, ’ é;o - linear displacements at the elastic center about
X, ¥ z aXls, respectively, due to applied loads.

Tes I, J - moments of inertia abou E axlal, radial and tangential
axis, respectively (in.
E, G - modull of elasticlity and rigldlity, respectively

K - constant

Assunptions

The following assumptions were made in the analysis:

a) Angular rotations about X, ¥y, z axis, respectively, at elastic
center are zero, i.e., 6 =6,, =67, =0

b) Iinear displacements in X, ¥y, Z directions, respectively, at
elastic center are zero; i.e., Ox, =&y, =6;,, =0

c) The redundant forces and moments are in the plane which includes
the starting point of the helix coll for one turn; i.e.,%=0.

d) Uniform distributed radial pressure, shear flow, axial load,
and circumferential torque.

e) Wire of unit width and uniform cross section.

The following are the moments at, R due to the redundants applied at
the elastic center of the helical coll, (Figs. 39 amd 40)

Moy, = +My,cos & = Mg, sinad + X,R - (Z,cos« + ¥ ,8ina4) Ro{tan W (4)
May = Mz, cosa + My, sin«+ (Y, comu= Z Sin « ) Rk tan ¢ (5)
My, =+, +EZRsin ¢ = Y, Rcos & (6)

'ﬁh? moments at «, B due to the applied loads are given below (Figs. L1~
3

Moy =P 2 gilgi(«sin & +COS & = 1) +?32tan @(4 cOsdh = 251N d+t)

+w R2 {tanz ¢( sind ~acosa) + K =sin «{+ 7R sin (7)

IVI oy

2tan y 2
PRS2 (sin& A cosd) - ¢ B“ tan ¢ (o sind
-WRz{tan (o(sin A +COS o -1) +1 - cos oﬂz

TR (1 - cos«) (8)
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R2
May = - 205 W

(1 - cos«) +3,Rz (A = sind)

+wR2 tan ¢ (<4 -sina) +T Rotan ¢

The rotational and translational displacements at the elastic center

for unit redundant moments and forces are:

G, =27R Ky

'9'7)' = TR (K2 + K3)
€z = MR (K2 + K3)

By= G =Op =Gx = 0

0

6:(; =2 ’ﬂ’RBKz

dw=mn3 § K, + tan?y (Kskz + KeK3)}
b=7R3 § K4 + tany (KeKz + KsK3)
é.vz 8\’)‘ =21\'RBK2 tangb

é"t': 61: =

0

&y = 8,y =283 tan2gp (K3-K2)

In which

K2=1ﬁ’

The rotational and translational displacements at the elastic center

K3=1

BT, Ky =1 ’ K5=§6-1’2"%s K6=_86_772+2

s

due to the applied loads are:

Gio= ~21R3_ Kpp + 2q2R3 Kyg + 2n?R3KyWtan @
cosg

+272R2KyTtan ¢

G = +T R tang

2

cos ¥

(K2+3k3)p + MeRItan ¢ (K2-K3) ) s

+T2R3 tan®y (Ko=K3)ur

G, = ~72R3 tane B3 2
ES@(K”KB)f + 17'2__ tan¢(9K2+K3)f+77;I§1_

~tan? ¢ (3K2+K3) + 8 w+7R (K2+K3 7
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o~
X
°

]

~unRH tan"' £ Kop+ 272RY tanygk, 3,+ 272RUK2 2 (24)

(SY,_ -leo*sw (Ky+Kp tan2e (KZ'*‘KB)f‘ +2RY tan2y (7K2+K3 )j'

2Rl tane (2K2 tanle( 2Kotan 2% - (5K2+K3) )

-72R3 tan @ (Ks=K3)7 (25)
b, = —202KRY tan2e Y 2 —KoK8 )
3 mf T RY (tan"p(K3K5-K2Kg)~3Ky) o
+7BY ten g (2K7 tan2g -9)Kz + (2K7teng-3)K3 -6Ky )2 (26)
2

In which ¥ "2‘3‘ tan  (2Kz=3H3=Li )T

2
K = 8”-2 + 1 K = 87r + 11/2
7 — 8 z

The general load-deflection equations for determining the redundant
forces and moments at the elastic center of the helical coll with
external loads of radial distrlibuted load > circumferential shear
flow 5_ s axial distributed load-w, and circumferential torque7 are:

Gy, + Gyily, + G Mg + G4 =0 (16)
Gy, + Oxylly + GG, + Oy =0 (17)
My, + Gy + QM + &, =0 (18)
OuXe + Sg¥y +  JuZit bw=0 (19)
OeX, + &y Y. + ‘SY;ZO"” Sy, = 0 (20)
5£XX° + $gy¥, + cS“Z: Aa., =0 (21)

When the redundant forces and moments are determined at the elastic
center, the stresses anywhiere along the coll can be determined using
equilibrivm equations. When the deflectlons at the elastic center
are not zero, then the load deflection equations are not set equal
to zero but to the known deflection.
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L,1.2 Alternate Methods of Interlocking

The present method of interlocking between layers 1s the interference
fit between the I-beam wire and the adjacent legs of the chammel wire.
This interference fit places the adjacent legs of the chanmel wire

in precompression which prevents bending in the chammel web. The
wires remain in place by maintaining the tangent of the angle of the
conbact surfaces of the I-beam and channel less than the coefficlent
of friction for the materials belng mated.

The theoretical analysls of the frictional method of maintailning
interlock performed during Phase I showed this approach to be feasible.
During Phase II it was deemed desirable to investigate altermate
methods of Joining the legs of the tapes together in an attempt to
reduce the tolerance requlrements or to further reduce the weight of
the structure. Varlous methods other than making use of the friction
between the layers of tape were studied (Figure 17).

L.,1.2.1 Metal Inserts

There are two areas in the wlre construction where an extrudable metal
insert could be included to elther increase the coefficlent of friction
or reduce the tolerance requirements in the fabrication of the wire.
The first of these areas ls between the chammel and the I-beam legs
at the contact surfaces, and the second area is between the adjacent
legs of the channel wire. The first method was determined to be
unsatisfactory since during pressurizatlon the loads on the insert
would increase resulting in additional extrusion., This would result
in reducing the precompression in the chamnmel legs, thereby allowing
bending to occur in the channel which increases the stress. In
addition, when the pressure ls released the layers would be loose,
which could result in unwrapping.

The second method was to lnsert the soft metal shim between the butted
legs of the chammel. With the use of a shim in the first layer of
channel the application of the I-beam over the channel legs would
result in extrusion of the soft metal shim, A tangential force would
have to be appllied to the winding adjacent to the engaged chammel

tape in order to butt it to prevent interference during application
of the next winding of the I-beam. Thls would also continually reduce
the helix causing an increase in diameter resulting in a tapered
vessel. Another approach to eliminating this bulld-up of tolerance
would be to wrap all layers at the same time. This would be a very
difficult fabricatlion technique. The use of the insert did look
promising for applying the second layer of channel (the outer layer),
and for this reason the method was included in the structural testing
of the ten times size structural rig.
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4.1.2.2 Adhesive Bonding

The adheslives appeared to have the same disadventages as the soft
metal inserts betueen the chamnel and I-beam mating surfaces. The
reletively low elastic modulus of adhesives would relieve the pre-
compresslion load in the channels and I-beam legs which would result
in excesslve bending and fallure of the chamnel flanges. If the
deslgn were modlfled to reduce or eliminate the legs and increase the
contact surfaces in the axlal direction, the adhesives did show
promlse. The optimum design using this method would be layers of
strip with spaces in between the winds. The major problem of this
method of fabrication would be in the attachment to the adapters.

L,1.2.3 Brazing

Various braze materials for Bl20VCA titenium were investigated. All
of the braze alloys which would have adequate strength required braze-
ing temperature well in excess of 7500F which is the aging tempera-
ture of the B120VCA titanium wire for obtalning high strength. Any
Temperature in excess of this aging temperature results in over-aging
and loss in strength or recrystallization which will anneal the
material.

4.1.2.4 Welding

Two methods of welding were investigated; namely, high frequency
resistance welding, and uvltrasonic welding.

The high frequency resistance welding would be used to weld the
charnel legs together as they are assembled onto the mandrel. The
method appeared promising from the structural standpoint; however,
the welding of Bl20VCA titanium has not progressed to the point where
consistenlt crack free welds can be produced. In addition, thls type
of welding has created a problem of delayed cracking due to straln
aginé For these reasons it was decided that high freguency resig-
tance welding would not be reliable until a new welding procedure had
been develqped

The ultrasonic method of welding appeared to be satisfactory for this
alloy of titanium because it did not require the excessive heat to fuse
the metal. Investigation of ultrasonically welding the butted faces

of the charnels showed that steel sheet as thick as .0L0" had been
welded by ultrasonic methods, To date this method has not been applied
to beta titanium alloys. The development of an ultrasonic welding pro-
cedure for the Bl20VCA titanium wmaterial was beyond the scope of this
contract. It was decided to hold this method of fabrication as an
alterrate in the anticlipation of the expected advancements in the area
of ultrasonic welding.
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L.,1.2.5 Differential Heating and Cooling

Differential heating of the I-beam and channel was consldered as a
method of assembly to replace the present hydraulic lozading during
the wrapping operation. This method would reduce the tolerance re-
quirements of the wires, but could increase the preloads to the polint
of plastically deforming the materlal. The procedure required heating
the I-beam when wrapping over the first layer of channel and then
cooll the third layer (channel) when wrapping it over the second
layer (I-beam) which would still have to be at the preheat tempera-
ture. The method of tooling for this proceduvre could not be resolved.
It was apparent that all three layers have to be wrapped simultaneous-
1ly.

L,1.2.6 Explosive Forming

Explosive forming was investigated as a method of increasing the
tolerances on the wire and applying the preload in the legs of the
channel and I-beam through the use of explosives. The three layers
would be wrapped loose and then explosively formed against an 0.D,
mandrel. There were several problems which made this method ime-
practlcal. When the collapsible mandrel would be removed from the
loosely wrapped assembly the layers would twist out of shape and
disengage. The basic principle of obtailning the high strength light-
welght structure was to provide volds between the I-beam winds.
These volds could not be filled in order to prevent the web of the
lmmer layer of channel from deforming into the vold during the ex~
ploslive forming operation. Filling the void with a fluid during the
explosive forming process would result in a lack of preload belng
obtained on the immer layer.

L.2 Inspection Techniques

During Phase I of the contract, various methods of inspection for the
wire shapes were investigated. These included measurement by means
of a comparator, projection by means of a metallograph, micrometer
measurement of the extermal dimensions, measurement of a calcium
sulphate molding and use of toolmakers microscopes and air gages.

The method that was most successful was the metallographic method.
This was accomplished by copper plating (non-zdhering) the tape to

a thickness of approximately 0.005". The tape was then placed in a
special metallographic clamp, polished and photographed at 50 magni-
fications. The photographs were then measured. This method present-
ed two problems. The first problem was that it was very difficult to
cut and polish the tape without some distortion or rounding of the
edges on the inside surfaces. More important, however, was the
problem that every time the btape was to be measured it had to be cut.
This meant that only the begilmning and the end of the tape could be
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L,2 Inspection Techniques (Continued)

inspected and that the deviation throughout the length of the fabri-
cated tape was unknown fcr the internsl dimension.

The objective of Phase II was to obtain a continuous method of in-
spection for the newly designed tape shape. Twelve vendors were
contacted which included the inspection areas of comparators, air
gages, blade edge microscopes, end electrical methods. Two sources
or methods of inspecting continuously were located.

An inspection with the use of alr gages appeared to be satisfactory;
however, considerable skill would be required to operste the equip-
ment and to make any minor changes., In addition, a completely new
set of tooling would be required for any design changes. The air
gage method was also found to be inadequate for measuring the angles.

The second method for continuous inspection was optical, using a
comparator and a special lighting source. The lighting source con-
sisted of a mercury arc lamp with filters and a polarizing device to
provide parallel light beauns

The tooling for continuously inspecting the tape consists of a man-
¢rel with a groove to guide the wire. The mendrel is 6% in diameter
and ineludes adjusting devices to align the wire so that the light
can strike the wire normal to the profile.

The inspection device includes a lens system for 62% magnification
with gless comparator charts giving minimum and meximun dimensions
and angles, The external dimensions of the wires are checked by
micrometer or electrical measuring devices.

The optical method selected has the advantage of being easily adapted
to any design changes by the procurement of a mnew comparator chart.
Figure 16 shows the couparator with the mercury arc lamp housing,

the power supnly, and the comparator chart installed on the viewing
screen, The comparator chart for the redesigned wire is shovm in
Figure L&,

4.3 Tebrication of the Redesismed Decper Croove Tape

L.z, Turks Headine

Various wethods of fabrication of wire were investigated during
Fhase I. The Turks Heading method was selected as being the most
Tfeasible for fabricating the two different tape shapes. The in-
vestigation and experimentztion included establishing the size of
the starting wire, the spring-back of titanium, the number of passes
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L.3.1 Turks Heading (Continued)

through the Turks Head, and the design of the breakdown rollers.
Through the use of this process, wire was produced in sufficlent
guantities to fabricate the sub-scale vessels.

During Phase II, varlous experiments were performed with the Turks
Head mill in an attempt to fabricate the new design tape to blueprint
tolerances. The Turks Head rolls were redesigned, based on the rolling
procedure developed during Phase I, to produce the deeper groove tape
deslign, The initial attempts to roll these forms revealed that the
imer corners of the legs did not fill, and that this conditlon was
more prevalent in the channel shape than in the I-beam shape. Succes-
sive examinations of the wire during the various stages of the rolling,
revealed that pulling down of the material during each successive

pass was responsible for the insufficient filling of the internal
shape (Figure 20). This pulling down of the metal reduces the amount
of material in the leg area so that there is insufficient material
remaining prior to the final pass to form the finished shape.

In an attempt to overcome this condition, a series of tests were run
in which the deep groove chammel rollers were used to collect material
in the leg areas followed by using the old design shorter leg rolls
for the final pass. The results of this experiment show that by
collecting the metal prior to the final pass, the legs could be filled.
This procedure is shown 1n the second and third sketch of Figure 20,

Another approach to collecting the material prior to the final pass
is also shown in Figure 20. This method would leave material on the
outside of the leg so that during the final pass the legs would bend
or flow into the existing voids from where the material had been
pulled dowm during previous passes. Investigation of this method re-
vealed that the stiffness of the material is such that the flow would
not result in filling the vold but go into increasing the length of
the tape.

Rolling experiments designed to produce deep groove tape revealed

that increasing the height of the tongue on the rolls resulted in
flowing of the edges of the tonguve. It was apparent that the strength
of the roll material in this unsupported condition was insufficient

to form the newly designed tape. An additional set of rolls were
fabricated and heat treated to a higher strength level. Initial
attempts to fabricate wire using these rolls were performed on aluminum
wire which has a lower strength than titanium in order to prove the
fabrication sequence without damaging the rolls. This series of
experiments showed that by collecting the material in the leg area
prior to the final pass, the required shape and dimensions could be
produced., However, the aluminum did not offer sufficlent resistance
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L,3,1 Turks Heading (Continued)

to the rolling operatlon and the center of the groove wandered with
respect to the side dimensions. The experiments were repeated with
the use of armealed steel. The principle of the rolling operatlions
were again confirmed., The center groove again was not within blue-
print tolerance with respect to the side dimensions; however, it was
improved with respect to the experience with the aluminum material,
It was felt that this conditlon could be corrected with additional
tooling and rollling equipment since the major objective of filling
the corners of the shapes had been demonstrated.

Based on the aluminum and steel rolling experiments the starting size
of the rectangular titanium wire for fabricating the I-beam shape was
Increased in order to fill the corners. On the second pass the tongue
of the top and bottom rollers sheared off. It was established that
the heavy load on the roller fongue exceeded the tenslle strength of
the increased hardness rollers. This condition was not prevalent with
the old design of wire shape because the tongue of the roller was only
. 009" instead of the .018" for the redesign. This increased height

of the roller tongue reduced the side support. When the rollers were
heat treated to the strength of the original rolls, the material flow-
ed, rounding the edges of the tongue. With the increased hardness
rollers, the tensile strength of the material was exceeded and the
cornerg of the tongue sheared off. Due to these problems of excessive
loads on the rollers during the fabrication of titanium tape, it was
felt that the rolling procedure would have to be modified to provide
several breakdown passes with shapes that are substantially different
from the final design in order to reduce the loads on the roller.

Various vendors were contacted to establish a source to fabricate the
newly designed tape. Two vendors were selected to perform experimental
fabrication to establish the feasibllity of producing the wire to the
required shape and within the required tolerances. The approaches
used were die drewing and rolling. In addition, the feasibility of
machining the shape and chemically milling the shape were also in-
vestigated under separate programs.

L. 3.2 Die Prewing, Machining, and Chemical Millins

a3

The initial atltempts to die drew the shane were performed on dies
fabricated during Phase I to the original design dimensions. These

dies were used to establish the amount of die wear, type of lubri-
cation, and the die dimensions vs. tape dimension. The results of

these investigations were negative in that an adequate lubricant could
not be found that would prevent vick-up on the carbide dies. Various
liquid lubricants, including moly-disulfide, graphite, and various solid
lubricants such as silver, copper, and colloidal suspensions were used.
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L,3,2 Die Drawing, Machining, and Chemical Milling (Continued)

The die life was found to be very poor and satisfactory lubricants
could not be found to prevent the dies from galling.

Another series of experiments were performed using the rolling process
up to the final reduction. The final reductlon would be accomplished
through the use of a dlie to establish the necessary dimensions and
tolerances. The experimental rolling portion of this investigation con-
cluded that 1t was necessary to amneal the wire between passes. The
amount of cold work possible after the last pass could not be predicted
and further experiments would be required to establish the degree of
remaining cold work in the wire after final sizing by dle drawing.

This degree of cold work was important since it would control the
maximum ultimate tensile strength of the wire. The dle drawing portion

- proved unsatisfactory even with the preformed shape belng rolled in,

due to lack of dle life from galling between the titanium and the dies.
Extensive experimental work with various lubrlcants was also performed
but did not result in a satisfactory solution to the problem.

Several other methods of fabricatirg the wire were also investigated.

The first was chemical milling. The approach was to roll the titanium

wire into a rectangular shape and then mask all of the wire except for
a strip along the top and bottom. The chemlcal etchant would then be
allowed to remove enough material to form the groove within ,004" of
the finished size. The proper amount of excess material would be left
on the shoulders to provide the required prerolling shape to allow for

- equal area reduction in the shoulders and in the groove during the

final pass on the Turks Head mill. With this method, only one pass
would be requlred after the groove was etched in. The results of this
investigation showed that a proprietary chemical milling etchant was
availlable for the all~Beta alloy. However, extensive development
problems and costs were anticipated in the maskling and obtaining of
the required tolerances on these relatively small shapes. In addition,
there would be very little cold work in the wire due to the one re-
duction pass on the Turks Head which would again result in very low
tensile strength in the final wire.

lMachining of cold rolled rectangular titanium wire was also investi-
gated., A sample of the chammel shape was fabricated by milling.

The material was found to machlne satisfactorily wlthout any notice-
able tool wear, after machining a 24 foot length of wire. It was,
however, established that the continuous milling method could not hold
the required + .0004" tolerance. It was concluded that a final grind-
ing. operation to establish the required dimensions would be required.
The requlrement for 100 foot continuous lengths of tape for the sub=-
scale vessels and up to 10,000 foot continuous lenﬂths for full size -
vessels would not be fe831ole by this nethod. :
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4.3.3 BRolling

The development program to fabricate the tape shapes by rolling in-
cluded experiments using existing rolls which simulated the tape
shapes. These experlments showed that the feaslbllity of fabricating
the wire by this method was practical and that the required toler-
ances could be obtalned through the use of approximately three re-
ductions. The vendor was willing to proceed with the Tabricatlon

of wire on a fixed price basis; however, the order was not placed due
to insurficlent time remaining on the present contract to complete
the order, and the results of the structural rigs testing which
dictated a further redesign.,

L.4h Material Properties

L,4,1 Tensile Properties of Wire and Sheet

During Phase I of the program, low temperature tenslle tests were
performed to establish the notch sensitivity characteristics at
temperatures varying from room temperature to minus 320°F (Figure 10).
The material used was .090" heat treated sheet material. The notched-
to-unnotched tensile strength ratio ranged from .76 at room tempera-
ture to .34 at minus 320°F. Since the notch semsitivity character-
istics are important to the tape wrap design, it was declded to
continue the investigation using actual wire specimens at various
strength levels and at varlous stress concentrations.

The tests performed were run at room temperature with specimens
which simulated the actual wire. It can be seen in Figure 22 that
the notch ratio decreases appreciably as the ultimate tenslle
strength increases. The smooth ultimate tensile strength is equal
to the notched ultimate tensile strength at approximately 170,000
psi, which is considerably lower than the strength of the fully cold
worked and aged tape. The specimens which produced the maximum
ultimate tensile strength were taken from finished rolled and aged
charmmel tape and they produced the lowest notched ultimate tensile
strength. The specimens which produced the lowest ultimate tensile
strength were obtained from rectangular tape which was only about
5% cold worked and they resulted in the highest notched ultimate
tensile strength. It is significant to note that the results show-
ed the same trend whether the notech concentration factor (Kt) used
was five or ten. The specimens with the notch concentration factor
(Kt) of 10 had a root radius of .002",

During the studies to establish the notch sensitivity at various
length levels, it was necessary to heat treat the specimens in vacuum.
As a result of the heat treatments, it was noticed that the strength
varied with the degree of vacuum used during the heat treat operation.
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L.4. 1 Tensile Properties of Wire and Sheet (Continued)

A subsequent series of tests were performed keeping all the variables
constant except the degree of vacuum. The specimens were taken from
cold worked tapezand heat tregted at 700°F in air and vacuum rang-
ing from 3 x 107 TORR to 10~° TORR. It can be seen from Figure 23
that the ultimate tensile strength decreases as the vacuum lncreases.
Based on the data, 1t was concluded that the increase in ultimate
tensile strength was partially due to the absorbed gases such as
hydrogen, nitrogen, and oxygen. It was also apparent that the re-
ductlon in tensile strength was accompanied by an increase in ductility
which 1s common to a precipitation strengthenlng mechanism. Fromn
these results, it was concluded that the Titanium outgassed as a
result of the vacuun aging which presented a variable which would
require control to obtain the optimum combination of strength and
toughness during fabrication of tape.

L,Ly,2 Coefficient of Friction

The coefficlent of static friction was initially esteblished during
Phase I; however, subsequent testing of rigs and actual tapes indica-
ted that additlonal tests were required to insure that the design
assumptions were correct. The determination of the effect of variables
such as surface finish, load, oxidation and cold work was required to
insure that the design would perform satisfactorily.

A new friction rlg was designed to establish the effect of these
variables (Figures L5 and 46). The rig consists of a top and bottom
clamp with grooves cut at right angles to each other. The short
specimens which are 2" long are inserted in the grooves. Two addi-
tional wire specimens 8" long are inserted at right angles to the two
specimens retained in the groove. The rig is assembled with the use
of two bolts and load indicating washers which are inserted under the
bolt heads to record the total clamping load on the specimens. The
load was applied with a tensile machine through the 8" long specimens.
The static coefficient of friction load was obtained by the load drop
Indicator on the tensile machine.

The friction specimens were fabricated by cold rolling .123" diameter
B120 Titaniun wire into a rectangular shape which measured .083" by
.1ho" The rectangular wires were than heat treated in a vacuun for
25 hours at 750°F. The surface treatments for the wires included
vapor blasting, acid etching, and as-rolled surface to ascertain the
effect of The surface finish upon the coefficient of friction. The
wires were then installed in the rig and pulled in opposite directions
to establish the load to initiate slippage. The clamping force was
varied to determine the effect of the lozd on the coefficient of fric-
tion. The results of these tests are showm in Figure 18 for both heat
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L L,2 Coefficient of Friction (Continued)

treated and non-heat treated wire.

L. L. 2.1 Effect of Load

The results of the friction tests show a consistent trend toward
decrease in coefficient of friction as the clamping load increases.
This decrease is felt to be due to the fact that at the higher clamp-
ing loads, the effect of surface finish is reduced by crushing of the
asperities. At the low clamping loads, two sliding members will tend
to pick up at the asperities. It is signiflcant to note that the

ma jority of the test points showed a coefficient of friction greater
than .213, which is the tangent of the design angle of 120. As
previously noted, the design interlock of these wires will only be
effective when the coefficient is greater than the tangent of the
angle of the interference fit.

L,L,2,2 Effect of Contaminstion

To establish the effect of surface oxidation and contamination on the
coefficient of friction, several of the specimens were heat treated in
a marmer to provide slight surface oxidation to the specimens. These
specimens were tested and the comparative results can be seen in
Figure 18. When the long specimens were contaminated and run in com=-
bination with shorter specimens which had not been contaminated, the
coefficient of friction dropped to .205. When all four specimens
‘were contaminated the coefficient of friction dropped to .113. From
these results it was spparent that any slight contamination, even to

a degree that is not apparent on the surface of the material, could
reduce the coefficlent of friction to a value below the tangent of

the interference angle. These results explain the inability to inter-
lock apparently clean specimens.

L.L.2.3 TFriction Welding

The analysis of the test results showed that there were two distinct

curves for the heat treated wire, both having approximately the same

slope. The one curve was for specimens that were found welded to-

gether upon disassembly of the rig (Figure 47). When the wires

slide evenly without welding together, they fall on the lower curve.

The cold welded specimens had extensive pick-up and galling, while

" the oxidized specimens slipped evenly and showed no pick up or galling.

- Further, the results showed that the specimens that were vapor blasted
and etched to produce a clean rough surface resulted in a higher

coefficient of friction,because in every case but one the specimens

welded together. In all three cases, where the non-heat treated

wires were used, the specimens welded together and produced a high
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L,4,2,3 Friction Welding (Continued)

coefficient of friction as compared to the wires that were heat treat-
ed and dld not weld together.

It can be conciuded from these results that with the existing design,
the interlock should be achieved if the interference angle is held
to the desired tolerances, and that necessary precautions are taken
to avold any oxidation or contamination during the heat treat, vapor
blasting, and wrapping of the vessel.

L. .5 Structural Testing of the Designs

L,5.1 Interference Rig

An interference rig was desligned and fabricated to evaluate the effect
of variances in interference. The purpose of the tests were to de-
termine the parameters which effect the stresses in the tape. Schem-
atically shown in Figure 48 is a free body diagram of the charmel
subjected to the loads resulting from the interference fit. It may

be seen from the schematic that the interference fit tends to clamp

the channel flanges and prevent rotation durling axial loading
(pressurization). The design of the rig used to evaluate these stress-
es 1s shown in Figure 49. A cubaway view of the rig with the load
cell washers installed is shown in Figure 19.

The chamnel sections of the rig were fabricated from Bl120VCA titaniun
plate to ten times the size of the actual cross-sectiomnal dimensions
of the wire. The clamping plates which simulate the I-beam were also
fabricated from B120VCA. The plates are bolted together to produce
the interference fit under varying load with the chamnel section. The
hoop restraint which 1is present in an actual vessel was simulated by
transverse clamping which could be varied to simulate the internal
pressure effects. A small load cell washer was installed under each
of the bolt heads which clamped the rig together. The washers per-
mitted the reading of the clamping loads directly lnstead of depending
on a calculated conversion on equivalent torgue.

The instrumentation of the channel sectlions consisted of strailn gages
in the areas where bending would occur. The effect of varyiag the
longitudinal clamping loads or the transverse clamping load would be
evidenced by the strain gage readings as to the effect of these
various loads on the restraint of the bending of the chammel. If the
lorgitudinal clamping load was insufficlent, the two specimens would
separate and bending would occur. This would simulate the inter-
ference fit between layers. The load cell washers were also monitor-
ed continuously during the test to detect any physical shifting of the
specimens which would manifest itself as an lncrease or decrease in
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L,5,1 Interference Rig (Continued)

the values indilcated by the load cells.

The initial test on the rig was run with a 2,360 1lb. longitudinal
clamping load (simulating interference) and 81 1bs. transverse clamp-
ing load (simulating hoop restraint).

The load on the simulated chammels was slowly increased to 2,000 1bs.
At this point, it was observed that the transverse clamping load on
each of the bolts had increased from 81 1lbs. to 290 1bs. This in-
crease indicated That the specimens were not interlocked and were
riding out as a result of the application of axial load. To confirm
the lack of interlock, the transverse bolts were removed and the clamp-
ing load was applied. This experiment again resulted in riding out of
the chamnel specimens. The channel specimens were again installed and
clamped in place while a 200 1b. load was applied to the clamping bolt.
Upon removal of the btransverse clamp the specimens again were ob=-
served to ride out. The test was repeated with a 2500 1b., transverse
clamping load and upon release the specimens agaln rode out.

After repeating the above test several times, the contact surfaces
showed signs of pick-up and galling, and the specimens no longer
rode out. The specimens were inspected to insure that the radlil
of the specimens had not interfered and that the specimens were
sliding only on flat surfaces.

Since it was impossible to get the specimens to friction lock until

the total surfaces became galled, the tests indicated that the co-
efficient of static friction of these Titanlum parts must be less

than tne assuned design values. The measured angles of the specimens
were 12°. Since the design analysis showed that the interlock should
be effectlve when the tangent of the angle is less than the coefficient
of friction, and the tangent of the 12° angle is .213, this indicates
that the coefficient of friction must have been less than this value.
Visual examination of the pieces showed no evidence of contamination.

The analysis of the results of the interference rig testing in com-
bination with the results of the effect of surface finish and con-
tamination on the coefficient of friction indicabted that slight

surface contamination in combination with amnmealed smooth surface

material were responsible for the lack of interlock on the rigs,
Due to the damaged condition of the contact surfaces, i.e., galling,
no reworks could be performed to ilncrease the coefficlent of friction.
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L,5.2 Structural Rig

One of the basic conslderations in the deslgn of the tape wrap motor
case 1s the effect of the interference fit on the strength of the
tape interlock, prior to and after the application of the axial load.
The maxlimum interference is determined by the allowable elongation of
the material, whereas the minimum ls determined by the design.

When a tensile load is appllied to a tape interlock assembled with a
predetermined press-fit, the transfer of load across the Joint from
the chammel web to the adjacent web has been assumed to be accomplish-
ed by the relief of precompression at the butted faces of the chamnel
legs. If a sufficlently large compression exists in the bubtted
chamnel legs, there will not be a bending moment at the intersection
of the legs and web. A ten-times size model was designed to experi-
mentally prove the above basic concept, and to evaluate the effects
of alternate designs and several interference fits on the strength

of the interlock. The design of the test rig is shown in Figure 50.

L.5.2.1 Pre-stress and Pre-strain

When the chamnel and the I-beam wires are loaded in the elastic region,
o direct relationship between the strains in the channel legs and the
I-beam web can be established by using the compatibllity of the
original gage-point width of the combined channel legs and the gage-
point separation of the I-beam legs. The resulting equations are:

1 =28cnllopn-11)E (22)
2ltAen + leh A T
and  (Jon =AL (lch - 11 ) E (23)

21TAcn + lch AI

(f-= tensile stresses in the web (psi)

E = Young's modulus of elasticity (15 x 106 psi
for Til)

and subscripts ch and I refer to the chammel and I-beam, respectively.

The relatlionship between the interference fit and the pre-strain in
the I~beam web is given in Figure 51, for titanium with a 0.2% yield
strength of 180,000 psi and 250,000 psi. Based on the 180,000 psi
yield strength, the theoretical strain in the I-beam web having in-
terference fits of 0.012 in, and 0.080 in. are, respectively, 1.5%
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L,5.2.1 Pre-stress and Pre-strain (Continued)

and 15.5%.
L,5,2.2 Behavior of Tape Iock Under Load

When tenslle load 1s applied to the interlock, the precompression in
the channel legs is gradually relleved so as to malntain the equili-
brium of the chammel. If the interlock falls, one of the following
conditions must occur:

1. The applied loads have stressed the chammel web beyond the yleld
strength of the material.

2. The applied loads have completely relieved the precompression at
the back of the chammel legs so as to cause bending of the
channel at the intersection of the web and the leg, thus disen-
gaging the Joint or Talling the chammel.

3. After the relief of the precompression, the applied load intro-
duces a very high tensile stress in the I-beam web due to the
"wedge" effect, which btogether with the stress-ralsing effect of
the fillet radivs, ruptures the web section of the I-beam,

L, The combined pre~strain and the additional strain induced in the
I-beam web as the result of the axial load exceeds the elongation
of the material.

5. The frictional forces resisting the disengagement of the channels
from the I~bezm have been inadeauate to hold the assembly together.

When the ossembly ects under idealized conditions and falls by yleld-
inz in the channel wed under simple tension, the test rig will have &
theorebical maxinm load capacity as shown in Migures 52.

L.5.2.3 Structursl B - (73 28719) Test Procedure

The structure rig is a ten times size rig which was designed to
evalunte the maxinunm allowable interference fit and aluefnate designs.

The blueprint of this rix con be seen in Figuare 50, The details that
similate the Tebesm and chormel sho nDes were roush machined from
B120VCA titanium nl ﬂto heat treated to 150, 000 nsi yield strength

and then Tinal “cplnoa. Dot 9° and 12° in berf .CC angles were fao“l-
cated to a*beftnwn which would be the best anzle to use in The finlsh-
ed wire. Figure 24 is o photosronh of the rig, loosely assembled,

S

and Figure 53 is an exploded view of the titanlum parts'

W
I=




| Wright Aeronautical Serisl Report No. MP,00-249

4.5.2.3 Structural Rig - (IS 28719) Test Procedure (Continued)

The detalls were stress coated to evaluate the distributlon of stress-
es during assembly of the pleces. In determining the magnitude and
distribution of stresses by the photo~stress technique, the end faces
of the I-beam and chammels were coated with a plastic sheet. As

the load was applied to assemble the rlg, the stresses developed in
the detalls produced a corresponding stress pattern in the plastic
which was vislble when viewed through a polarized screen. The stress
patterns showed up as color fringes, and by knowing the type and
thickness of the plastic used, the magnitude of the stresses was com-
puted by countling the number of fringes.

4.5.2.3.1 BRig No. 1

The first rig that was tested had 12° interface angles and an inter-
ference fit of .012" which corresponds to .0012" interference fit in
the actual wlre size.

Figure 54 shows the method of assembly. Step 1 of the assembly was
accomplished successfully at a load (P) of 13,750 lbs. Figure 55

is a photograph of the assembled rig showing the photo=-stress pattern.
Figure 56 illustrates the stress conditlons in the I-beam as deter~
mined from photo-stress evaluation following Step 1 of the assembly.
The displacement of the neutral axis as evidenced by the stress
evaluation shows considerable bending of the I-beam during this step
of the zssembly.

During Step 2 of the assembly, the I-beam failed at a load (P) of
11,000 1lbs. Figures 25 and 57 are photos of the fallure., Stress
conditions at the time of failure were not obtained.

Due to the brittle nature of the I-beam failure, it was declded to
ammeal a geometrically similar test rig and repeat the asseubly.

4.5.3.2 Rig No. 2

The channels and I-beam were amnealed in an argon atmosphere at 1425°F
for one hour The hardness was reduced from Rockwell “C® 45 to
Rockwell "C" 32.

This rig was successfully assembled as showm in Figure 58. All four
channels were pressed in simultaneously to eliminate the excessive
bending of the I-beam during two step assembly in an attempt to force
the I-beam to elongate evenly. Following the assembly, strain gages
were installed to measure any bending of the chanmels that might
occur during the test. If elther the precompression of the chamnel
legs is relieved or the coefficient of friction is less than the
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4.5.3.2 Rig No. 2 (Continued)

tangent of the interface angle, the chanmels will back out and the
strain gages will show bending. The rig was loaded in tension in
5000 1b. increments to 30,000 lbs. when the interlock falled due to
bending of the chammels which caused one chammel leg to dlsengage as
shown in Figure 26. Examination of the strain gage data taken during
the test (Figure 59) indicated that bending of the chamnels started
at very low loads and continuved until fallure of the interlock,

Upon inspection of the rig after fallure, it was discovered that the
interface angle surfaces had distorted during assembly. With the
amesled tltanium, the material flowed when the two surfaces came in
contact instead of sliding on one another, This Indicated that as
the chennels were forced into the I-beam, the interface angle sur-
faces experienced surface deformation instead of elongating the
I-beam., This resulted in very little precompression between the
channel legs and the chamnels started to ride out as soon as the
tensile load was introduced to the rig.

It was concluded that the lowering of the tensile strength to improve
the ductility and notch sensitivity, resulted in lowering the com-
pressive yleld strength below the design requirement. The improve-
ment in ductility and notch sensitivity camnot be obtalned by fully
ammealing, and additional tests of rigs in this condition were dis-
continued.

4.5.2 3.3 Rig No. 3

Rig No. 3, a duplicate of Rigz No., 1, was instrumented with both photo-
stress plastic and strain gages. This rig was successfully assembled
by again pressing in all four channels simulbaneously with a load of
2L, 000 1bs. The photo-stress pattern at the completion of assembly
is shown in Figure 60. Figure 61 indicates the approximate magnltude
of the stresses in the I-beam and channels after assembly. The
compressive stress between the chammels was calculated as 44,000 psi.
It can be seen in Figure 61, that the photo-stress does now show any
stress pattern in the chammels. This is due to the fact that the
plastic is cut back slightly at the edge to be sure there is no con-
tact of plastic during assembly. Figure 61 does show 120,000 psi
stress in the corners of the I-beam after the detalls were pressed
together. These stress values indicate that there is high stress
concentrations in the radii, and that the I-beam does not elongate
uniformly as was assuned for the original stress analysls. When the
tensile load was applied to the assembly, the I-beam broke at 16,200
1lbs., which was far below the ezpected value. Figure 62 shows the
strain gage data and again there is evidence of bending in both
chammels, The failure of the I-beam was identical to Rig No. 1,
which can be seen In Figures 25 and 57.
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L 5.2.3 4 Rig “Mo. 4

Test Big No. L consisted of a 9° interface angle with a .012" inter=-
ference fit. All four channels were pressed in simultaneously and
the I-beam broke at a load (P) of 40,000 1lbs. The photo-stress
showed at least 150,000 psl at all four radil of the I-beam.

4.5.2.3.5 Blg No. 5

Test Rig No. 5 had a 12° interface angle with a .04O" interference
fit. All four elements were again pressed in simultaneously and the
I-beam broke at a load (P) of 37,000 1lbs. The photo-stress pattern
was almost identical to Rig No. 4, showing approximately 150,000 psi
stress at the radii of the I-beam.

b.5.2.3.6 BRig No. 6

In an attempt to determine the effect of non-uniform precompression,
Rig No. 6 consisted of a reworked 9° interface angle with .012" in-
terference fit. The rework consisted of relieving the end face sur-
faces of the channels that butt together. This means that as the
channels are forced into the I-beam, only .093" at the tlps of the
legs of the normal .340" surface is touching. This rework can be
seen in Figure 63. The three layers were pressed together with a
load (P) of 45,000 1lbs., The tensile load was applied to the rig and
the I-beam broke at 7600 1lbs. The strain gage data is shown in
Figure 64, and it again shows evidence of bending before failure. It
was confairmed that the rellef on the ends of the channel, which simu-
lated non-uniform compression, put a moment on the I-beam and caused
premature fallure.

L 5237 Big No. 7

Test Rlg No. 7 utilized a 9° interface angle and .012" interference
fit with a .040" brass shim. The brass shim was installed to equal-
ize the precompression load between the channel legs. The rig was
assembled with a load (P) of 45,000 lbs. The rig was then installed
Info the tensile machine and pulled. At 21,000 1bs, two of the
charmmel legs broke, The strain gage data can be seen in Figure 65
and the fallure photo is Figure 66.

4.5.2.3.8 Rig No. 8

Test Big No. 8 was similar to Big No. 7 except it had 12° interface
angle and a .012" interference fit with a .040" brass shim. The rig
was assembled with a load (P) of 37,000 1lbs. and failed at the exact
same tensile load of 21,000 lbs. The strain gage data can be seen in
Figure 67.
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L,5.2.4 Analysis of Test Rig Results

Table 2 shows a summary of the rig tests. The results in Table 2
indicate that the tensile loads at the time of the fallure of the

rigs fall far short of the theoretlcal full capaclty of the rlg as
given in Figure 52. For the heat treated specimens (180,000 psi yield),
only 25% of the rig capacity was obtained. At best, a 507 capacity

was obtained with the anmmealed material (130,000 psi yield) in Rig

No. 2. These tests reveal, therefore, the importance of the follow-
ing effects on the actual strength of the rigs:

(1) The magnitude and the distribution of the precompressive
stresses at the butted channel legs prior to and after
the application of the axial load.

(2) The ductility and strength of the material.

4,5 2 4,1 Precompressive Stresses

One of the factors that caused the decrease in the capacity of the
test rigs is the inability of the rig to achieve the theoretical pre-
compression based on a predetermined interference fit. From equations
(22) and (23), for an interference fit of 0.012 in., the computed
tensile stress in the I-beam and the precompression in the butted
charmmels are 195,000 psi and 127,000 psi, respectively. A photo
stress study of Test Rig No. 3 indicated corresponding stresses of
90,000 psi and 44,000 psi. The loss in the precompression is due in
part to the distortion of the chamnel and I-beam interface during
assembly and to the insufficlient depth and rigldity of the matling

flanges.

The free~body diagram of a chamel under an assumed uniform precom-
pression is shown in Figure 68 (a), When there is no load (P; = 0),
P2 is equal to P. As P, is gradually increased, the precompression
(P5) is relieved such that at the back of the channel, the total load
becomes P2 - P1. Under this loading condition, the baslc equilibrium
condition does not change, or (P - P1) + Py = P,

The relief of the precompression consists of two parts, a uniforn
stress reduction (P1) and a triangular flexural stress reduction
A

(g = é%%%l. Figure 68 (b) shows graphically the stress distributions.
When Py + % at point a (Figure 68) in the charmel is equal to the
iy

precompression stresses E%, the butted channel begins to lose pre-




Wright Aeronautical Serial Report No. MP.00-249

Lh.5.2.4,1 Precompression Stresses (Continued)

compression and point a of the two chamnmels tends to separate (Figure
72c). At this stage, The channels may be assumed to bear against
each other at point b, causing a "wedging" effect and introducing a
relatively large load P' on the I-beamn,

Based on the method described, Test Rig No. 3 was stress analyzed.
The precompression at the back of the chammels is taken as 44,000 psi
per photo stress analysls. The results are as follows:

5,260 1bs.

For separation at point (a); Py

P = 21,000 1bs,
For wedging actions P1* = 2,800 1lbs,
P* = 5,250 1bs.

When the rig falled at 2 (P71 + P3') = 16,120 1lbs., the tensile force
in the I-beam = 2 (P + P') or = 52,500 lbs, The tensile strength of
the I-beam is equal to 180,000 psi x 0.465 in.2 = 83,500 1bs. Since
the tensile force in the test rig is less than the allowable tensile
strength, the fallure of the I-beam at the intersection of the web
and the leg is due, in part, to the stress-raising effect of the
sharp fillet radius at the intersection. A detalled discussion of
this effect wlll be presented in the next section.

Test Rig No. 6 was reworked to provide the maximum non-uniform stress
distribution at the butted channel by relieving a portion of the con-
tact surface The detrimental effect of this non-uniform stress con-
ditlon was confirmed by the rig, as evidenced by the failure at

7,200 pounds axial load, Test Bigs Nos. 7 and & included brass shims
between The butted channel faces to more uniformly distribute the
load and to evaluate the alternate design, mentioned previously,
which uses a soft metal insert.

The failure of Test Rigs Nos. 7 and 8 at the intersection of the web
and leg may be explained as follows: The 0.040" brass shim, which

is relatively soft as compared to the heat treated titanium causes a
decrease in precompression so that the wedging effect shown in

Figure 68 (c) took place shortly after the applied load was increased.
As the point (b) in the chammel is displaced outward, a large bending
moment is introduced at the web section of the channel. This moment
ls increased further due to stress-ralsing of the fillet radius,

Since the chammel web thickness (0.155 in.) is only half of the I-beam
web thickness, and since the bending stress varles inversely as the
square of the thickness, the chamnel web falled in flexure. It must
be noted that had the material been more ductile, the high bending
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h.5,2,.4,1 Precompression Stresses (Continued)

stress would be redistributed by ylelding, and a much higher axial
load would have been achieved prior to failure, such as occurred with
Rig No. 2, which was annealed.

The outward displacement of point (b) in the channel, as previously
described, was visually observed during the test.

4.5.2.4.2 Ductility of Material

As previously described, the fallure of the I-beam ln Test Rlg No. 3
was attributed to, in part by, the stress-raising effect of the radius,
In order for the rig to fail, the stress concentration factor (SCF)
should be equal or greater than 82,%00 = 1,6, Figure 69 shows a
2,500
theoretical SCF vs, fillet radius curve for a T-head which is similar
to the I~beam used in the rig., For a fillet radius of 0,015 - 0.020
in. as used in the rig (Figure 70), the theoretlcal SCF ranges from
5.5 to 6.6, It is, therefore, very likely that the actual SCF in the
I-beam was greater than the 1.6 required to fall the member. This
belief is further reinforced by the fact that for a similar rig (Test
RBig No. 2) with annealed material having a strength in the I-beam
aporoxXimately 72% of that of the heat treated Rig No. 3, the tensile
load was 30,000 1lbs. which is greater than the 1%,200 lbs., obtained
in Test Big Ho. 3.

From Figure 73, the theoretical 3CF may be reduced from 5.5 to 3.0,
if the fillet radius is increased from 0.01l5 in. to approximately
0 050 in. It is also of interest to note that the effect of in-
creasing the M ratio from 1.27 to 3.0 will not reduce the SCF appre-

d
clabhly Therefore, the croass-section of the I-beam web in the present
design appears adequate,

The failure of the Test Rig No. 4 during assembly, using a 0.040 in.
interference fit, is due to the lack of the ductility of the material
to relieve the stress concentration. As indicated in Figure 51, a
0.040 interference fit would require a material having an allowable
strain of 6.77. Obviously, for the present rigs, the heat treated
Titaniunm material has a ductility much less than this value; however,
the annealed material, which has the ductility, does not have suf-
ficient compressive strength to wlthstand the assembly loads. Based
on this, the maximum usable strength of the material would be between
the two strength levels.
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L,5.2.4.3 Conclusions from Rig Tests

The following conclusions may be drawn from the experimental results
of the test rigs:

(1) The introduction of a brass shim between the channels
reduces the precompression and does not eliminate the
high bending stress in the web section of the channel.

(2) The efficiency of the tape-lock using the principle
of interference fit is dependent largely on the
ductllity of the material,

(3) The precompression at the butted faces of the channels
in the present design, using a 0.012" interference fit,
is not sufficiently large to relieve the theoretical
maximum tensile force. The remedies for this deficiency
are (a) increasing the interference fit and (b) increasing
the depth and rigidity of the channel flanges. Case (a)
will require an increase in the ductility of the material
and case (b) will increase the weight of the overall de-
sign.

(4) The low ductility of the fully heat treated material in-
troduces high stress concentrations at the fillet radii
of the I-beam and channels causing failures of the members
both during assembly (0.040" interference fit) and under
increasing load, Increase in ductllity of material 1s re-
quired, Otherwise, the thickness of the I-shank and fillet
radii of the I-beam and the chammel should be increased.

Assuming that the ductility of the heat treated titanium cannot be
satisfactorily increased without resulting in compressive ylelding,

a proposed wire design that will meet the above requirements and in-
crease the capacity of the unit i1s shown in Figure 27. A comparison
of weights between the titanium tape-wrapped motor using this revised
design and the monolithic motor using high-strength steels such as the
Iadish D6 and 18% nickel is shown in Figure 71. The weight savings
for the 250,000 psi Ti motor casings are 26% and 9.4%, respectively,
over the D6 and 18% Ni designs. However, for 180,000 psi titanium
material, there is no weight advantage in the tape-wrapped motor de-
sign., Redesigning for the use of high strength steel materlals would
make the fabrication problem even more difficult as a result of
smaller size tape and closer tolerances due to the higher modulus of
elasticity.
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Free Body of Wire Subjected fo Bending
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Interference Test Rig No. 1 - Photo-Stress Pattern
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Interference Rig No. 1 - Failure of I-Beam
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TABLE 1

Change in Tape Dimensions Due to
Curvature of 6 Inch Diameter Vessel

Detall

436i (in)

A b (in)

Phase
Phase

Phase
Phase

1
1
2
2

Channel
T=beam

Channel
T=beam

+3.05 x 10~%
+0.49 x 10-%

+3.60 x 1o‘ﬁ
+0.45 x 10™

-0.25 x 1o-ﬁ
+0.61 x 10-

-0.34 x 10~%
+0.94 x 10-%
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