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FOREWORD

The Hydrofoil Materials Research Program was initiated in
March, 1961 by the Navy Department Bureau of Ships under contract NObs
84593. A Phase I report was published in June, 1961 presenting the results
of an extensive literature su'vey of available data on 60 potentially
suitable hydrofoil materials and describing plans for the screening test
program used in Phase II for selection of the two most suitable materials.
The Phase II work was completed in May, 1963 and the test data and analyses
developed during this period are presented in reports published in May,
1962 and June, 1963. This is the final report covering in detail the
Phase ITT investiZgtions and stmm-rizirn all of the previously reported
efforts.

The project has been administered by the Hull and Scientific
Branchof BuShips under the direction of Mr. Ivo Fioriti. Acknowledgement
is made of the technical contributions and suggestions offered during the
final phase of this work by:

Mr. John Vasta, BuShips
Mr. Don Stevens, BuShips
Mr. Gene Aronne, BuShips
Dr. T. P. May, Inco
Mr. Dave Anderson, Inco
Dr. P. P. Puzak, NRL
Mr. J. R. Goode, NRL
Mr. Ralph Huber, NRL
Mr. J. Z. Lichtman, NASL
Mr. Abner Willner, DYiT7B
Mr. Lee Williams, MEL
Ur. Bob Wolfe, NASL

and many specialists within the LTV Aerospace Corporation. Helpful coemnts
and 'A.a hsve also been contributed by personnel of the following companies:

Titanium Metals Corporation
Harvey Aluminum Company
Alloy t.stings Institute
Armco Steel Corporation
Republic Steel Corporation

Materials for fabrication of the test specimens were obtained from
The United States Steel Corporation, Reactive Metals Ineorporated, Lebanon
Foundry, the Linde Division of the Union Carbide Corporation, and Mbsites
Pubber Company, Inc. Personnel of these companies have contributed signifi-
cantly to this program by comments and suggestions on heat treatment, welding
and other processing procedures to obtain optimum physical and mechanical
properties of the materials.
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ABSTRACT

Sixty materials were studied to determine thcir suitability
for use in construction of high performance hydrofoils and struts. Of
these, seventeen materials were given screening tests for susceptibility
to sea water corrosion and impingemert erosion, and for comparisons of
mechanical and fabrication properties. From this work HY-130 low alloy
.teel and Ti 7Ai-2Cb-lTa titanium were selected for development of design
ncnd fabrication data. The HY 130 suitably protected from the sea water

environment with a neoprene coating is available for use. The titanium
alloy shows many advantages but must have alloy changes to preclude stress
corvuoion cracking before economic benefits can be realized.

L
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SUMMlARY

Phases I ar&-0 II of this program reviewed the literatuie to
determine promising material and provided a screening test program using
the resistance of the materials to a 90 knot hydrofoil marine environment,
strength to weight ratios, impact toughness, material availability, and
manufacturing ease as the primary criteria for materials selection. As a
result of this survey and the screening tests, the stainless steels and
comon aircraft steels were found to be lacking in one or more factors when
used in the as-welded condition. An epoxy resin-glass laminate looked
promising except under long term sustained stress, but its use would require
a development effort beyond the scope of this program. No casting alloys
which met all the requirements for a 9g knot continuously submerged hydro-
foil were tested; however, later tests on 17-4PH given a H-110(1 age looked
very promisine for use in short lived experimental foils. Coatings to
protect low alloy steels in the 130 to 150 FY3I yield range show promise.
An eighty mil cured-in-place neoprene resisted both 90 knot impingement and
the cavitation environment, but a need is indicated for additional studies
of the primer and surface preparations to prevent undercutting corrosi.o'
occurring at exposed edges. The titanium alloy Ti 6A1-4V appears very
promising except for failure to meet the high toughness requirem'-nts and
excessive metal loss at high cavitation intensities. Ti 7Al-2Cb-lTa, which
was selected for final evaluations and design data development is also a
prnising titanium alloy with excellent properties except for susceptibility
to hige intensity cavitation and a recently discovered susceptibility to
stress corrosion cracking which will necessitate alloy changes. Mil-S-16216
low alloy steel heat treated to the 13n-150 KSI yield range and provided with
a protective coating appears to satisfy all the requirements fur an intermedi•.tp
strength-weight ratio material for the ninety knot foil. Further development
of the necessary coating for use with this steel is required.
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1.0 INTRODUCTION

The Hydrofoil Materials Research Program was initiated by the
Bureau of Ships in order to compare the basic physical and mechanical
properties of the structural materials that can feasibly be considered for
hydrofoil construction, to select several of the most suitable an4 economical
materials, and, subsequently, to develop the design and fabrication data
necessary for efficient construction of high speed hydrofoil structures.

Phase I of this program accomplished the preliminary accumulation
of available published and unpublished pertinent data for approximately
sixty candidate materials. These data were correlated and analyzed to compare
the suitabilities of the materials and to select a limited number of materials
to be subjected to a comprehensive screening test program in Riase II. The
results of the Phase I effort have been published in reference 1.

The primary objective of the Phase II effort was to select two
structural materials which appeared most suitable for hydrofoi1l construction
from the corrosion and erosion resistance standpoint and in terms of the
structural efficiency and production cost.

The Phase II effort consisted of the screening tests described in
reference I to determine corrosion and erosion resistance and mechardcal and
fabrication properties of 17 materials and coating and clalding combinations
which were selected as a result of the Phase I effort. Iu addition, studies
were made of typical hydrofoil designs to provide a basis for fabricability
evaluations using the fabrication experience gained in the manufacture of
the test specimens and in continued monitoring of available data sourcee.
The objective of this v -k was to select the two most suitable materials for
hydrofoil construction. The results obtained during the Phase II effort have
been published in references 2 and 3 anid the conclusions are summarized in
Section 2.0.

Phase II also included the preparation of the test and analysis
program for the Phase III york as outlined in references 2 and 3 and subse-
quently madified as rhovn in this report. In addition, complete results of
static corrosion tests which are more meaningful after this time period am
published herein. Also, some Phase I and Phase II data are published herein
to give a more complcte picture for the low alloy steel and titanima alloys.

The Phase III effort has developed design and fabrication data for
efficient construction of high speed hydrofoil structures using TI TAl-2Cb-lTa
and coated HY 130. The data presented include direct design information; i.e.,
longitudinal and transverse tensile and yield strengths aad *longisons for
welded and unwelded material, corrosion-fatigue S-N curves for welded,
unidirectional tension stresses and calculated allowable c-pgreesion and
shear buckling stresses. Other data include Char V notch and drop weight
tear test toughness values, sea water static corrosion and impinrmment
erosion-corrosion characteristics and cavitation-erosion-corrosion uscep-
tibilities. Impingement erosion-corrosion testing was conduct*d in both
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the water wheel facility at LTV and the jet --rosion facility at the
international Nickel Company using natural sea water. Cavitation testing
was done in the water wheel facility and in the rotating disc facility at
the Naval Applied Science Laboratory.

Fabricability is presented in the form of fabrication indicts for
welding, machining, form'rg and processing. The fabricability data place
major emphasis on the problems asso:iated with actual construction of hydro-
foils. In addition to the tests run specifically to develop fabrication
indices, additional design data were obtained from fabrication of the test
specimens.
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2.0 DISCLUSION OF LITERATURE STJMRY AND PHASE I AND PHASE II 1T1A

2.1 PHASE I

Phase I of this program accomplished the preliainary accumulation
of available published and unpublished data for approximately sixty candidate
materials. These data were correlated and analyzed to compare thi• uitabili-
ties of the materials and to select a limited number of materials to' be
subjected to a comprehensive screening test program in Phase Il. The results
of the Phase I effort have been published in the Phase I report, reference 1.

2.2 PHASE II

The Phase II effort consisted of the screeni;Ag teste described
in references 2 and 3 to determine corrosion and erosion resistance and
mechanical and fabrication properties of seventeen materials and coating
and cladding combinations which were selected as a result of the Phase I
effort, In addition, studies were made of typical hydrofoil designs to pro-
vide a basis for fabricability evaluations using the fabricaticn experience
gained in manufacture of the test specimens and in continued wonitoring of
available data sources. The objective of this vcrk vas to select the two
most suitable materials for hydrofoil construction. The conclusions drawn
after the Phase II effort are sumarized beloki.

2.2.1 INCMUEL 718

This high nickel alloy was heat treated 'o 170 ksi tensile yield
strength with 21 percent elongation in two inches It Is excellent in
resistance to cavitation, erosion and general corrosion metal losses, but is
subject to slight crevice corrosion. It exhibits good corrosion fatigue
properties, has aL ductile failure. at zero degrees fahrenheit, and is not
subject to stress corrosion cracking. Restrained plate can be velded with
Rene' 4l filler wire and aging accomplished after velring without serious
warpage problems. This vas considered a promising material for hydrofoils
but was dropped from the pro.,zs because of high costs for materials and
manufac t uring mthods in comparison with materials in the am perfornnce
class.

2.2.2 K M)WIL

This nickel alljy, heat treated to a 95,000 tensile yield
strength and an elongation of 17 percent in two inches, Is marginal in
Etrength properties. Corrosion fetigue valses are satisfactory, wd it is
not subject to stress corrosion cracking In a marine envirox ent when stressed
to 10 percent of yield. K Monel is, hower, subject to moderate crevice
corrosion, exhibits relatively high erosion and cavitation metal lois rates,

j
IT
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and presents a fabrication problem due to its required 11600F stress relief
after welding. Due to these latter characteristics, K Monel vas not recom-
mended for foulther effort in this program.

2.2.3 17-4W(F.Lops)

17-4PH 9tainless steel in the H105 condition resulted in a
tensile yield value of 167,.000 psi and an elongation of 14 percent in two
inches. The metal loss rates from corrosion, cavitatiou and erosion in the
conditions tested *ere genera•.U greater than for the other unprotected
materials in Phase II. Pitting and crevice corrosion progressed at an un-
satisfactorily high rate in th6 static corrosion tests, and unprotected
material is considered marginal for use even in retractable foils where
crevices would be inter-mittently vet and dry during long intervals of time.
Phase I literature survey indicated, reference 6, that fatigue values in a
sea water environment are decreased to a relatively low value when compared
to the titanium alloys and Inconel 718. These test results indicate that
without a proteclctive coating I7-4PH is unsatisfactory for continuousJly
subuerged or retractable hydrofoil use; however, reference 8 indicates that
thW s corrosion can be eliminated by proper control of the columbium - carbon
ratio.

The work of LaQue and Ellis, reference 7, points out that the
.everity of attack in a crevice of a corrosion resistant steel is related
to the ar-a of adjacent unprotected surface. This ava effect in crevice
corrobion indicates that a firmly adherent coating system with few pores
would sub c•antii;ýly decrsase c evice corrosion in this alloy even after
coating damiage. Aging at 1025ýF is preferable to 10750F according to Arro
impact test data, reference 9. Izod impact testing of welded specimens
with a 10000F age resultod in ductile failures without the n~cessity for
an intermediate solution anneal. This material with an 1100-F age and no
solution anneal after welding gave markedly lover impact values.

Because of the superior fabrication properties and because of
the higher strength obtained without susceptibility to stress corrosion,
17-4pH(HI025) would have been considered for Phase III work with a neoprene
coating; however, the requirement for an aging treatment after welding to
obtain necessary toughness was considered uneconomical for large, built up
foil structures.

"2.2.4 TITANIUM 6Ai-4v

This alpha beta alloy heat treated to 141,000 tensile yield
and 11 percent elongation in two inches has given an excellent performance
in the screening tests of Phase II. Its excellent corrosion properties
result in eesentially no reduction in fatigue values in sea water, no stress
corrosion cracking, essentially no effect in static corrosion, and no
accelerating effect in the cavitation and sea water erosion tests. Som
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fabrication problems complicate the picture for a heat treated material
which may make the desirability of heat treatment questionable. The
material soovs ductile fractures in impact testing in temperatures as
low as -40F; however, Charpy V notch energy values were marginal. Due
to the ready availability of this alloy in contrast to numerous other titanium
alloys, it was considered a prime candidate hydrofoil material.

Recent rotating disc cavitation tests on the Ti 6AI-4V and
Ti 8A1-2Cb-lTa titanium alloys at the Material Laboratory, New York Naval
Shipyards, have shown a relatively large material loss under cavitation
conditions which are believed to be extremely severe. These tests indicate
that cavitation resistance is excellent at 100 and 125 fps, but that a much
lower resistance was noted at 150 fps. This material was considered fcr
Phase III evaluation until Ti 7Al-2Cb-lTa alloy became available.

2.2.5 TITANItUM 3A1-2(,-lfTa

The Ti 8AI-2Cb-lTa alloy. except for a lover tensile strength than
the heat treated Ti 6A2-4V, was believed to combine all the advantages of the
Ti 6Al-4V with a lower nil ductility trmnsttion temperature and greater
toughness at 32°F. Weld cracking of restrained welds caused this material
to be changed to the Ti 7Al-2Cb-lTa evaluated in Phase III.

2.2.n' BERYLLILF COPPER

Beryllium Copper (Berylco-25) shoved satisfactory corrosion
resistance and did not support fouling growth. Weight loss in cavitation
w•s•atisfactory, but erosion losses were high. Brittle failures occurred
at A-F in Charpy V aotch impact tests and corrosion-fatigue properties were
low. Because of the latter characteristics, beryllium copper did not
receive further effort in Phase III.

2.2.7 NETAL CLAD PIATE

A corrosion and fatigue resistant cladding over a high strength
base metal appeared to be an attractive material combination in the Phase I
evaluation. In this program Hastelloy C and commercially pure titanium
(A-TO) were chosen as cladding materials for their corrosion and fatigue
properties. AI.31-4330M and HY 100 were chosen as materials with the necessary
strength and toughness for base metals. The four materials were processed
to simulate the respective cladding-rolling operations and the subsequent
hardening and tempering necessary for base metal strength development. Since
act,,zl clad material combinations were not available to this program, each
material was processed separately.
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2.2.7.1 Titaniu Cladding (A-70)

The c rcially pure titanium was found to be severely
embrittled due to gettering action during the simulated cladding process.
Lukens Steel reported that this material would be a very difficult one to
use as a cladding for this reaoon, and it was therefore dropped from the
program.

2.2.7.2 Hastelloy C Claading

The Hastelloy C performed well in 90 knot erosion cavitation
tests when processed for cladding on both HY 100 and AISI 4330M. The static
corrosion and corrosion fatigue results were excellent. Charpy V notch
impact tests at 0CF resulted in brittle failure which is a detrimental
factor because of the possibility of a crack at the surface setting up a
stress concentration in the base metal as well as causing a galvanic corro-
sive action at the break between the cladding and the base metal. For this
reason, this material was not recended for Phase III testing.

2.2.8 ELASTOMERIC COATINGS ON LOW ALLOY STEEL

Elastomeric Coatings on low alloy steel appeared to be .a mzthod
to combine the strength and durability of a base material with the protection
a coating may offer from erosion, c-vitetion and corrosion. Following are
some of the advantages of an elastomeric coating system as compared to a
metal cladding:

o The mechanical or physical properties of the base material
are not affected by the coating application.

o A break in the coating does not set up a galvanic couple or
a stress concentration.

o The coating can be applied as a calendered sheet during
fabrication and can be repaired readily in service.

2.2.8.1 AISI 4330M

AISI 4330M heat treated to the 160 KBI yield •trength renge showed
satisfactory elongation and Charpy V notch toughness at O. It showed high
corrosion, erosion and cavitation losses and a low corrosion fatigue life.
Hcvever, test data obtained during Phase II indicated that elastomeric
coating my correct these deficiencies. It is hmardenable through a one-inch
plate thickness and does not require extensive preheats and post heats to
prevent weld cracking. Heat treatment after welding to develop strength of
this material may present serious distortion problems during fabricability.
Toughness in the as-welded condition is not as high as HY 100 heat treated
to 130-150 KSI yield range so that this material was not tested in Phase III.
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2.2.-.2 if! 1C1

MY 100, although it has a marginal strength-to-wight ratio,
has excellent elongation and ttmghness. Uncoated HY 100, like AISI 4330M,
has a low resistance to cavitation, erosion, and corrosion, and has a low
fatigue life.

Because of lo material costs and the possibility of improving
all tne deficient properties with a reliable coating, HY 100 heat-treated
to the 130-150 KSI yield strength range was recommnded for retention as
base material in Phase III studies.

2.2.9 EPOXY FESIN-GLASS LAMINATES

Epoxy resin-glass laminates were included as a base material
in the Phase II materials studies because of their inherent resistance to
the corrosive effects of sea water and the excellent strength to veight
ratio (530 psi per pound per cubic foot for isotropic Scotchply Type 1009
at 701oF).

In considerirg the various resin-glass laminates, a neoprene
coated epoxy system was chosen because of excellent strength characteristics
and rain erosion resistance that has been demonstrated in aircraft service.
Scotchply 10C0r preimpregnated (Minnesota Mining and Manufacturing) was chosen
because of its suitability for use with the mercury bag molding process of
Hudson Engineering Compan . This process, in its present state of develop-
ment, is limited to a oPP5F curing temperature. Thus, Scotchply 1000 with
its background of usage in thick springs for vehicles, curing temperatures
in the 225-F range, rnd with the capability for use in section thicknesses
up to the six inch appeared to be well suite-. to hydrofoils usage.

An acceptable Charpy V notc fracture energy was shown, and only
a slight roughening resulted from the jet erosion test in the uncoated state.
In the unidirectional fatigue test a substantial loss in modulus of elasticity
was experienced. The resulting excessive bending deflection exceeded the
deflection limits of the test equipment and precluded completiou of the test.
Sibsequent investigation revtaled that the 225- curing temperature, as
present]y limited by the Hudson Engineering Process, 4oes not produce a
fully-cured resin matrix. An additional 16 hour, 300"F cure increased the
Barcol hardness at 160 F from 59 to 66 and resulted in significantly improved
fatigue properties.

A neoprene-coated specimen, loaded to 60,000 psi bending stress,
failed after 23 days in sea water. Figure 3-18 of reference 10 shows
reasonable correlation with these data.

Because of the developmental nature of this material and
fabrication process and because of initial test failures obtained, epoxy
resin glass laminate was dropped from the Phase III program; however,
further investigation of the material is indicated.
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2.2.1Cn CASTINGS

AM-355 and CD 4 MCU casting materials were considered for nacelle
structure and other irregular shapes on the hydrofoil. The jet erosion and
cavitation resistance of CD 4 MCU was excellent, although some crevice
corrosion did occur. As welded AM 355 stress corrosion specimens failed
within 65 de;s, and the CharW V notch impact failures of both materials were
brittle at OPF which eliminated the materials for further consideration.
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3.0 REVIEW OF MATERIAL SLECTION

The basic objective of the Hydrofoil Materials Research Propra
was to select the most suitable materials for the fabricatico of bydrofoil
structural components. The original list of sixty materials for the program
was compiled from available information indicating deslrable properties in
one or more characteristics being considered. A subsequent literature survey,
an extensive screening test program, continual monitorit, of govermint and
private sources of Information, and comparative cost anelyses provtied the
data for the final selection of Ti 7Al-2Cb-lTa and coated HY. 130 as the two
most suitable materials for hydrofoil structuras.

Most of the materials that were rejected in the screen.ng tests
were considered unacceptable from a safety standpoint such as impact brittle-
ness and stress corrosion cracking which could cause catastrophic failure
of critical foil structure. Toward the end of the Phase II work, it becam
evident that a number of materials would meet the physical requirements of
hydrofoil use and that final selection of two materials would require a cost
comparison. It was also considered logical that one selected material should
be inherently resistant to the sea water environment and that one should
require a protective coating. The final comparison of several materials in
each category was based on estimated costs of materials, tooling, and
fabrication that would be required for a typical foil structure . This
comparison is reported in reference 3.

At the time this comparison was made, the development of Ti 7Al-
2Cb-lT- alloy was not completed and Ti 6A.- 1:1 was recoended as one selected
material. The substitution of Ti 7Al-2Cb-lTa for Ti 6A1-1 V was made early
in Phase III upon its availability.

3.1 MBCHANICAL PROPKIIES AnD ST1MM-WIGmT RX'IOS

There are many materials - alloys of steel, titaniiu, nickel and
c Wper - which can provide greatly improved tensile and compressive properties
ever materials presently used in shipbuilding, and cven in present prototype
hydixofoil structures. If these were the only requirements, extensive weight
savings could be realized in their use. In all cases other influences, mainly
environmental, either prohibited the use of these materials or required
compromises to such an extent that the advantages were nullified. Stainless
steels, such as 17-&PH could provide considerable weight advantages over
fY 130 except that in order to get adequate toughness in welded structures,
a 15000F post weld treatment is necessary. This makes 17-4 tooling S4p•ifl-
cantly more expensive than tza, required for HB 130 steel. Iroael T18, which
shows excellent resistance to corrosion, showed a fabrication cost co rable
to that of titanium with a significant weight disadvantage. Ti •A-• showd
a weight and, therefore, a cost advantage over Ti TAl-2Cb-lT&; hbavet, the
toug•neus of this material is below the minisua requirements established by
the Navy for hydrofoil structures.
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3.2 TO' IYSS CRITERIA FOR FIrAL MATZIAL SUMMON

Toughness requirements for hydrofoil materials have been
patterned largely after those for submarines. In reference 25, Sorkin
and Willner showed that a CharW V-notch energy of less than 21 foot pounds
at O-F would result in brittle fractu.vs in high strength titanium plate
(110 IBI minimum yield strength). Later investigations, references 11, 13,
and 14 at NEL have correlated brittle fractures in service with test data
for several types of tests, namely, explosion bulge, exploeion tear, drop
weight tear and CharW V-notch. Analyses of these data indkcate that
drop weight tear test energy values of 3,000 and 2,000 foot pounds for steel
and titanium respectively are required to provide adequate toughness for
deep submersible vehicles. Although the toughness requirements for hydro-
foil structures to resist the impact of floating obstructions is different
and possibly less severe than the underwater explosions that submarines are
exposed to, these criteria have been used in determining the final material
selection for this program.

Many of the candidate hydrofoil materials were eliminated from
the program because of deficient toughness. In most materials the impact
toughness is an inverse function of the yield and tensile strengths and,
consequently, vhere strength levels can be controlled by heat treatment,
there is a corresponding toughness control. The strength-tougbhess relation-
ship differs substantially for different materials and even for different
alloy compositions of similar materials. Ti 7Al-2Cb-lTa and Ti 8A-2b-l-Ta
are the only titanium alloys investigated in the hydrofoil materials program
which met the minimum toughness requirement. Ti 6A1-4V (XLI) with a special
anneal at the beta transus temperature and Ti 5A1-2.5 Sn showed significant
toughness improvement over higher strength titanium alloys but fell short of
the conservative requirements set understandably high for nev materials in
a nev design. In all cases, the weld toughness of titanium alloys was at
least as high as that of the parent material.

HY 130 vas the only steel tested in the program which provided
adequate toughness. Here, also, the weld toughness essentially equalled
that of the parent material.

3.3 CORROWIOR, IDiwiGiCT, CAVITATICE RNSISTARa

Corrosion resistance was extensively evaluated during the Phase
II materials selection effort because it plays such a large role in a ummber
of associated properties. The rate of metal loss in cavitation ad high
angle sea water impingement wa seen to be related to the corrosion resistance.
Alloys wbicn had fairly high static -nrrosion rates becam unacceptable from
a corrosion standpoint when either ninety knot sea water impingement or
cavitation erosion were added as a second factor. NY 130 vex the only mate-
rial which possessed the required values of charactcristics other than
corrosion resista•.ce and could be fabricated at low cost. Thus, only BY 130
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with a yield strength rane of 130-150 1SI was considered worth the
additicnal costs of applying and maintaining a coating system to protect
it from the combined influence of thes three factors.

Stress corrosion cracking was considered to be an unaeceptable
phenomena. The risk was considered tuo high to seek a coating protection for
an alloy and its associated heat treatment which cracked in a corrosive
environment. Thus, strength levels for RY 130 could not have been raised
much because of the limiting factors v'f weld toughness and strength for this
allay in the 150 K1I range. Titanium alloys in Phase II, as bad been
indicated for other titanium alloys in the literature, were lmm to all
types of corrosive attack except severe cavitation. Impingement resistance
in sea water once again confirmed this advantage by shoving negligible lows
in thirty days at ninety knots. Losses of metal due to cavitation showed a
definite threshold condition somewhere between 125 and 150 feet per second
with the cavitation generator of the Naval Applied Science Laboratory rotating
disc. In this region, severe losses of metal began. This indicates that
designers will definitely have to take cavitation into consideration as
higher performance foils are developed. However, this seems to be a minor
disadvantage in relation to the other excellent properties.

From the foregoiLZ considerations, Er 100 beat treated to 130 181
yield strength and Ti 7AI-2Cb-lTa with a chemistry to de oslop 100 18! yield
strength were selected for Phase III evaluation.

3.4J RKECZNTL ML s LOME NA'IRIAIS

It should also be mentioned that the 5Ni-Cr-Mo-V steel heat
treated in the 130 to 150 ISI range has been under investigation by U. S.
Steel and significant data have been published in reference 24. This
material has shown excellent toughness properties in welds and beat affected
zones as wall as the base (wrought) material. EValuations by U. S. Steel
of a number of 80 ton electric furnace heats rolled to two-inch plates and
heat treated in the 135 to 145 KSI yield strength renge show ChwaW V hutcb
toughness from 60 to 90 foot pounds at 001P. Welding filler metals and welding
techniques are being developed in the U. S. Steel prom for both WIG and
covered electrode. Preliminary data indicate that essentially 100%
efficient MIGO welding can be attained with only a slight tougness redtion.

This material has shown relatively good stises corrosion resistance
in ML abort term tests; however, since data am not available to comeate
the short tern results to those of the conventional long term bent bow
circle patch weld tests, so= checking in this area is iveoadd. Complete ,
freedom from stress corrosion cracking would merit this aLlla serious con-
sideration for use in a:W future high performnce roil structure.
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4.0 DESIGN DATA AND DISCUSSION

The final objective of the Hydrofoil Materials
Research Program Is to acquire and correlate the avail-
able pertinent data on the two final materials. The
following sections contain the tables and charts presenting
these data in the forms that are considered most useable
for the design of hydrofoil structures. The test results
developed in this program and, in some cases, supplemented
from published sources are included for substantiation of
the recommended design information. Where specific design
relationships cannot be presented, such as impact toughness,
the test values are shown with discussions of recommended
approaches to the use of the test data.

4.1 TENSION AND COMPRESSION MECHANICAL PROPERTIES

The objective of this portion of the program was
to determine the basic mechanical properties of the candidate
mateiials in both the "as received" condition and fusion
welded. Tests were conducted on specimens removed from
plates of both 1/4 and 1 inch thicknesses in accordance
with the sketch of figure 4.01.

`ill tests were conducted in a Riehle test machine
of l•0,JOO pound capacity. Autographic load strain traces
were obtained with a Baldwin P5-M microformer extensometer
and the load indicating mechanism of the test machine.
Loading was accomplisheJ at a rate of 0.005 in/n/imin to a
point beyond )leld load and at a head travel rate of 0.20
inij~a from that point to failure. Strain tests were con-
troll d through the ust of a strain pacer built into the
test machine.

'he results of all tests conducted during this
investigation are presented in taoles 4-1 and 4-2. Fxcept
as noted, all welded specimens were cut from blanks which
were MIG welded as described in section 5.3. For purposes
o0 compar.son the following table prese te the minimuA
acceptable values for the materials as processed by the
material supplier.
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Material Ftu ' "A.

Ti-7Al-2Cb-lTa 115,000 100,000 110,000 10 20

HY-130 * 130,000 * 10 *

*No minimum value specified.

Cumparison of these values with the results shown in tables
4-1 and 4-2 will show that the average values on control
tests of unvelded 1 inch material met or exceeded these
requirements, although there were isolated cases of single
tests which fell somewhat below these values.

As indicated by the test results presented in
table 4-1, weld efficiencies of 100 percent can be attained
in a wtlded titanium structure.

As discussed in section 4.4 of this report, all
1{v-130 steel was procured in the yield strength range of
140 to 145 ksi in order that toughness might be evaluated
for the potentially critical material strength level. The
strength level of this "as received" material is shown in
table 4-2 for unwelded 1 inch plate material. Initial
welding trials as discussed in section 5.3 of this I'eport
indicated that weld efficiencies iu this high-strength level
material would range from 95 to 100f as shown by the supple-
mentary data presented in tabit% 4-2.

In order that weld strength might be established
for material which ws representative of minimum acceptable
properties (Ft,= 130 Ksi), all mater 4 al for welded specimens,
both 1 inch anc !/4 inch plate, was redrawn in accordance
with the curve of figure 4.02. Strength values for this
redrawn material are shown in table 4-2 for unvelded 1/4
inch plate material. As can be seen from these data, the
actupl strength values attained were slightly below the
desired value of 130 vsi. This Is attributed to the ex-
treme sensitivity of the material to both tempering time
and temperature in the 130 ksi yield strength rang-. Since
the material could not be redrawn to a nigher etrength level,
It was welded as described in section 5.3 and cut Into ten-
sile specimens in accordance with the drawing of figure 4.01
and tested. Inspection of table 4-2 will show that weld
efficiencies of 96 to 100% were obtained in this material
and, further that thickness of the material being Joined
did not influence the resulting veld efficiency. Although

_____ ___
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the results show strength levels which were below the
target minimum value, since the majority of these specimens
failed in the parent metal at an average strength of 125 ksi
and indentical welds in the unredrawz- material showed yield
strength values on the order of 140 ksi, it may be seen that
weld efficiencies on the order of 100 percent are attainable
in this material.

It may be concluded from the work reported herein
that the target minimum strength values mentioned earlier
may be obtained in a fusion welded hydrofoil structure
vithout subsequent heat treatment.

4.2 COLUMN AND BUCKLING MECHANICAL x1ROPERTlES

The two major factors to be considered in optimum
design of structures are (1) the material being used, and
(2) the configuration of the structure. In the case of
tension loaded members, the solution to the problem of
optimum design is simple and straightforward, since the
properties of a tension member are not influenced signi-
ficantly by the shape of its cross-section. For members
loaded in compression, the problem requires )nsideration
of the size and shape of the cross-section in deteýrmining
the load carrying capacity of the memoer.

In the design of a h.drofoil structure which :as
requirements generally similar to an air'raft wing, Laere
are three primary types of iantability fallure which must
be considered; (1) column b ~c.lii(§, (2) st.ear Luckling ar.u`
(3) compression bucklini.

This section of' t.ýe roport deals with tne est.•blis.-
ment of theoretical design <:.: , .'or týe seiected m te'r*ais
which make it. possible to arii" a ur~tel the me.ximu.m load
intensities the pertinent s',:>- . ral tcl.ments wi" ituppor*.

The design curves in t.is r_-port are based orn tL•
approach presentei y fDlc.:• L..c >z.:cne aV Reference
In practice this aplprcac: . "cu r- ssi-; :-res--s-rcm:
curves as input data to I lljsa"-l L3sed :% tw.t.

following general relations>..:

it_ L' c'--(bi t). (b 't)t

F 2 K c Ks

initial ce-ul n ct ini -'nal shear bucklir,,

t bA 6i'Ln



Report No. 2-.3110/5R-2179
Page No. 4.11

LTV VOUGHT AEFOKAUTICS DIVISION

Development of these data requires compression
stress-strain relationships which were not obtained during
this program. In an eff'ort to obtain the needed informa-
tion a survey of the literature was conducted and contacts
were made with the material suppliers. These efforts were
only partially successfuly in obtaining these data. Data
were availaole from Reactive Metals, Inc. on the compression
stress-strain ýehavior of Ti-7Al-2Cb-lTa, but nothing was
found for the HY-130 steel. Unlike most titanium alloys,
which demonstrate consistently dither yield values in com-
pression, steels generally have similar stress-strain curves
for both tensile and compressivr loadin,;. It wao therefore
decided that the use of tensile stress-strain data would
produce a realistic evaluation of ýhe stability characteris-
tics of a structure fabricated Irom. HY-130 steel.

The typical tensile stress-strain curve for
ri-7,,l-2:b-lTa presented in fibure -,.Oj was taken from
data furnished by Reactive Metals Inc. Tests were con-
ducted on a Tinius-Olsen testing machine of 60,000 pound
capacity using one-half inch diameter by two inch long
specimens in accordance witn ASTM standard E9-62. The
sp,.imens were loaded at a strain rate of 0.003 plus or
minus 0.001 in/in/minute up to the proportional limit
and at 50 pounds/minute from tirie proportional limit to
ýield. For the typical stress-strain curie for steel
sp--imei.s the procedures were as nutlined in section 4.1

o: this repirt. For bctn materiai- " 2 typial stress-
strain :ur.'es were reduced to , -uaranteed values
through Lne use oi affine t rar, 1 ;:. - as described
in tte following paragraphs.

The followin.; sketct. will •e used as a guide
in describing the process of a:*'f,.e trans-urmation used
for generation of minimum 6uarantteu s rcss-strain curves
required for this effort. For auiy typical curve, -:.struct
a line parallel tc the initial rn.,dulus iine through tae
0.002 strain point to establ.sh tLie t)pizal ,alue for
yield stress. Point ,k' is lo-sted on tzns line at a stress
level corresponding to he miaimu- guaranteed yield point
(or any otner value which may be required). A line arawn
through the origin 0 and -oint A' will inte.rsect the
typical *curve at point t as shcwrn. For otner points on
the typicsl curve, suo:. as Aoin-s B and C, the corres-
ponding points un the minimum c,:r;e are found as follows.
Draw radial lines CB an-i 02. Cn line (B la) off
OB'=CB(CA'i(.:A) and .n liune l(. lay off C'= OC(OA'/OA).
The curie drawn tlroun points B', B' and C'; is the desired
mini=am •uaranteed curve.

L



Report No. 2-531O0/5R-2179
Page No. o.5

LTV VOtUHT AERONAUTICS DIVISION

Typical stress-strain curves and derived
minimum guaranteed curves for the Ti--7A1-2Cb-lTa~and
HY-130 steel are presented in figures 4-03 and 4.04.
Curves showing the c-)lumn, compression and shear
buckling allowables for these materials are presented
in figures 4.05 and 4.06.

4.'3 FXITIGUE PROPERTIES

4.3.1 CORROSION FATIGUF

Until recently static strength ohtaracteristics
were the deciding factor in the design of wing or foil
shaped structures. Except for specialized cases such as
engine mounts, rotating machinery, etc., the static margin
of' safety was generally sufficient to preclude fatigue
problems. With the rise in use of' highly efficient
structural arrangements operating at high percentages of
static strength allovables over exten~ded periods of time,
there has been an attendant increase in problems due to
fatigue lo~ading. Hydrofoil .-ellicles will be particularly
susceptible to 'atigue problems because (1) economic as-
pects dictate extremely long service lire requirements,
(ý,) high operatiflZ 5tres5 will be required in order to
minimize the amcunt of structural weight. carried by the
vehicle, and (_3) the marine eraiironment causes & eigni-
ficant reduiction in fatijgue life in most materials.
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For the most part, the fatigue properties of
structural materials are established through the use of
numerous tests conduc-ted, in air on specimens containing
notches or other discontinuities which are considered
representative of those which may be found iL production
vehicles. Data of this type are not suitable for a
hydrofoil which will spend a significant portion of its
total service life ope.ating in a corrosive media wkich
may effect both its static and fatigue pruperties. Since
little, if any, fatigue data of any sort are available on
the selected materials, the corrosion fatigue program
described in the following paragraphs was conducted during
this program.

Since fusion welding is the most likely joining
method envisit -d for use in hydrofoil structures, all tests
were conducted on welded un-notched npecimens of both
Ti-7A1-2Cb-lTa and HY-130 steel. In order that the be-
havior of the base metal might be observed, there were
no corrosion resistant coatings applied to either of
the materials.

A Sonntag SF10-U axial loading fatigue machine
was selected for tests in order that the specimens might
be subjected to the same type of loading that the ma-
torial will experience in service. This machine was
thien modified to permit testing in v, salt water (simulated
sea water) environment. The modification, which is shown
in figure !:.07, consisted of the addition of a large tank
to the bed of the test machine. This tank incorporated
grips to pick up the lower end of the test specimen. The
loading pin at the lower end of the specimen was sealed
from the salt water bath to prevent premature fatigue
failure of the specimen in the grip area. Provisions
were made for replenishment and/or replacement of the salt
water during the course of testing should it become necea-
sary. Normal vibrations in the test machine, which opera-
tes at 1800 cpm, provided sufficient agitation in the salt
water to assure that corrosion products were carried away
from the surface of the specimen as rapidly as possible.

A total of 13 specimenso made in accordance with
the drawing of figure 4.1, were faoricated from each of
the candidate materials. These specimens were tested under
uniaxial fatigue loading at a stress ratio of 0.10. Stress
levels were selected to cover the range from 104 to 107
cycles of load. In order that the HY-130 specimens have
a standard conditioned surface representative of a mild
corrosive exposure, steel specimens were subjected to a
one week static immersion in synthetic sea water prior to
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testing. TILe titanium specimens were not exposed to the
sea water prior to fatigue testing since static immersion
ttsts on all the titanium alloys indicated no detectable
effects.

Subsequent to completion of each test, the
specimen was removed from the test macuine for inspection
at the earliest opportunity. In some cases this involved
a delay of up to 60 hours during which time the fracture
surfaces were submerged in the salt water bath. Con-
sequently some of the HY-130 specimens had appreciable
amounts of corrosion on the fractuc 3urfaces whtn in-
spected. Basically inspection consisted of the ollowing
items; visual examination to establish the location of
the rracIture _follwed by examination of the fracture sur-
faces with a ten power hand held magnifying glass to es-
tablish the presence of gross defects, if any, and the
origin of fracture. Final inspection was accomplished
through the use of a 30x binocular microscope for a more
detailed examination of the fracture surfaces where
possible. The overall condition of the specimens sub-
sequent to testing was such that any examination of the
fracture surfaces wab not particularly revealing. This
may be attributed to the manner in which the Sonntag
fatigue machine operates. Alternating loads are applied
to specimen through the use of an eccentric weight which
rotates at 1500 rpm. Since there is no braking system
on this machine the eccentric continues to oscillate
for a short period of time after the power is cut-off
by specimen failure. In most cases, this oscillation
brings the fracture surfaces into violent contact with
one another one or more times. This battering action
then tends to obliterate ail but gross details on the
fracture surfaces.

The results of these tests are shown in tables
4-3 and 4-4, and are plotted in the form of S-N curves
in figures 4.0b and 1,.09.

As noted in tables 4-3 and 4-4, there were
indications of porosity in some of the welds, but
examinations of the fracture surfaces (subject to the
previcusly mentioned limitations) indicated that weld
quality was generally satisfactory in each material
and that the fatigue failures were normal in nature.
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Inspection of the S-N curve& ;.f figures 4.08 and
4.09 will show that the uncoated HY--130 is poorer in fatigue
than the Ti-7Al-2Cb-lTa as m!ght be expected. Thib behavior
serves to emphasize the need for application of an adequate
protective system to insure structural reliability during
the operating lifetime of a HY-130 hydrofoil. In order to
show the degree of improvcment which might be expected upon
the application of a suitable protective coating to a
steel hydrofoil structure, the data contained in reference

18 was extrapolated to obtain the reference curve which
is shown in figure 4.09. This curve indicates that the
application of a suitable protective coating might result
in an Increase of fatigue life as high as 20 to 1. Since
conventional fatigue curves are normally considered to be
independent of testing time as opposed to the effects of
corrosion, which are highly time dependent, it should be
noted that the data reported herein do not tell the full
story. However, it may be seen that significant improve-
ment in fatigue behavior may be expected upon application
of suitable protective coatings.

Since titanium alloys have long been considered
insensitive to corrosive attack (under conditions represen-
tative of those to be experienced during normal operation
of hydrofoil vehicles) the curve presented in figure 4.08
was considered to be fully representative of the behavior
of fusion welded Ti-7A1-2Cb-lTa in either air or sea water.
The test data generated during the course of this investi-
gation indicate a substantial loss in fatigue life relative
to ultimate tensile strength as compared to other welded
titanium alloys, for example Ti-6Al-lMo-lV as shown in
reference i9 . As mentioned earlier in this discuss~ion,
examination of the fracture surfaces of these specimens
by LTV personnel failed to reveal any gross abnormalities
to which this loss in strength might be attributed. In
an effort to obk.ain an explanation for this behavior,
failed specimens from this group were forwarded to
Reactive Metals Inc., the producer of the material, for
more detailed metallurgical examination. The results of
this examination revealed that ther0 were evidences of
incomplete fusion at the root of t•h weld. These areas
would then react in much the same way as a mechanical
notch with ani attendant reduction in fatigue life. It
should also be noted that resea'ch concerned with materials
for deep submersible vehicles, reference 20 , has un-
covered a previously unsuspected suscebtibility to stress-
c )rrosion-cracktng in the Ti-7AI-2Cb-lTa material which
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might also contribute to the reported reduction in fatigue
strength. Although this phenomena is not completely under-
stood at the time of this writing, its effects can be
readily observed as a reduction in the plane-strain fracture
toughness of a given material in the presence of a flaw,
such as a fatigue crack or partially welded area, and a
moist environment. Since the application of a protective
coating to a titanium structure is, at best, a poor and
costly solution to the problem, it is felt that increased
fatigue life may only be attained by using improved fab-
rication techniques and from metallurgical changes.

Although additional testing is recommended for
both program materials to assess more thoroughly the
effect of welding and/or Various protective systems on
overall fatigue life, the results of the tests reported
herein indicate that either candidate material would be
suited for use on a hydrofoil vehicle from the standpoint
of fatigue behavior.

4.3.2 INTERMITTENT CORROSION - CORROSION FATIGUE

In the case of hydrofoil vehicles, additional
difficulties may be encountered in designing for fatigie.
These difficulties are associated with the vehicle environ-
mental conditions. Many of the materials whi'-t. are suited
for use in a vehicle of this type are subject tc corrosive
attack when exposed to sea water. If these materials are
not protected from corrosion, drastic reductions in fatigue
life may be expected over a period of time.

Since a non-retractable foil may possibly spend
a major portion of its service life submerge~i, and since
the effects of static corrosion attack may interact in au
unfavorable manner with those resulting from corrosion
fatigue, it is mandatory that the materials used for toil
construction hate eit er a high natural resistance to
corrosion or be supplied with an auxiliary protecti~e
system. This problem is not as critical for the retractabli
foils since they may be washed down t,, minimize the damaging
effects of corrosion on fatigue life.

One of the promising materials for use in hydrofoil
vehicles is HY-130 steel which is susceptible to corrosion
attack. In order that satisfactory performance may be
realized with this material, it is necessary to apply a
protective coating. No known coatina will provide absolute
protection against sea water Attack over an extended time
period, and it is considered that a gradual deterioration
of HY-130 steel will occur even with an intact coating. In
view of this, a limited investigation was conducted to
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determine:

1. The effectiveness of the currently
recommended protective coat.1 ng in preventing
corrosion attack after prolonged exposure to
a marine environment.

2. The degree of interaction oetween the effects
of static corrosion and coi ro3ion fatigue which
might be observed in the event that the coating
did not afford adequate protection to the speci-
men.

Six unwelded-notched (Ktw 2.5) specimens fabricated
from HY-130 material were copted wi-,h 20 mils of Mosite 60134A
Neoprene applied over 3 mils of flame sprayed aluminum prior
to testing. Three of the specimena were to be exposed to
alternating periods of btatic immersion and fatigue cycling
with three months total static immersion. The other three
specimens were to be exposed and tested in a similar manner
except that total immerslin tirae was to be six months as
shown in table 4-5. Specimens 2 and 3 received three months
total static immers'.on while specimens 5 and 6 were exposed
for six months. opecimens 1 and 4. which were sChedUled
for three and six nonth siatic immersion respectively,
suffered fatigue ,'allures prior to attaining these goals.

Subsequent to failure, all specimens were care-
fully inspected in order to estaslish the nature of the
faillire. Since the protect--e coatings did not rupture at
the time of failure, inspection for evidence of corrosion
was accomplished with ease. Inspections were conducted
as described below:

i. The Neoprene coating was cut with a knife
at the fracture location and the fracture cr-
face was examined for signs of corrosion through
the use uf a 30.: binocular microscope.

2. The aeo-r~ne coating was peeled back a
reasonL lA distance on either fide of the
fracture and the exposed surfaces were ex-
amined or -rrosinr: or other abnormalities,
wit:- the •0x binocul-r microccope.

As previously noted, detailed inspection of the fracture
surfaces was not always possible due to their battered
condition, but, in most cases, the origin of fracture
could be determi:,ed and tne presence of corrosion pro-
ducts 2oui have been detected.
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Fatigue tests were conducted on the modified
:zonntae; iFIO-U fatigue machine which is discussed in
cft Ction 14. of' ULii report.. Test stress levels were es-
tablished through the use or an S-N curve which was
constructed from available information on the fatigue
behavior ot alloy steel (SIE 4130) tested in air. A
stress level or 'WOOO psi was selected to produce a
l!fe of approxinately 100 'ycles assuming no detrimental
effects due to corrosion.

The tests were conducted in the following manner:

1. Soak coated specimens in sea water for pre-
dctermined periods of time (one month or two
months). This exposure to be made at Harbor
Island.

2. Ship wet to LTV for fatigue cycling.

3. Cycle for 3.5 x 105 cycles in simulated
sea water at a maximum axial stress of 50 ksi,
R = 0.10.

".4. Ship wet to Harbor Island for an additional
period of static immersion.

5. Repeaý. Eteps 1, 2, and 3 two more times,
except cycle to failure during third fatigue
cycling period.

Test results are presentea in table 4-5 and
fibure 4.1,). After testin3 was completed all specimens
were carefully examined and, with the exception of
specimen number 1 discussed earlier, were found to have
experienced normal fatigue failures. Neither the flame
sprayed aluminum nor the HY-130 base metal showed any
signs of corrosion. In addition, the scatter observed
in these tests is consistent with that observed in most
fatigue tests and cannot be ettributed to any abnormal
behavior.

It may be concluded from these results that
thie protective coating used ,.,r this investigation pro-
vided sufficient protection to prevent base metal
corrosion and fatigue life deterioration for a period
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of at least six months. This is not to say, however, that detrimental effects
may not be observed after longer periods of exposure. Before costing lives
can be extended beyond present capabilities, it will be necessary to conduct
additional investigations of this nature covering significantly looger exposure
periods in order to assure structural integrity for the life of the vehicle.

4.i IMPACT TOUGt SS

During tVi Phase II screening tests toughness evaluations were
made on the basis of percent elongation from tensile tests, Charp V notch
tests, Nil-ductility-transition tests, weld bend tests and notched-to-
unnotched ratio tensile tests. These tests were adequate for the early
comparisons; however, as the progra progressed, toughness deficiencies
became apparent in most of the candidate materials and the more sophisticated
toughness test techniques and criteria becm necessary. Towrd the end of
Phase II, toughness data became available on a number of structural materials
from the NEL drop weight tear tests, the explosion bulge test and the explosion
tear tests, reference 11.

There is no established design procedure for direct relation of
the impact toughness of a material to the toughness requirements of a
structural component such as a hydrofoil. A weasure of relation has been
achieved by laboratory correlations of a large nmber of field service
failures ranging from Liberty ships to pressure vessels. A large variety
of laboratory test techniques have been developed and are used to determine
the relative toughness of structural materials. The results of these tests
are applied to nev designs msetly by design intuition and comparisons with
previous experience with similar structures. In the hydrofoil materials
program, materials were tested for impact toughness using the classic Charw
V notch test and the NML drop weight tear test over a temperature range that
ic expected to bracket any hydrofoil operation. The requilied tojghness level
for titanium was tentatively established at 35 ftut poun's at 3?"F for the
CharM V notch test. Minimm toughness requirements, as wtasured by the MML
drop weight tear test, have been established at 2000 foot pounds for titanium
and 300W foot pounds for steel at 32;N. These values wre L.%sed on a large
number of explosion *ear tests conducted by MRL on hull plate materials to
simulate depti charge blasts on submarines.

In the selection of alloys for this program, Initial toughness
goals were outlined by RuShips technical areas. These initial values were
based on the background of the Navy in increasing reliability of ship and
submarine structures by a toughness requirement for materials of construction
both in the welded and unwelded conditiont, particularly in the presence of
a flaw. By comparison, toughness has not been a major factor in the design
of aircraft components; however, increasing mimbe•.s of brittle failures
occurrirng in high strength load bearing components have caused Cho s in
soe designs. In this case, when toughness in the parent material and weld
areas can be increased to acceptable limits by heat treating the entire
structure to an acceptable lower strength level, this action has been taken.
In other cases of aircraft landing gear where weight wa extrsi*4 critical,
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the higher strength materials have been retained. In these caes,
manufacturers have paid the price of the more careful processing that is
required for reliable performance.

These tvo examples of material and heat treatment selection are
briefly mentioned here because they represent extremes betreen which hydro-
foils and struts are logical intermediate cases. They represent the
intermediate position by way of the importance of weight to performance,
the probability of encountering major impacts, and the consequences of
brittle fracture. For brittle fracture, however, the consequences my he
no worse than for the landing gear example, reference 12.

Ykay of the candidate hydrofoil materials were eliminated from
the program because of deficient toughness. In wet materials the impact
toughness is an inverse function of the yield and tensile strengths and,
consequendly, vhere strength levels can be controlled by heat treatment,
there I n a corresponding toughness control. The strength-toughness relation-
ship tiiffers substantially for different materials and even for different
alloy compositions of similar materials. Ti 7Al-2Cb-lTa and Ti 8A&1-2b-lTa
are the only titanium alloys investigated in the hydrofoil materials program
which met the minimum toughness requirement. Ti 6A1-4V (ELI) with a special
anneal at the beta transus temperature gave 22-24 foot pounds rharW V notch
which is a significant toughness improvement; however, comparison with NRL
data indicetes that the 2000 foot pound drop weight tear test requirement
would not be met. In all cases, the weld toughness for titanium alloys was
at least as high as that of the parent material.

4.4.1 HY 130 STEM T LUMESS

HY 130 was the only steel tested in the program which provided
adequate toughness. Here, also, the weld toughness equalled that of the
parent material.

The results of the toughness tests for the two final selection
materials are shown in Tables 4-t and 4-7 and Figure 4-11.

The WRL toughness evaluation techniques had provided toughness
substantiation for Hr 80 and HY 100. Since these materials were both in
use for the fabrication of the PC(H)-l and the A(3(H)-l foil structures,
Bu~dphi technical personnel requested that final evaluation for steel in
this prqpm be made on a higber heat treat condition of the same material.
Available data for BY 80 and HY 100 steel indicated this material should
have adequate toughness and stress corrosion resistance through the 130-150
iSI yield strength range.

Metallurgically, except in the brittle temper ranw, lover
strength levels resulted in increased reliability through greater ductility,
notch toughness, and greater resistance to brittle failure. HY 130 alloy
heat treatment va selected to preclude stress corrosion cracking in the
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heat affected zone, and provide sufficient toughness to withstand severe
impact without brittle failure.

This plate was given a high degree of cross-rolling (one to one)
shown by Puzak and Loyd of NRL (Reference 13) to develop improved toughness
in the weak direction. This cross rolling, chemistry and heat treatment
resulted in toughness values considerably higher than expected for this
combination on the welded or unwelded condition as shown by compar'1iOn with
values listed In figure lG of reference 14.

4*2.? Ti 7A1-2Cb-lTa TOUGHNESS

Toughness, strength and reliability have influenced the evaluation
of titanium in the same manner as steels. Initially a low-interstitial
Ti-6AI-V was considered the best compromise material. Since .tress corro-
sion cracking vas considered an unlikely occurrence in a marine enviroimnt,
only impact toughness and Its relation to reliability were given consider-
ation. The NIT test corresponding to a five to seven percent strain before
fracture in the explosion bulge test was used as the desirable value which
only the Ti-7A1-2Cb-lTa alloy of the presently developed Titanium alloys
could meet. This essentially embraced the reliability requirements of a
submarine application, and this need justified the introduction of a now alloy
into a relatively new and severe application. At this time the pertinent
question of results of impact on the safety of the craft was asked. This is,
"Is it better to have a strut and foil break free completely frm the hull
structure or have it severely deforemed so that control my be impaired?"
This question, as the toughness criteria in general, leaves many unknowns to
ponder. It is believed that future designs wi.4ll take advantage of higber
mechanical properties and proved corrosion resistance with a lower toughness
requiremnt, while maintaining or improving reliability.

Titanium toughness data are presented in Tables 4-6, 4-7 and 4-8
and Figure 4.12. Toughness data for Ti 6WA-4V are presented to show the
increased toughness that can be obtained in this material mben a near-beta-
trrnsus heat treatment is employed. The Charyy V notch values slomn represent
approximatey 50" increase in impact fracture energ over that for the
"tis receive,"toushness.
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4 .5 CQ 110BIN CAVIMT!CUJ UNONX UB10 ~MWONS O FM SM WAM

ftls *ection is intended to give the designer general guidelines
and data to aid In decisions in mnairtiaig metal losses resualting from
corrosion,, cavitation, and erosion end to estimate skin thickwsa necessary
to compensate fcwi losses due to these factors.

4-5-1mm SUNSM TIC cC~Ohxw

Static corrosion metal loss rates are given for a maOer of
nater!als in Tables 2-9 through 2-15 andI 7igovr 2.1, Appendix A. She".
rates cau beuasod to estimate the lose, in thickness in inctiss per year.,
1py,, or mils per yv'r, upy., (1 ail - 0.001 inacus) for t:>e periods of time
that the unprotected foil is submerged either &- dockaide --: dar'ing biallborne
operation at low operating speeds. Tbese values an a.3se A used to estimate
corro~sion rates of the foils in the r~ tr-keted p-rsitior This estimate would
be based, on the fraction of the time the foil would be wet with "ea water
spra. In the case of submerged times on IY-130 steel,, the corrosion rate
can be reduced markedly by coat inq and. by app~i cation of a cathodic
protective system. ?be latter protection .sa not studied in this progrum.
Titanimu and titanium allnyu ame essenti&A.. v free from any submrged static
corrosion metal loss.

4.5.2 AND CM CE CVSOMIrlN

Pitting5 and crevice foraat:.n 'As given for the materials '.iaere
these phencoen were seen to occur. fte 17-130 material, although not.
i.pecit'icaly tested in this progrus, performs generally as other low all~oy
iteels and does not pit deeply. It shove a .007 inch average for the ton
deepest pits based on data tol- another 1-v alloy steel which is onl~y -00e
irckhes greater than the overall average of 0.005 inches per year metal
loss. Tita~nium alloys including the Ti 6Al'V sand TI 8A1-.2Cb-lT* do not pit
or coz-rode preferentially at crevices. Data for other alloys eva~luated 1z
Phase n of the progra are presented in Appendix A. filnlficant increases
in corros ic rates vi~l be noted for sow materials with an Increase ii'
the tesinprature of the emb 4ent f sý vater and the resultant increase in fouling
organism popul~tiou. From a design viewpoint, it to loubttul that materials
wI& h are Mot protecied to pre vent fouling, pitting or crevice corrosion,,
and which have & signaificant tendency to these effects, are practical for
foils which cannot be retracted. fo* retractable foils, these effects nast
be talon into consideration -n the aitidance of crevices,, voter traps ILC
the retracted position aM,, if possibli?, providing for wash dowth of the
foils vkhn r*etracted. Cowpratir data #having the advantages to be gained
by sonttly removal of fouling organism frcs a toil that Is coetinuouly
submrged are also sbawn in Appendix A.
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4.5.3 CAVIATION - COtM1OSIO

Metal oases due to the combined influence of cavitation and
corrosion can be seen in Thbles 2-32 and 2-33, Appendix A, to be of a
higher order of mnanitude than for static corrosion alone Although the
exact relationships of the cavitation intensities in the magbetostricture
and the rotating disc tests to those which occur on the folls at 90 )mot
velocities are not knownv, experience on the PC(R)-l indicates that these
tests a-e not too severe. Thus, it is apparent that the steel must be
protected from low intensity cavitation and that at high cavitation levels
the titanium alloys will also require protection. The use of coatings to
obtain this as well as corrosion and iapingement erosion corrosion protection
is discussed in Section 4.7.

Assminng that the geometry of the foil and struts will Seaerate
cavitation implosion intensities equal to the NASL cavitation disc, the foils
iind struts imaufactured Iron titanium alloy will be essentially free of
cavitation problems at velocities up to 125 feet pli second, but will reach
a threshold at sow velocity between 125 and 150 feet per second where
major metal losses begin to occur. If the more advantaeous course of
design around cavitation dmage cannot be taken, then the addition of
elastomeric overlays in these localized areas is recomended (See Section
4.7). References eý thru : offer a sophisticated approach to material
properties to resist cavitation damg and reference 5 gives cavitation
data for a large number 1-f material-. In this progm, there was a general
correlation of higher hardness and good corro- :on resistance with higher
resistance to cavitation-corrosion damage.

A large body of dAta has been generated by investigators
covering the increased wetal loss rates with Increased sea watA-r impingement.
May materia), are shown to have a threshold for markedly inzreased ae;al
lose rates at velocities below fifty feet per "cond. This is bolievea tc
be a function of tie structure of the metal oxid. and the adhesive strength
of the oxide to the metal as it is forme4 in the marine enviro t. When
the forces resulting frca velocity and angle of iapingeant are great enough
to remove the protective oxide, a farly rapid refornation of the oxide
follows with the resultant loss of metal and strongth. The rate of oxide
formation (corrosion rate) is twus sen to be a sifditcant factor.

The 'mp1p.geent angle hare been found to affect the degree of
doe experienced on aircraft operating in rain at speeds above 500 aph.
ID•ngement erosion of metals, caotings, and plastic lminates in thir .- ",z
has been found negligible at an"les of Ispingewnt of less than 15 dep'ee
to the surface. Thirty (-30) day, 450 impingemnt angle, 90 knot sea water
Imingement dhta for steel and titanlh alloys are shown in Table 2-31,
Appendix A. Low alloy steels lost metal at rates greater than 3.l inches
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per year of' operaLion tt 90 knots. This is 20 to 100 times the static
corrosion rate and is expected to he higher as the angle of impinge-
ment increases from 45 to 90 degrees and markedly lower as the angle
of Impingement decreasec and laminar flow is approached. Thus this
increased metal loss rate requires attention f r materials along
leading edges and in turbulent areas. The weld areas of steel ere seen
to be slightly better in resistanee to impingement-erosion than the
parent steel and titanuLma alloys, welded or unwelded, are essentially
immune to this effect at 90 knots.

4.5.5 STRESS CORROSION CRACKING

Time dependent brittle crncking which occurs under the
Influer.ce of continuous teniile 'tress and a corrosive environment is
commonly !known as stress covrosion cracking. The most common form of
stress causing these failures are those residual stresses resulting
from fabrication such as welding. Since hydrofoil struts and foils
will be of such size that neat treatment and stress relieving after
heat treatment is impractical, testing in Phase III was done using 5
inch circular restrained welds on one foot -quare plates one-half and
one inch thick. Thus, the parent metal, weld and heat affected zones
were present as they will eocur metallurgically on the foil. Exact
stresses present are not known, but they are known to be high,
Reference 1q. Higher strength levels have generally resulted in greater
susceptibility to stress corrosion cracking. Higher stress levels which
exceed broad thresholds for cracking elso cause a decrease in time to
failure. Thirty month exposure of rsl.-ain welded HY 130 heat treated
to the 145 "-si yield streng~h range in the 80' lot at Kire Beach indicates
that it is insensitive to this effect in a marine atmo:3phere. As shown
in Table 4-9 and Figure 4.13 the T1 7Ai.-2Cb-tT, does st'ress corrosion
crack and thus, in its present form, is not a suitable alloy :'or ise in
,his environment. Other stress corrosion data inIlcat- the crackine
4-30M steeL when stressed to ninety percent of' 160 ksi yield strength
and even as low as 150 ksi yield strength. Ti 6!-4V stressed in a
restrained weld cpecimen has shown no signs of failure to date after
atmc,;pheric and submerged exposure az shown in Table '-29, Appendix A.

"bus, titanium alloys previously thought to be inmmune t,. stress
corrosion cracking will have to be carefully tested for this phenomnena.
Steels neat treated above ±50 ksl yield strength and exposed in the
welded condition will be subject to suspicion, particuLarly in the heat
affected zones.
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4.6 CD4-MCu and 17-4PH STINLESS STEL CASTINGS

During Phase I and II of this program, no casting materials
were investigated which proved suitable for use on operational, full
size, non-retractable foils. Another possibility for casting use arose
in test programs utilizing solid cast hydrofoils for hydrodynamic
experirments. In this program, it was assumed that castings can be
-sed to advantage from a structural geometry and cost standpoint. It
was also assumed that the foils can be removed from the water when not
in use &nd the relatively short life of less than 1,000 houy's makes

long term submerged static corrosion properties less important.
Corrosion-fatigue and stress corrosion cracking tests were designed to
supplement fatigue data available from the Lebanon Steel Foundry and
stress corrosion cracking data from the Marine Engineering Laboratory.
17-_4P was given the H-1100 age and CD4-MCu was heat treated with a
furnace cool to 17500F to minimize quench or stress corrosion cracking.

4.6.1 CD4-MCu

CD4-MCu was tested for degradation by static corrosion,
stress corrosion cracking and corrosion-fatigue. Static corrosion
specimens were welded and reheat treated to simulate the practice for
small foils requiring repair welds. A second weld was placed on the
specimen which was not heat treated after welding to simulate minimum
labor and time delay practice for use whenever this was shown to be a
satisfactory repair method. Rapid pitting action up to 143 mils deep
after two months static exposure indicated this material to be unsatis-
factory. Static corrosion data obtained thus far are presented in
Table 4-10 and Figures 4.14 and 4.13. Stress corrosion cracking tests
were carried out with the standard bent beam specimens having welds both
heat treated after welding and without subsequent heat treatmeni_ stress
to ninety percent of' yield strength. Results shown In Table 4-i0 show
nc cracking either submerged In sea water or in the marine atmosphere
of the 80' lot at Kure Beach after a nine month expoeure, These tests
are being continued in order to have long term data for this chemistry
and heat treatment to more completely characterize the variables which
affect cracking. A more extensive stress corrosion program run by the
Marine Engineering Laboratory has shown CD"*-YCu to crack in several
different compositions and heat treatments so that a satisfactory set
of parameters to prevent cracking cannot be defined. An additional
program being carried out by MEL and Ohio State University is now in
progress in an effort to define these parameters. At this sLage of
development, the material appears to be unsatisfactory for hydrofoil
use. Weiding of the CD4-MCu alloy to simulate repair welds was not
developed in in'tial zrials shown in Section 5.0. Further work on this
material was abandoned because of the corrosion and c'acking ,::ccurring
in this and the referenced MEL program.
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4. 6.2 i -'4P-H-l1o

The 17-4PH-H-l0O casting material was tested for stress
corrosion cracking, repair welding, and in corrosion-fatigue life. The
stress corrosion cracking terts vere run by welding the specimens as
described in Section 4.6.1 for CD4-M Cu. Specimens were exposed
in the unwelded, as welded, and welded aid reheat-treated conditions in
order to determine If stress corroxi=.n cracking would occu, in weld heat
affected zones and if reheat treatm.at after welding were necessary to
prevent HAZ cracking. Nine months exposure of these bent beam specimens
exposed submerged in sea water aud in the marine atmosphere has shown no
failures to date. These specimens are being retained in test, for rurtner
substantiation of these results.

Repair welding of this alloy presented sow difficulties.
Cracking during root pass welding was minimized but not conmpletely elimin-
ýsted by making a large percentage filler metal to base metal weld deposit
in the root pass. Excessive warpage was reduced by alternate welding on
the front and back side of the plate using the procedure shown in trial 3
on Table5-19 • This mathid is recommended for use when it is possible to
weld on both sides of the casting or in shallow (i" deep) areas. Other-
wise, & stress relief after welding would be desirable to mir.imize residual
strcsae5.

4.6.3 CORROSION FATIGUE

Initial screening tests were conducted on unnotched, unwelded
specimens fabricated from both CD4-M Cu and 17-4PH cast materials to obtain
corrosion-fatigue data for comparison with earlier w~rk done during the
Phase II effort on this program, reference 2 . The specimens were
tested in sea water under reversed b'inding conditions (rotating cantilever
beam) tm• stablish the approximate fatigue strength of 107 cycles. The
results r these tests are presented in table4-li . The tentative fatigue
strengths obtained from these tests were 22,500 psi and 35,000 psi respec-
tively for the CD4-M Cu and 17-0P9 cast materials. The data contained
in reference 2, were extrapolated to furn,,r, a basis for comparison
with these results. This extrapolation indicated that the fatigue strengths
for unprotected HY-130 and 17-4PH plate would be approximately 22,500 psi
and 36,500 psi respectively. It can thus be seen that the two casting alloys
demonstrated fatigue lives which were comparable to those established for
similar wrought materiEis during earlier work on this program.

As discussed previously, the CDL-M Cu cast material proved to
be especially susceptible to stress-corrosion cracking in the welded condi-
tiocý so that further cvaluation work was dropped. Additional fatigue test-
ing was done, however, or, the %ast 17-4PH materials in the welded condition.
Blanks were welded at LT and shipped to Harbor Island for machining and
testing in sea water. A total of four rotating beam specimens were fabri-
cated and tested. The results of these tests are shown in Table 4-12and a
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tentative S-N curve ts shown in Figure 4.16 . Since these tests were
conducted under different types of loading and stress ratios than those
reported earlier in Table 4-3, (R= -1.0 vs R- +0.10 and rotating bending
vs axial loading), it was necessary to convert the data for purposes of
comparison. The projected behavior of this material under axial loading
conditions and a stress ratio of 0.10 is shown in Figure 4.16 as a scatter
band which brackets the expected range of behavior. This was done to
account for the limited amount of data to form a base for the conversion
and, in addition, to compensate for possible differences in effect between
bending stresses and axial stresses. Also shown in Figure 4.16 is the
reference curve for HY-130 steel as reported in Figure 4.09. Inspection of
this figure will show that the anticipated fatigue life for the 7-I4PH
steel casting is at least one order of magnitude hidher than that shown
for the uncoated HY-130 steel.

It may be concluded from the data reported herein that, from
the standpoint of fatigue behavior only, the unprotected CD4•4 Cu castings
will be at least as gocd as the unprotected HY-130 steel plate and that
the 17-4PH is decidedly superior on the same basis. It should be noted
that both the CD4-M Cu and the HY-130 will probably I.hov significant losses
in fatigue strength if tested over a longer period of time when the effects
of corrosion will be m•ore pronounced. It is thus considered mandatory that
these materials be supplied with a protective coating to insure fatigue
life under the environment encountered by a hydrofoil vehicle. Although
the fatigue lfe of the unprotected 17-_4PH casting is not fully substan-
tiated, it is considered a feasible material for use in castings for test
vehicle foils.

L



Report 2-53100/5R-2179

Page 14.21

LTV VOUOHT AEIONAUTICS DIVISION

14.7 COATDICI

4T7.1 COATING OPTIMIZATION

Prejiminary work in this program and work by NASL,
reference 5, indicate that where cavitation of significant intensity
is present, hard, resinous coatings are not adequate and elastomeric
coatings are required. Impingement of water at a forty-five degree
angle and a ninety knot velocity, however, showed the harder, resinous
coatings uithout resilience to be superior. Two approaches to obtain
a coating syutem to witkatand both of these effects were considered.
One approach was to increase the thickness of the better cavitation
resistant elastameric coatings to permit greater energy absorption
without cohesive rupture by distributing the stress across a greater
nuaber of molecular bonds The second approach, not explored in this
progrem, was to seek an intermediate group of properties, i.e. hardness,
resilience, and elongation between the resin coatings which are resistant
to the jet impingement and the elastomers which are resistant to cavi-
taion. It was hoped t1Iat both effects could be overccoe in a coating of
20 mil thickness. This approach, explored in the tydrofoil Coatings
Program, reference 16, has not proved fruitful. This indicates that
coating systems for hydrofoil craft, like coatings for aircraft should
be designed for a specific hydrofoil craft and for specific areas of
the foil. This approach will allow the full advantage of a variety of
available coating properties to meet specific levels of cavitation,
erosion, maximum velocity and submergence times.

Excellent adhesion is always a primary requirement. If the
coating system will not remain firmly adhered during high performance
flights after long immersions or exposure to sunlight and the tempera-
ture cycling of weather extremes, the system cannot perform its
protective function. This can be seen by the adhesion failures indicated
in the impingement and static corrosion test results shown in Figured
4.17 and 4.18 and Figures 2.8 and 2.9, Appendix A. Steel surfaces were
found to be best prepared by grit blasting to bright metal in order to
increase the available surface area to promote adhesion. In addition,
selection of the primer coat, which is primarily responsible for
adhesion and corrosion protection, is of extreme importance. The results
of static immerslon tests, Table 4-13, and eea water impingement tests,
Table 4-14, indicate that Coast Pro-Seal 777P, Bostik 1007 and possibly
other previously evaluated primers are moisture sensitive and thus
unsuitable for use in severe marine environments. More work is needed
in this area. A variation in results for coatings over a flame sprayed
aluninum metal has been experienced. This area will require further work
to determine whaL factors are causin% the variations.

Thbe succeeding layers of coating alzz play an important role
because of their ability to limit the amount of water or ion permeation
to the metal-primer interface. Each coating has a specific rate of
moisture permeation dependent on formulation, method of application and
thickness. 1ese outer layers of coating also play a large role in
protection from cavitation damage as previously discussed.
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High speed water ipingsemnt Is damaging to mny coatings
by tearing out smll particles, in much the same manner as cavitation.
It has been shown that by increasing the thickness of the *msites
60125, bonded in place, uncured neoprene coating from 20 to 80 ile.,
resistance to both cavitation and impingement is obtained. This
coating system can be further optimized by inrovlng the primer peel
strength which is shown in Table 43.3 to be reduced considerably after
it rsion. Dmige severity at high velocities Is a function of the 4

angle of ipingent as has been noted in rain erosion damage to aircraft.
(see Section 4.5) Quite a number of resins have shown resistance to
90 knot sea water for a period of thirty days at an impngemnt anal of
450 in the Wydrofoil Coatings Program. Several elaitowers have also
shown this sam_ resistance. In--meauina thickness from 2-0 to 8D idle
and hardness from Shore A 55 to Shore A 7O has inroved the performance
of elastomeric coating system.

4.7.2 ULN UTECS ON OAIINO StS

Fouling which adheres to the foils and strts during
inoperative periods is of major concern for non-retractable foils. For
this reason, the question of damage to an underlying coating on a
hydrofoil and strut surface due to fouling attachment and subsequent
removal during high speed runs Is pertinent. A test was conducted to
determne If fouling attahments could be removed from a foil during
the take-off run. A low alloy steel foil model for the LTV water wheel
was coated with 0.080 inch on one semi-span and 0.125 inch thicknesses
on the other semi-span of a cured in place iteites 60125 neoprene
rubber. The foil model vas placed in a shaded location in ulf of I
Mexico waters Just below the tidal zone for a two month exposure during
February and March. The model was transported from the Gulf to the test
facility in a ceramic container of sea water and placed in tU:,
immediately while it was 75 percent covered with live barnacles. The
initial test run was at 45 knots, a 3 inch depth and a negative three
degree angle of attack. This angle (-30) was chosen to obtain cavity
closure on the upper surface of the foil.

Essentially all of the fouling was removed from the leading
edge after a series of runs which totalled 15 minutes at 45 knots, 11
minutes at 55 knots and 12 minutes at 65 knots. No other areas of the
foil surface were entire1l cleaned by the above exposures which are
described in Table 4.-; These areas probably lid not undergo direct
water imingement due to excessive turbulence aWi cavitation. The
barnacles that were renoved were broken so that the valls of the organism
vere left attached to the rubber. This leads to the conclusion that at
these velocities the barnacles can be destroyed leaving only a thin
calcareous residue if a high angle of invinsut is attained. Whis
appears to be a fairly slaw erosion process and the rate soem to be
dependent on a number of contributing factors amog which are the
following:

S... .. ! .. . il
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a. Angle of water iq~ingeet

'L. Surrounding organimsi providing structural support

C. Velocity

4. kxposur. tins

Figure 420 shWs the areas fram which the barnacles were,
rVINve The" shm M9 in the pictures as black area. flecked with the
white bases still attached. Mhe undempgd organim shown my be in
the areas wher a cavity formed which protected them from erosion. The
results indicate that (1) critical leading edges and other areas vith
hit iqpinginnat eagle Wy be essentially freed from organisms of this
type at velocities in the rane of 45 knots and (2) that coatings with
chosion end adhsion equal to or better than the 60125 neaprere wili
not be dmwpd from fouling remoal by vater erosion action.

4-T-73 OOATM APPIWCMWI MMI

4.20 The coating systems desicribed in Figures 4.17., 4.18, 4,19,
.2, 4 .21and Tables 4413, 4-14t 4i-15 ond 4-16 wej applied As, follows:

A. Alumina grit blast all surfaces to be coated

B. Vapor degrease*

C. Apply 3 ails fiam sprayed 11.00 aluminum wire*

D, Vapor degrease

* Rt required for Goodyear 23-56/N4-1500 zinc rich epox
poyammIde sea water ispingemat specimQe or coated and
fouled water wheel model.

x. ibsites 60125

1. krush apply thin coat of M~aites 60125 primer and
air dry IP -60 minutes.

2. Drush only thin vat of Nbites 60125 adhesive and
air dry 3D-60 minutes.

3. Nall oun required Weiner of Mosites 60125 calendered
mwm sheet., sealing edges qrequired.

4. Ow 1 hour in autoclave at 310"? . and 90 psig.

F. beotik 1007 Printer

1. Spray apply 0.5 oil vat and air dry 1 hour.
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G. Andrew Brown O. .-1500 Zinc Rich JOM Polymide Basin

1. Nix coqponets and let stand 1 hour.
2. Spray apply 3 .l coat and air dry 4 hours.

H. Ooodeear 23-56

1. Spray apply 0.3 oil coats to obt'oin 20 aLls dry file
thickness allowing 15 minutes betwen costs.

2. Cure 10 days at room temperature.
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4.8 (CHM CAL CIaKOSTIONSI HEAT TA2IWTS AND VENDOR
MMMAICAL PROPZ3TMU

Table 1-17 presents mill data obtained from vendors for the
materials that were used in this progrem. In addition, the basic
specification requirements and limitations are included In this table
for reference.
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TABiE 4-I

INSULTS F TEuSION TESTS 0N UELIED AND UNMlLIMD Ti TAI-2Cb-lTa

Spec. Type Ptu Fty 6_Eiong- R~a
No. Spec. kst psi x 106' % in 2 in Ferk

- U-1 i welded 136.9 105.1 17.7 15.1

LU-2 Longitudinal 117.0 i04.4 17.7 12.0

LU-3 118.4 104.2 18.7 12.3
Avg: UT_ 7.4 104.5 18.0 13.1

STU-1 Ummelded I16.8 103.8 17.4 15.1
TU-2 Transverse 117.9 io4. 6 18.3 12.3

TU-3 117.9 105.0 17.9 13.T

_Avg: 117.5 104.5 17.9 13.7

o 12-1 Welded 122.4 107.5 18.0 12.0 1 (i)

S12-2 Transverse 118.9 105.1 17.5 10.8 (1)

12-3 121.4 io8.8 18.0 10.1 i (1)

12-4 119.8 lo6.o 17.9 1.5s ()

12-5 120.0 105.9 18.o 12.5 (1)I

Avg: 120.5 1o6.6 17.9 11.4

19T-5 UnwIded 116.4 102.0 17.,; 13.2

IT-6 Longitudinal 115.6 102. 17.5 3

Avg : 110.0 102.3 1Y . 5 U.1.
2 2T-8 UnLkeded lit.9 103.4 177 11.5

2M7r-9 Transverse 117.3 102.9 13.O 15.5

20T1 1" 117.9 103.9 17.8 O .5....TN.- 8- (P.
__________ 17. .34 1.8 i.E

S 14T-1 Welded 17. - .~.2 11.1

14T-2 Tranwverse 117.5 ,5.J5f 17.9 • ,
lir - 3• 11. 14) il 2

14T-4 117.3 ' n.0 I 17.2 I)

14T-7 116 1 17.1 9.8 (1

- Avg: 117.7 i I*.6I 17.3

Notes:

(1) Specimen failed oit~side vId area.
(2) Specimens weded aL desqribe$ in section 3..2..
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TAMN 4-2

MSUXI8 (7 O EUION MMSTS 05 MWIMD ALWAIXBD HY-130

epee. pe Elong.
No. Spec. Ust I ; I x in 2 in Pemarks

UL-2 Milded 147.2 138.T 32.6 14.9
UI,-2 imetudinal 144.8 136.8 28.8 14. 5

Z-3 () 14T7.1 134.1 28.2 14.6

Avg: 146.3 13-. 5 29.2 14i.7

ifT-i Unwzlded 147.5 139.7 28.5 14.1

UT-2 T'-2 erse 146.6 139.3 29.1 12.7

-3() 148.7 140.7 28.5 13.7

Avg: 147.6 139.9 28.7 13.5

1-1 Welded 132.4 12.o 2T.7 12.5(
1-3 Trunv"rse 133.3 121.0 29.7 9.5 (2)

2-1 (5) 134.6 124.5 629.6 9.5 (2)
2-2 132.6 122.0 29.4 10.7 (2)

59-1 131.5 124.. 26.0 6. E

59-2 130.6 123.0 29.1 .

59-3 135.5 123.31 27.9 10.D 1 (2)

59-4 134.2 124.5 30.1 10 .. (D)
59.-5 138.9 12e8.' 1)5 ' ()
59-6 133.7 124. 9

Avg: 133.7 i 124.'1 29.1 9.5

22-1 We•ded U118.8 1 114.o e . 4.". (3)

22-3 Tranmre, (1) 134 2 5-r.4 31.2 10.r

1 5A,: 114.7 2(.4 7.5
2 4w1ded 137.7 12- 28.0 17.

A. 2SL-5 Longitudinal 136.9 130.2 2.5

u 2s-6 (5) I138. 130.) -8.0 z~

Avg: 137.1 12,y.~ t 8. 10.7'

wST-1• Lbw1ded 137.4 127.9 28.4 12.1
S 1ST-2 Trw~s~rse 137. I. 28.1 i,1n.2 i

" 1ST-3 (5) 13M 129.1 29-'1 11.

Avg: 137. 12. 5 2
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TABIZ •4-2 (co¢C0Tr•n)

Spe'!. Type 1 Ptu Ft E Elong
- No. Spec. ksi ksT. Psi x 06  1 in 2 in Remarka

15SW-9 Weldrd 134.1 122.8 28.6 8.3 (2)

15SW-10 Transverse 135.1 12•.4 28.0 9.0 (2)

1 5SW-11 (5) 135.6 1 4.1 28.6 9.3 (2)

15SW-7 134.4 123.9 28.o0 0.7

15:3W-8 136.6 i,6.44 29.2 9.6 (2)

t-_v\ 135.2 124.3 28.5 9.4

Notes:

(1) Hand velded specimen blankj.

(2) Failed away fror weld.

(3) Weld contained flavs (cracks).

(4) Aa, received "high strength" meterial

(5) Re'Iravn to lower strength levels.

(6) Specimens welded as described in setotion 5.3.-1

1 rx.ch thick Y-C wIdeO vit! Lie 4 vir-

No I tJ - Remarks

Ket ii

14,- 1'C.;:

L__A 14

Notes:

1) 112 inch rounk by 2 incl zge -: ,pecimens.
2) All specime.,s failedi ir. w-I!.
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HY-130 CORROSION FATIGUE TEST RESULTS

Axial Loading R - 0.10

Spec.
No. f max Cycles Remarks

SF-I 75,000 7,000 Slight porosity in weld.

S-2 6-62,000 67,o00 Slight porosity in weld.

SF-3 45,000 382,000 Normal.

sF-4 62,00.- 49,000 Normal.

SF-T 75;000 32,000 Normal.

SF-5 25,000 10,335P,00 No failure.

ar-6 62,000 52,000 Normal.

sF-8 32,000 376,000 Normal.

SF-9 75,000 261,000 Large void in weld.

SF-10 145,000 4o8,000 Normal.

SF-11 45,000 307,000 Normal.

SF-12 32,000 405,000 SJight porosity in weld

S?-13 32,000 3,120,000 Failed away from weld.

Notes:

(1) All specimens soaked in, salt water seven days prior to test.

(2) Specimens welded as described in Section 5.3.
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TABLE 4-4

Ti 7A1-,iXb-ITa CORROSION FATIGIE TRIT RESULTS

Axial Loading a 0, 1O

Spec.
No. f max Cycles Remarks

TII-l 45,000 100,000 Failed away from weld.

T11-2 38,0r0 46,0oo Slight porosity In weld.

T11-3 38,000 9,P774,000 Norms I.

T11-4 4I,oo0 350,000 Normal.

T11-5 41i,OOO 59,000 Normal.

T11-6 45,000 218,000 Normal.

T13-1 52,000 78,000 Normal.

T13-2 52,000 52,000 Normal.

T13-3 38,000 429,000 Normal.

T13-5 45,000 302,000 %Tormal.

T13-6 52,000 33,000 Normal

T13-7 38,000 990,000 Slight porosity in weld

T13- 4  41,000 7,834,000 Failed away from weld.

Note:

(1) Specimens welded as doscribed in Section 5.3

I
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TA=l 4-5

MSSUTJiS OF INIRM17MM CORROSION - CORROSION FATTGtE 'TESTS
(COATEID HY-130 STIML)

Spec. Immersion No. of Imrsion Cycles to

no. Period Immersions Time-Total Failure Remarks

1 1 Mo. 1 1 Mo. 200,00 (W)(3)

2 1 Mo. 3 3 mo. 736,000 (2)
3 i1 Mo. 3 3 mo. 903,0o0 (2)
4 2 mo. 2 4 mo. 614,000 (2)(3)

5 2mo. 3 6 mo. 806,000 (2)

6 2 mo. 3 toO. 2,320,000 (2)

Notes:

(1) Indications of pre-test damage to specimen.

(2) Inspection indicates normal fatigue failure with no evidence of
corToeion.

(3) Specimn failed prior to attaining desired total immersion time.
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TABLE 4 - ,

NRL D•OP WRIGHT TEAR TEST DATA

TEST TEMPERATURE = 320 F

Ti ,AI-2Cb-lTa HY 130
(Heat No. 2914,(9) (Heat No. N 53023

Condition Energy Condition Energy

(Ft. Lbs.) (Ft. Uts.)

Unvelded Unwelded

Long. 2114 Long 4000-5000

WR 29

Welded Welded

1 218o 1 2618

2 2900 2 2902

3 2900 HAZ 3333

Ti 6AI-4v

Condition Energy
(Ft. Lb. )

Urwe ided

Long

1 900

2 1000

3 500*

WR

1 660

Welded

1 3096

2 184o

3 46 40

*No Failure
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TABIR 14-8

Ti 6A1-14v czAR• v NTCH ETSs

ANEAII RA.CTMJB PlyFT

TW f") IMI (IS) I (I)
(IT. IM. 632)

1725 22,23 132.2 14o.8
O750 23,22 137.4 1.0.2

1775 23,22 131.8 11.0.5
18OO 21,22 130.4 14.1.5
1825 214,23 133.8 121.1.
1850 19,19 134.0 141.1

1.750o* 30,29 105.8 126.o
18251* 214, 9 106.1 M-27.9

* Reheat treatent by L-T-V

*Sawple of Ti 6A1-4v (ELI) from Harvey Aluminum, Inc.

Composition (5) Mechanical Properties

Ozygen .06 nly (rsI) .2% 112.8
Nitrogen .06 FTU (KSI) 126.0
Carbon .025 hong. (-5 114
Iron .11 Red.Arva (5 36
Al 6.20
v 1..12
T1 R
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TAz I4-iI

RIVWLTS OF COSROSION FATIGUE SCRIN

TEST ON CAST CDA-MCu and 17-4PH ALLOYS

Rotating Cantilever Beam, R= -1.0
Uuvelded, Xt - 1. 0

Nat'l 1 tec Max' Areas Cycles to

No. kst Failure x 106  Remarks

CDl-MCu 499AN02 15.0 12.281 No Failura

CD44&Cu 499AN03 20.o 12.065 No Failure

CD4~ 499N0 2251.9 No Failure

17-liP! 048AVO1 25.0 11.858 No Failure

17-4ps oh8AVO2 35.0 13.785 No Failure

lT-1iPE 048AV04 40.0 1.524

17-0P O&8AV03 45.0 .740



Report 2-53100/5R-2179
Page 4.3•

LTV VOouHT AERONAUTICS DIVISION

TABLE 4-1?

RESULTS OF CORROSION FATIGUE TESTS ON

FUSION WELDED CAST 17-4PH ST EEL

Rotating Beam, 9- -1.-
Kt z 1.

Spec. Max. Stress Cycles to
No. ksi Failures x 10 Renarke

1 3 5 .q c.242

2 3P.( ". 3)68

3 25.0 1V" -358 N: Failure

4 25.? 18.24c N) Failure
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TAX3LE 4-15

PHYSICAL AND MECHANICAL PROPERTIES

OF CURED M)SITES (0125 CALENDERED

NEOPRENE SHEET (1)

PROPERTY RESULTS

Tensile 3380
Strength (PSI)

Ultimate 450
Elongation (%)

Hardness
(Shore A)

Tear 43-:
ST rength
(PiL) (2)

900 Peel Strength Spec. 1 - 1(

AE Received (LB/IN) Spec. 2 -21

(3) (4)

900 Peel Strength Spec. 1 - 10
After 10 Days In Spe2- 2 - 11

Fresh Water @ (40 F
(LB/IN) (3) (4)

(i) 60125 neoprene cured per page 4 .23. TesE performed Ly NASL.

(2) Per ASTM D-470-56T

(3) 60125 neoprene applied per page 4.23.

(4) Per FTWB 601, 1ethod 8031.
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5.0 FABRICABflD.Y DATA AND DISCUSSION

5.1 MACIKIA•:LITY

Coqrative machlning tests were conducted for Ti 7AW-2Cb•1Ta
titanium and BY-130 atzel. These wt.eriale bad the folloving mechanical
properties:

NY-130 Ti 7TA1-2 -17
St-Ol Titanium

Tensile streneth, pt•i. 'T',, ----7OOO

0.2% yield strength, psi A1.,900 101,000

KlonptioD (2") 5 8 £1.5

fkchining terts were coiducted for the drilling, peripheral end mllling.
end mill slotting and face milling of these mate•iala. The procedure used
and the results obtai~oO for each of these a•chininag operations will be
discussed separately in this section.

5.1.1 IRiLM

Both Ry-130 euel and Ti TAl-2Cb-lT titaniu are moderately
difficult to drillJ. iwhiae no unusual difficulties were encountereo in this
evaluation, rutting Eseeds must be kept low in order to drill these materials
successfully. These matorials have the sa machining index when drilled
at a cutting speed of 45 surface feet per minute.

Standard, NAS 907, type "B" high speed steel drills, 5/16-inch
in diam•ter were used in these tests. Drill specimens were prepsa.ed from
1/2 Inch thick plate, and tests were conducted on a posati-m feed drill
press. Drill life vsa determined for several cutting speedb while holding
feedrtes constant at O.006-inch/revolution. Difll life was eansidea*
ended when the flanks or corners of the drills had worn 0.015Oinch.

(~ttina Tool bterlal - Ordinary X-2, hiM speed atwl proved
adequate for drilling these mterials; therefore, better materala were not
evaluated.

CuttinI Tool Geomtry - Drill point geo'tr-y tests r c-v-
ducted for BY-13D steel, and the results are soav in fiA-z* 5.01.
Although the 1080 point angle drills vere viperlor to all other ;olnt
angles investigated, the galns over the 1180 point angle drill (whiqb is
a standard "off the shelf" dri !2 itre not sufficiently high to ju~t.ti)
its use. Oonsequently the llb' point angle drill was selected for use
in further studies. Sinm previous drill --ftc met;ýy testes conducted on
titanium alloys other than the TI-7Al-2-,b-]T yiel-ed results vhic,
were nearly Indentical to those observed for the 1---1-10 teei, the 1lz
point angle drill was alac selected for further work with Ti-'A '--1Ta.
In addition, all drills vere ground with split points aS shown i f ire
5.02

WE1 I"
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7eeds and Depth of Cut - Due to the nature of this investigation,
feed rate and de*th Df cut were not varied. A feed rate of 0.006-inch per
revolution was held constant, and all holes drilled were 0.5-inch through
holes.

Cutting Fluids - A heavy sulphur-base cutting oil was used for
these tests nid good results were achieved.

c - Sljds and Tool Life - Taylor tool life curves were
plotted for steel and Ti 7Al-T b-iTa titanium as shown in figure 5.03
Data were obtained for tlse rurves by varying the speed of each drill and
notil4 drill life while holding acll other variables constant. The cutting
upeed which will pioduce a desired drill life can be predicted from this
graph.

During this study, it was found that stubby, sharp drills and
rigid set-ups were very beneficial when drilling both HY-130 steel and
Ti 7AI-dab-IT titanium. Other recomrendations for drilling these materials
are the same for both alloys and are given as follows:

Cutting Speed: 30 to 40 surface feet/minute

Feed: O.006-inch/revolution

,"utting Fluid: Heavy sulphur-base oil

Drill Material: M-2 high speed steel

brill Ceomet.y: 1180 split point, NAS 907, Type "B"

5.1.2 PRIP•ERAI END MILLING

When peripheral (side cutting) end milling, it is easier to
machine Ti 7AI-2Cb-lTa titanium than Ify-130. The TI 7AI-2Cb-lTa titanium
was also found to be easier to machine than other titanium alloys previously
machined at LTV. When compared with HY-130 steel, Ti TAl-2Cb-ITs titanitun
has a peripheral end milling machinability index of 187%.

Standard, HSS (high-speed steel), 4-flute end mills, 1/2 and
3/4-inch in diameter were used. One-inch Ti 7Al-2Cb-ITa titanium and HY-130
plateewere used for test evaluation. Cutting speeds were varied for each
test, while a feed rate of 0.0022-inch/tooth and a depth of cut of 0.100-
inch were held constant. Tool life was considered ended when the flanks
of the cutters had vorn 0.010 inch, as the primary clearance surface ar margin
on the cutters was only 0.012-inch wide. Wearland values were measured with
a Bausch and Lomb microscope and tool life was measured by means of a stop
watch. Cutting fluid composed of Gulf 45B and l1D, mixed 1:1, was used
throughout the t-st program.

Testing parameters are given below:
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Sterial - Ordinary high speed steel (probably M-2
or equivalent) proved to S; sisfactory for cutting Ti 7Al-2Cb-lTa titanium
and HY-130 steel; therefore, better materials were not evaluated.

CUrttt•m Tool Oeo y - This factor va not i nvstigated;
however, standa e mills ng a 30 helix angle and 10 radial ra ,
angle were pre-selected for this sudy. Such a tool gometry has a 21 18
effective raq angle, whereas a 45 helix angle and 10 radial rake angle
tool has a 34 11' effective rake angle. Based upon the best information
available, the latter tool geometry would be too "high shear" in this case.

Feeds and Dephs of Cut - Due to the nature of this investigation,
these pawraefe were not varied. A feed rate of 0.002 inch/tooth and 0.100
inch dep,ýh of cut were held constant. Based on past experience. heavier
cuts can be made in titanium than steel.

tCutt!g Fluids - Titanium has a low thermal conductivity;
herefore, a good coolant and anti-weld cutting fluid is needed when machin-

ing this material. A cutting fluid consisting of one part Gulf 45B (heavy
sulfur base oil) and one part Gulf liD (mineral-lard oil) was used in this
study, and creditable results were achieved for both Ti 7A1-2Cb-lTa titanium
and ff-130 steel.

Tool Life - A tool life curve was plotted for Ti 7A1-2Cb-lTa
titanium and BY-130 steel as shown in figure 5.04 - Data for this curve
were obtai& d by varying cutting speed for each tool and noting tool life
while holding all other variables constant. The cutting speed required to
yield a desired tool life can be predicted from this graph.

Most Economical Cutting Speed - The cutting speed which will
yield the greatest economies can be calculated from the following equation
and figure 5s04:

T - Most economical tool life.
n a Slope of "cutting speed versus tool life" curve.
t - Total cost of cutter; includes costs of regrinding cutting

edges, tool depreciation and tool changing.
M - Machine, labor, and overhead rate ($/min.)

TCT a Tool changing time (minutes).

While actual costs have not been deternined for th4 above
!arameters, a reasonable estimate can be made. Standard, 3/4-inch .]iamete

flute, end mills cost $4.05. Assuming that each tool can be reconditiored
six times at 20 minutes per tool, "t" will be equal to $1.44. Upon measuring
the slope of t:he curee shown in figure 5.04 , "n" is found to be equal to
0.17. Based on a previous study, "M" was found to be $0.17, and "TCT" is
estimated to be 5 minutes. Upon substituting these data into the above
equation, the most economical tool life for Ti 7Al-2Cb-lTa titanium is found
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tO be 66 minutes. From figure 5.04 , the cutting speed which will yield
such & tool life Is found to be 117 su-face feet per minute, and this is
the estimated "most economicvl cutting speed."

The moet economical tool life for HY-130 steel is found to be
20 minutes, and from figure 5.0M4, the cutting speed which will yield such
a tool life is found to be 100 surface feet per minute, which is the esti-
mated "most economical cutting speed."

Recommendations for peripheral end milling of Ti 7Al-2Cb-lTa
titanium and HY-130 steel are given below:

Ti 7Al-2Cb-lTa HY-130
Titanium' Steel

Cutting Tool Putman hi-speed, 4-flute
end mill or equivalent

Tool Geametry

Helix 300 30°

Radial Rake 100 50

0 -0Clearance 10,

Cutting Speed (feet/minutes) iii 110

Feed (inch/tooth) 0.0022 0. 0022

Depth of Cut (inch) 0.!00 0.100

5.1.3 END MILL SLOTTING

HY-130 steel is easier to slot with end mills thani Ti 7TA-2Cb-ITa
titanium. For thie type of milling, the Ti 7Al-2Cb-IT8 titanium machines
somvhat like sTeel heat treated to 180,000 pal. When compared with HY-130
steel, Ti -A1.-2b-lTa titanium has an end mill slotting machinability index
of 88%.

Mchining cuts 0.250 inch deep by 18 inches long were made
progressively with 3/ -inch diameter end mills in an edge of a one-inch
thick plate held verticaly in a table vice. When a depth of 1-3/ 4 inches
me achieved, the end mills bottomed out, thus the slots were machined
away so t.hat tests could be continued. Standard, hi-speed steel 4 -flute
end mills were used. Cutting speeds were varied for each test while a
feed rate of 0.002 inch/tooth and a depth of cut of 0.250 were held
cmstant. In •dMition, a copious ?low of cutting fluid was used through-
out the test program. Tool life was considered ended when the flanks
of the cutters bad worn 0 ý0l0 inch. Wearland values were meaaured with
a busch and Lomb microscope, and tool life was measured by means of a
stop watch.
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Testing parameters are given below.

CutL-2 Tool Mterial - Odinary high speed steel (probably
-.2 or equivalent) proved to be dequate for cutting T1 7TA-2Ct-1ft titanium

and U-130 steel in these tests; therefore, better mterials wzw not
evaluated.

Cuttt!% Tool 0eomra - This factor vas not e@vusted. The saw
tool geometry used for the peripheral end milling tests with these aterialp
vas used in this study. This geometry consists of a 30 degree helix uagle,
10 degre radial rake angle, and 10 degree clearance angle for milin
Ti TAl-2Cb-lTa titanium, and a 7 degree clearance angle for milling HY-130
steel.

Feeds and Depths of Cut - Due to the nature of this investigation,
these parameters were not varied. A feed rate of 0.0022-inch per tooth
and 0.250-inch depth of cut were held constant.

Cuttipg Fluids - Titanium has a low thermal conductivity;
therefore, a good coolant and anti-weld cutting fluid is needed when
machining this material. A cutting fluid consisting of one part Gulf 15B
(heavy sIfur base oil) and one part Gulf liD (mineral-laid oil) was used
in this ttudy, and creditable results were achieved for both Ti 7Al-2C-lTa
titanium and EY-130 steel.

Tool Life and Cutting §eed - A tool life curve was platted for
Ti-T7AI-2-iM titanium and HY-13D steel as shown in figure 5.05 • IDta for
this curve were obktained by varying the cutting speed for each tool and.
noting tool life while holding all other variables constant. The cutting
speed required to yield a desired tool life can be predicted from this graph.

Most Econoi calCuti e - The cutting speed *ic v wilu
yield the greatest econcmiZs can be predicted from figure 5 .05 and the
following equation:

1
T - (j-1) + TCr)

whetr T - Most economical tool life
n a Slope of "cutting speed-tool life" curve
t a Total cost of cutter; includes cost of regrinding cutting

edges, tool depreciation and tol changing
N - Sachine, labor, and overhead rate ($/minute)

TM a Tool changing time

U m substituting calculated and measured data into the above
equation, the most economical tool life is found to be 99 minutes for end 4
mil slottinx of Ti 7Al-2Cb-iTa titanium. From figure 5.05, the cutting
speed which will yield such a tool life is not clearly evident. As cab be
seev, the slope of the tool life curve changes at nowe poirt beyond a tool
life of 60 minutes or a cutting speed of 64 feet/minute. As a result, a
reduction in cutting speed below 64 feet/minute wy not increase tool life
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significantly, Such a possibility would be characteristic of titanium;
and for these reasons, a moet economical cutting sWed may not be determin-
able by this method for the end mill slotting of T1 7Al-2Cb-lTa titanium.
Upon extrapolating the basic curve shown in figuro 5.05, it can be observed
that a cutting sped of 58 feet/minute might yield a tool life of 99 minutes.
In either event, a cutting speed of 58 feet/minute vill yield a good tool
life and is conidered the "most economical cutting speed."

For and mill slotting of NY-130, the most economical tool life
is found to be 35 minutes, From figure 5.05, the cutting speed which will
yield such a tool life is observed to be 8 feet/minute, and is the estimated
"most ecanomical cutting speed."

leeammendftionz for end mill slotting of Ti 7AI-UCb-lTa titanium
and BY-130 steoel are given below:

Ti TAl-2b-lTa 1Y-130
Titanium Steel

Cutting Tool Putman, hi-speed steel,
k-flute, end mill or
equivalent.

Tool Geometry

Helix 30°0 300

Radial Rake 100 100

Clearance 100 70

Cutting Speed (feet/minutes) 58 84

Feed (inch/tooth) 0.0022 0.0O22

Depth of Cut 0.250 0.250

5.1.4 FACE MILLING

HY-130 steel vas found to be extremely easy to face mill, but
Ti TAl-2Cb-T&a titanium vas not. When compared with BY-130 steel, Ti 7Al-2Cb-
ITs titanium has a face milling machinability index of 29%. However,
Ti 7Al-Cb-l.a titanium is as easy, if not easier, to face mill than many
other titanium alloys. EVidently, carbide cutting tools are not as bene-
ficial when cutting titanium as they are when cutting steel. For this reason
it would probaly be beat to slab mill Ti 7A-b-lfTa titanium with high
speed steel cutters wbenever possible.

Single-tooth fly-cutters were used during this evalumtion. The
tool imnaert used in the fly-cutters were prepared vith braed carbide tips.
C-2 (883) catblde was used to face mill Ti 7A1-2Cb-lTa titanium and C-6 (370)
caride, ws u~od for HY-130 steel. Workpiece speciens vere prepared from
one-iak t.aiik plate and vwre held by clamping then to the milling machine
table.



Report 2-53100/5R.-21.'9
Page 5.7

LTV VOUMT AERONAUTICS DIVISION

Cutting speeds were varied for each test while a feed rate of
0.007)-inch per tooth and a 0.100-inch depth of cut were held constant. Tool
life was considered ended when flanks of cutters had worn 0.015-inch. Wear-
land values were measured with a Bausch and Lomb microscope, and tool life
was measured by means of a stop watch.

Testing parameters are given below:

Cutting Tool Material - It had been found pTeviously that C-2
was the best general grade of carbide for machining tite"nium wad C-6 for
machining HY-130; therefore, no additional tests were conducted on cuttingtool materials.

Cutting Tool Geometry - Initially, tests were conducted with the
commercial (Lovejoy) tool geometry that was ;redicted best for titanium.
This cutter had an axial rake of 7 and a radial rake of 30. When a 45
corner angle was ground on these tools, the functional angles cogsisted of
an inclination angle of 2.850 and an effective rake angle of 7.2 . In
ensuing tests, these cutters performed poorly; and fault was placed on the
positive inclination angle vh~ch these tools possessed. It was found that
a corner angle of at least 75 would have to be ground on these cutters
before a negative inclination angle could be obtained. This being impractical,
agother tool geometry as sought. The tool geometqr selected consisted of a
0 axial rake angle, 7 radial rake angle, and a 145 corner angle. This
geometry yieldgd functional angles of -4.9O (negative) for the inci4 .nation
angle and 5.37 (po-itive) for the effective rake angle. Such a tool geometry
was considered ideal for machining titanium and was used in this study.

A different tool geometry was used to face mill HY-130 steel.
These tests were conducted with the commercial (Lovejoy) tool geometry whigh
is ordinarily used for f ce milling steel. This geometpr consists of a -6
axial rake angle and -10 radial rake angle. w.hen a 45 corneg angle was 0
ground on tools having this geometry, functional angles of 2.9 and -11.1
respectively were produced for the inclination and effective rake angle.
While such a geometry is not considered ideal for machining the HY-130
ws'erial used in this study, excellent results were obtained with this
geometry. For this reason, other tool geometries were not Investigated, and
the above tool geometry was used in this study.

Feeds and epths of Cut - Due to the nature of this investigaton,
these parameters were not varied. A feed rate of 0.0075-inch/tooth and
0.100-inch depth of cut were held constant.

Cutting Fluids - Titanium has a low thertgl conductivity;
therefore, a good coolant and antiueld cutting fluid it needed -utn machining
this material. A cutting fluid consisting of one part 3ulf 45B (heavy
sulfur base oil) and one part Gulf 11D (mineral-lird oil) was used and
creditable results were achieved. Cutting fluids were not found necessary
when face milling HY-130 steel with carbides; therefore, no cutting fluids
were used.
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Tool Life and CuttinS Speed - A tool life curve wes plotted
for TI 7A1-23b-ITa Titanium and EY-130 steel as shown in figure 5.06.
Data for these curves were obtained by varying the cutting speed for each
tool and noting tool life while holding all other variables constant. The
cutting speed required to yield a desired tool life can be predicted from
this graph.

Most Economical Cutting Speed - The cutting speed which will
yield the greatest economies can be predicted from figure 5,06 and the
following equation:

T , 1I - 1) (t + TCT)

where T - Most economical tool life
n - Slope of "cutting speed - tool life" curve
t a Total cost of cutter; includes costs of regrinding cutting

ede, tool depreciation, and tool changing
. = Machine, labor, and overhead rate ($/minute)

TCT - Tool Changing Time

While actual costs have not been determined for the above
parameters, a reasonable estimate can be made. A l-inch diameter, inserted,
5-tooth, face mill, cutter body costs $180. Assuming that this body can be
used 100 times and each carbide cutting edge costs $0.50; then "t" will equal
$4.30. Upon measuring the slope of the curve shown in figure 5.06, "n" is
found to equal 0.32 for Ti 7A1-2Cb-lTa titanium and 0.25 for HI-130 steel.
Based on a previous study, V'" was found to be $0.17; and "TCT" is estimated
to be 10 minutes. Upon substituting these data into the above equation, the
met economical tool life is 75 minutes for Ti 7Al-2Cb-lTa titanium and 106
minutes for BT-130 steel. From figure 5.06, the cutting speeds vhich will
yield such a tool life are observed to be 155 surface feet per minute for
Ti TAl-2Cb-lTa titanium and 480 surface feet per minute for 1FY-13O steel and
are the estimated "iost economical cutting speeds."

Recomendations for face milling of Ti 7A1-XCb-lTa titanium and
HT-13O steel are given belov:

Ti 7A4 - 2b-iTa HY-130
Titanium Steel

Cutting Tool Insert or Disposable Blade,
Carbide, Face Mill

Tool Geometry

Axial Rake 00 -6°
Radial Rake 70 -10°
Corner Anile ;50 10
Clearance Angle 100
pose Radi'is (inc)) I/32 1/32

Tool Material C-? Chrbide 2-6 Carbide

Cutting Speed (feet/minute) 155 40

Feed (inch/tooth) 0.0075 0.0075

Depth of Cut (inch) 0.100 0.100

Cutting Fluid Gulf 45B and none
liD (1:1)
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Tool bhterial: WS
Tool Oeomtry: 5/16" Diameter,

2 Flute, Cranrkshft
Point (CVA Split
,-:int) 7* ClearaUce

Cutting Speed: 83 SFM
Feed: 0.006 IPm
Depth of Role: 0.500" through Hole
Coolant: Highly Sulphuri'zed Oil
Wear Land: 0.015

i IF T I

50 0 - ,

I I
20

10,

108* 118* 128 133* 1400

Po int Angle

Fig 5.01 UFWT OF DRILL GEROM Y ON DRILLID MY-1,30
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Cutting Speed: As shorn
Feed: 0.006-Inch per revolution
Depth: 0.5-Inch thru holes
Cutting Fluid: Gulf 45B and LiD (1:1)
Cutting Tool: 1AS907, Type "B", HSS, 5/16-Inch

Diameter Drills
Wearland: 0.015-Inch

100
90

70

7-2-1 Titanium

3o

20

10
20 30 40 50 60 80100 200 300 4i00

TOL LI - Number of Holes

EFF.CT Or' C MINGrr SPEED ON
Fig 5.03 DMILLING 7-2-1 TITANIUM AMD H`Y-li)
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Cutting Speed: As shown
Feed: 0.0022-Inch per tooth
Depth of Cut: 0.100-inch
Cutting Tool: Putnam, 4 Flute, 3/4-inch Diameter,

1SS, End Mill
Cuttin Fluid: Gulf 45B and l.D (1:1)
Wearland: 0.010-inch

500

h00 -" ".......

200 ..1.. -2, .

S".T

200

100 - _ _

(;0 HY-130"

10 . . .. .. . . ..

1 2 3 4 5 6 8 io .o 30 40 60 ýo 100 200 300

Tool Life KiLutes

'FL-T OF c=14Gn SPM 0O ToOL Lin

Fig 5."C w= M• MMR L FM 1UG_7-2-1 TITAXILR AMD NY-.I

.
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Cutting Speed: As shown
Feed.: 0.0022-Inch per tooth
Depth of Cut: 0.250-inch
Cutting Tool: Putnam, HSS, 14 Flute, 3/4-inch Diameter,

End Mill
Cutting Fluid. Gulf 45B anid 11D (1:1)
Weerland: 0.0.10-inch

400~

300

200

53030
2100

10 777 -- ________

50 4 2 5 0,0 2 0 o 0 0

Too -1t - Minute

U'4?O tJ'I PD(0 OLLF
Fi- .54IDDML W'l~ -- IAI4AA Yl~

4J
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Cutting Speed: As shown
Feed: 0.0075-Inch per tooth
Depth of Cut: 0.100-inch
Tool Material" Titanium - C-2 Carbide

Steel - C-6 Carbide
Cutting Fluid: Titanium: Gulf 45B and liD (1:1)

Steel: Dry
Wearland: 0.015-inch

3000 -I ._,

200 ---- --t - .

1 , j:. . __,

6WaC OF TTL•SmDO OLLF

5W0 .4W A 1.. 1 -4- *

4K1.11J
1200

8O

60 ~K

50 j

2 3 45 6 8 1 20 30 40 60680100 200 300 500

Tool LIfe -Minutes

'EMCT OF ClUTIM~N SPEED ON TVOL LIF
Fig 5.06 WOKN FACE MILING 7-2-1 TITANIU1M ¾.ND HY-130
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5.2 FORMING

The U. S. Naval Applied Science Laboratory, Naval Base,
Brooklyn, New York, has performed work in roll beading one-inch thick
Ti 7AI-2Cb-lTa titanium pliate. The objective of the program in which
this work was done was to develop production forming procedures for
heavy section alloy titanium plates and shapes for use in hull structures
of advanced deep diving submersibles. (nsf. SF 013-01-03, Task 0216)

The results of these tests of the roll-bending characteristics
of Ti 7Al-2Cb-lTa titanium plate indicate that over a range of extreme fiber
strains from approximately 1/2 to 1-2/3 percent and for a yield strength
level of 1O6,00n psi for Ti 7AI-2Cb-lTa titanium and 90,000 psi for HY-80
steel, which w ; used for compr'ison, the following applies:

a. The ratio of energy required to cold roll bend alloy
titanium plate compared to that required to cold roll bend HY-80 steel
plate varies considerably depending on the strain level; a ratio of 1-1/2
at high strain levels and 4-1/2 at low strain levels were found in these
tests.

b. Moderately elevating the roll bending temperature rapidly
reduces the energy required to roll bend Ti 7A1-2Cb-lTa titanium.

c. At 6000 F, the energy to roll bend the Ti TAl-2Cb-lTa
titanium is half that required at room temperature and for stre~n levels
above 1% is no greater than the energy requi ed to roll bend HY-80 steel
at room temperature. Temperatures abov 600'F shoved little additional
reduction in the energy require"d to roll behd titanium.

d. The springback of the titanium plate used in these tests
after cold roll bending is approximately 2 to 2-3/4 times as great as that
for HY-80 steel plate.

e. Springback of roll bent titanium may be significantly
reduced by bending at elevated tempe ature, but there is little advantage
in bending at temperatures above 6009'.

f. Forming at elevated temperature did not impair the
accuracy with which a particular curvature could be produced.

A review of forming requirements of presently existing BuShips
hydrofoil vessels, and the A(ZH vessel in production, has revealed no
special or unique foruing problems requiring research effort above that
alr Jy completed by the U. S. Naval Appll l Science Laboratory, Naval
Base, BrooklynM New York. Presently avail ;,Je forming knowledge is believed
adequate for the purposes of this program.
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5.3 vim=__

So e 3 (metal inert gas) welding process was used enerally
thrW*Xot phas nI due to the ecomy of this process wherever
heavy plate is welded. •I• (tungsten inert gas) welding wm used in
volding the 1/16-inch thick sheet due to the liaitations of 310 welding in
the thinner gapes, and TIG welding vas used wherever manual lding was
requfred. Mh one exception to the above general rule occurred in the
manual welding of the one one-inch thick NY-130 (manual weld) test plate,
Where manul 1IG veldin was used. The equipment used for manual weldin
consisted of a MU 300 nqp, AC-DC arewlder and a Ln IV-0 torch. The

I60 welfdln equipmnt consisted of the following Items:

1) MI 500 mp constant voltage power supply.

2) Linde U-2 wire drive.

3) in S•c-6 vire drive control unit.

-) Linde IV-13 torch.

5) Side besm carriage with Linde 3G-103 governor.

Tentative checks of yield strength and touganess of the
"as welded" properties were med during these welding evaluations .of the
welds that appeared promising. Where these tests were made the results
are included in the welding procedure tables.

3I6 welding equiprint used in the progr•m is shown in figure 5.07
except for the power supply and the wire drive control unit. Also shown
is the welding fixture used to hold all weld specimen plates during welding
except the restrained weld specimen plates. The 3I0 manually welded plate
vas also welded in this tool, whereas all TIG manually welded plates were
welded without the use of a fixture and in an unrestrained condition. M:
1/16 izh thick EY-130 sheet was welded in a conventional stake welding
tool. Figure 5.08 shows a closeup viev of a 3Y-130 one-inch thick plate
in the welding fixture with the torch in position preparatory to making
the first root pass weld.

All welding wire was used as received from the vendor, with no surface
finish specified. In the ease of the titaniua filler wire, purchase orders
specified that the wire must be packaged to prevent moisture and dirt

ot n during shipment. When weldin the titanium plates soe
difficulty as experienced in maintaining a straight weld bea. * his was
apparetly de to the helix angle of the coiled wire, as the ange of exit
of the vire from the torch would change and shift the position of the weld
beed. Ibis caued difficulty wben msking the finishing weld passe.
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Argon as was used as the she Id Iu cover anvd backp ps in
making all penetration welds by both the DG and TIC welding processes
for both automatic and mmual velding. Torch p. used va 106% argon for
all welding except XGO welding of Y-130 and l7-T1H plate where argon plus
one to two percent oxyn was used. In weldin tn r titanim, protecive
pas coverage was required to prevent contamintion of the hot weld deposit
when it was no longer protected by the torch ga. A water-cooled trailing
shield (shown in figure 5.09) and argon p. were used to give this protec-
tion and prevent Iontmination. A round cover sheld vas used when weLing
the titanlua restrained weld specimens and this shield covered the entire
veld. Shielding equipment used proved to be adequate at all time for
welding titanim.

For the manually welded MIG one-inch thick SY-130 specimen
plate, the torch was removed from its hold'i in the autmtIc machine
and guided manully to mahe the weld.

Considerable progress is reported by United States Steel on
the develomnt of EY-130/10 covered electrodes for mmaa, wilding in
their sixth pro'ress report on ureau of Shipe contract No. ii#-885hO,
53007-01-01, task 853. Tests already completed have resulted In yIeld
strengths of l1O and li ksi and emery absorption of 44 ft.-lb. 0 OPP.
and 45 ft.-lb. 0 +3007. fhe prop'm includes plans for consldermbl2y
more work in this area.

In preparing the plates for velding, two •roove geatries were
used as shown in fi6wre 5.10. Groove No. 1 was used on all li-inch thick
butt vells, restrained velds, 1-3/8 inch thick 1T-AN And 1-3/8 Inch thick
CD-lIu stainless steel catings and all prellainary tensile test specimens
oa one inch plate. Groove o. 2 was used for wlding all final toet
specimens of IT-130 steel and Ti 7Al-2Cb-15% titanium one-inch thick plate.
This No. 2 groove configuration is being used for two reasons; ome, the
50P On" groove with a 1116-inch root gap resulted in porosity and cracking
in the root passes when velling EY-130 steel, and two it is antleipated
that fabrication weldting of hydrofoil skin-rib-spar Junctions will require
this type or a similar groove configuration. In fabricating final test
specimens, the simulated rib (usually a 1/2-inch squsre piece) Is machined
off.

In making the root passes, it was difficult to achieve the
proper penetration in both the RY-130 steel and TI 7A1-2Cb-l. titllaam.
This problem will be discussed further under the wel'd of these alloys.
Although a complete resolution of this probles -As not possible dme to
limited time and funds, it is believed that the data developed and the
conclusions drawn will provide the basic procedures to develop satisfactory
root pass welding. Due to the laboratory nature of the Velding work
performed, all welding procedures given will probably require sm
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modification to met the specific needs of production. Tables 5-1, 5-.2,
and 5-3 MaY serve for welding HY-130 and Tables 5-1)4 and 5-15 for welding
IA1-2-Cb- iM t itanium.

5.3.1 WRLflK C' KY- 130 S3

Oxweld 8)4 filler wire was used for all specimen welding of
SY-130 steel in Phase III. As mentioned. earlier, the 110 welding process
was used on all except the .060-inch thick BY-130 steel sheet, wiAich VMS
TIG welded. In order to insure flatness of the one-inch plate after
welding, a shin was placed under the 1/2-inch square simulated rib to
compensate for plate warpage during welding. Welding procedures are given
in Tables 5-1, 5-2, and 5-3.

Weld tests were conducted on filler wires for welding one-inch
thick EY-130 steel plate. Lhe wire trade name,, diameter, heat number and
carbon content are listed in the table below:

Wire Dia. Seat MD. Carbon

Airco (special) .062 R%376 .1)4
Airco 68.0)45 863'6)4 .16
ozveld 83 .0115 62613z .13
Oxvld 83 .0115 R3320507 .15
Oxveld 83 .030 112)470 .15
Orveld 83 .062 R31)439 .09
oxweld 81& .04~5 B66157)4 .15

Of these filler wires, the oxweld 83 (heat no. R332053)7) and
oxweld 8)4 (heat no. n66157)4) with .15% carbon content were deterdined
acceptable for use in this program. The Union Carbide Corporation, producer
of Ozweld 83p has discontinued the marketing of Cbcwed 83 vith the highr
carbon content and is nov marketing the higher carbon content wire as
OXV*ld 8)4. Th xfweld 83., .030-inch diameter filler vire was not satis-
factory due to porosity and! lack of fusion in the welds . Thse weld defects
were apparentl~y caused by the inabil1ity of the smaller wire to carry the
required current satisfactorily. The remainini two Oxweld 83 filler wires,
beat no. 62613z and beat no. R311&39, did not develop sufficient yield
strength for use on this progrn. Thew vels mode with Aireo filler wires
were not satisfactory for use on this progrem. Mwe special .062-inch
diameter wire exhibited transverse cracking in the welds. and the .0)45-inch
diinter wire resulted in velds of low yield strength. See tables 5-)4
thr~ough 5-11 for welding procedures and phaysical prprties of IY-130 welded
with the above welding wires.

As a result of the low yield strength exhibited by the .0)5
inch diameter Oxweld 83 wire with .11% carbon,, three additional test plates
were welded with a lower heat input ir! order to determine if this would
raise the yield strength to an acceptable level. lowering of the heat
input from 27,,000 joules per inch to the 15,000 to 19,,000 joules per inch
level raised the yield strength from 112,000 psi to an average of 130,000
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psi. This strength leve'l vas not adequate for IY-130 in this progrm
because the desired "as relded" yield strength was 135,300 psi. See table
5-12 for velding procedures and physical properties. Figure 5.11 shov3 a
cross section of a weld in one-inch IT-130 plate.

In making the root asses during the welding of the one-inch
thick specimen plates to the 1/2-inch squore simulated ribs, difficulty
was encountered in obtaining adequate and consistent root penetration.
Longitudinal cracking and considerable porosity were experienced in making
sow of these root passes. Cracking ard porosity were not found In all
root passes or in all plates, but non-wufors penetration was comon to
all plates welded. Limited cracking wes ftwd on one plate in the area of
poor penetration. The porosity was gnerally found in the first pass vhere
the weld puddle made an apparent cold lap on the simulated rib. The was
not always the case, however, because this porosity was not found in all
the plates welded.

Upon observing the results of the limited •mot of reseorch
possible in this program in obt ining good MIG welding root pass parameters
for the Joint used over toe simulated rib, it Is believed that It would be
better to make these roo' passes with TIG welding, and then fill the rest
of the groove using the P110 process. With copper backup bars and enough
time, it is believed that 310 welding root pass parmeters could be developed,
and thus only one welding process vould be required to weld the Joint;
however, in certain closeout weld Joints backup bars cannot be used, and
the possibility of using RIG welding in these cases without copper backup
bars and obtaining good welds is questionable.

5.3.2 VIIDIR O9r 7A1-2Cb-iTa TITANIU
During the early part of Phase III, metal inert ga spra arc

and metal inert ga short arc welding of one inch thick .1 MAl-2Cb-lft
plates were observed at the Nval Applied Science laboratory in Bouklyn,
New Yorl. The exceptionally good results being obtained were discussed
with USL personnel, who explained at length the welding procedures ad
&shelding and welding equipment belig used. Te techniques and procedures
and the trailer shield configuration used on this progrom were Vnerall 4
patterned after those used by MsL.

As stated prevlously, all Ti 7AI-2Cb-l6. welds ware m using a
1/16 inch root Sap (groove etry 11. 1) except tbose masd In the cm-inch
plate for fabrication of final test specimens. Me penetration in the 1/16
inch root pp welds wvs satisfactory in most welds. Attapts to develop root
pass weld pwamters using .062 inch diameter 4re, a 3/8 inch root spacing
and a 1/2 inch square simulated rib were unsatisfactory. lbwn the root mas
penetrated the molten metal flowed throu leaving a Sap between the plate
and the rib, and Vben the root wms not penetrated, the molten metal flowed

L
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across the rib to the opposite side without penetrating the root oan that
side. Due to this, a 1/2" thick by 1" wide simulated rib was used with a
single root pass. A cross section of this weld is shown in figure 5.12.
This single root pass was acceptable for velding the one-inch plate for
fabrication of the final test specimens.

To make a satisfactory penetration root pass weld with .062 inch

di•eter vire, a 3/8 inch root spacing and a 1/2 inch square simulated rib;
either the first two passes should be TIC passes or smller dimweter vire
should be us*4, if NIO welding must be used. A large size wire N.I( veld
could then be used for the remaining passes to complete the weld. Another
possibility vcvU be to use copper backup bars, but these could not be

used for a clooe-out weld.

Before welding the final test specimen plates, a preliminary
tensile test weld was made in one inch plate in which a weld strength value
equal to the parent metal ws obtained. One of the two preliminary tensile
test specimens made, failed in the parent metal. See table 5-13 for welding
procedures and test results.

The 1/2, and 1 inch thick plates were welded satisfactorily,
and x-ray inspection revealed no cracking and a relatively small mount of
porosity. In welding the one-inch plates, a 1/8 inch thick shim vas placed
uaMer the simulated rib to ccupen"t* for the warping of the plate during
welding. A 1/4 and a one-inch plate thickness restrained weld patch test,
.act with a five-inch diameter pat:h in a twelve-inch square plato were
welded and found free from cracks imediately after welding. These speci-
mens were z-rayed again in nine days and found still free from cracks.
See tables 5-1i and 5-15 for welding parameters. Tables 5-16 and 5-17
give recimended settings for welding of i/ inch and :)ne-tnch Ti 7Al-21b-1"h
titanium butt joints.

In the welding of 1/4 inch thich plate, one p&Ls M13 velds
were used on butt joints, and a tvw pass KIG weld was used :n the restrs-ined
weld pass, using the selected weld parameters, did not quite fill the groove
of the patch test specimen, and a second pass was used. It Is recommended,
however, in WIG veldlng of 1/4 inch thick plate, that if possible, ine
pass awds be se.

5.3.3 ,W1IF. OF 17-0i SUIMLIS STML CAST13K

The 1/h inch :-.-:; 17-41H stainless steel cating stress
corrosion specimens, with the 1/8 inch wide by 1/8 inch deep saw -uts
simulating repair weld area. were mamnally TIG welded using 1/16 inch
dimmter 1A-kPS stainless steel filler wire. All weld specimens were fxnd
to be free of cracks and porvsity upon x-ray inspection exept one, and
its weld contained a sm =omt of porosity which was believed caused by
improer cleaning before velding.
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In welding the 1-3/8 inch thick 1T-JIM stainless steel casting
by the WIG welding process, a sound weld was not obtained. In welding the
first five passes, pure argon was used as the shielding gas with the result
that considerable weld spatter occurred, and cracks approxlmatel~y 1/2 inch
long were visible in the weld crater at the end of each weld pas. With
the use of 2% 02 addition to the argon in the sixth and successive passes,,
the weld spatter and cracking were eliminated. Inspection by x-ray shoved
a sound weld except for the cracks at the ends of the weld passes as described
above. However, when the weld was sectioned, nmerous internal cracks were
found vhich were not shown by x-ray inspection. See table 5-18 for welding
procedures.

Due to the cracking experienced in the weld wben NIG welding
vas used, the casting was remachined and then TIG manually WelIe4. No
restraint vas imposed during this TIG welding. A number c weJld trials
were made with variations of preheat and mounts of filler wire deposited
during the first two passes. Excessive warpap and root asse cracking was
experienced. Cracking vas minlized by making a large proportion of filler
wire deposit to base metal melted in the root passes. Due to the excessive
warping of the plate, the back side of the plate w asmchined out after
the 10th weld pass and approximately 1/2 inch of the 5/8 inch of weld metal
was removed. See figure 5.13 showing warping of this plate. After aschinlng,
the plate was straightened and excessive warpa was reduced during revelding
by alternately welding on both sides of the plate. Table 5-19 presents the
weld procedures.

5.3.&WZM o cr ~u CAST

The 1/l-inch thick CD-)au casting static corrosion and stress
corrosion specimens, vith the 1/8-inch wide by 1/8-inch deep saw cuts simulat-
ing repair weld areas, were manually TIG welded using 1/A6-inch diameter
CD-hCu filler wire. All specimens were found to be free of cracks and
porosity by x-ray inspection except one wbich had a mll am t of porosity
which was believed caused by improper cleaning and failure to remove beat
treat scale from the siecieen before welding.

One 1-3/8-inch thick CD-%NCu plate casting was KIG welded using
1/16-inch dlameter CD-hNCu filler wire. Inspection by x-ray revealed no
cracks, but did sbow a mall amount of porosity. When the weld was sectioned,
howver, nmerous internal cracks were found. Due to the nmrous cracks
resulting from automatic WIG welding, it was planned to mnsmally TIO weld
this plate. This alloy was dropped from the proram for reasons other than
welding, bowever, before the welding could be started. Bee table 5-20 for
welding procedures.
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TABLE 5-1

ALUTOMTIC Mau WEIRTJNG PROCEDURES

Material: 1" HY-130 Plate

Filler Wire: .045" diameter Oxweld 84, heat R661574

Shielding uas (cubic feet/hr)

Backup: ?C CFH argon

Torch: 50 CP1 argon + 1% 02

Root Spacing: 3/Ye" - 250 bevel angle - 1/16" land, butt joint

Pass No. I-P 3-17

Voltage (volts):

Setting BC-15 BC-4

Beading 28 30

Current (amperes):

Setting 98 8

Reading 230 230

Torch Travel (in/min):

Setting 5.9 4.

Travel 20 i,)

Wire Extension (inches): 5/(. 5A

Heat Input (Jodles/in): I. ,-KY,, I= ,,, m=X

Cabinet Controls:

Inching 35

Range LoW LIoV

Burnback 4 4

Slope 2 2

Preheat (0F): +W

Max Interpass temp. (OF): 3,' r, - 50

Weld Results: These parameters rculte~d ir P good weld except for
porosity and lim-ited cracking in the first tvo pere&rati-in
passes of some of the welds.
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TABLE 5-2

A!'"O1.TTC rIG '!ELDIfIG PROMDURES

!43terial: I/4" h-f-130 plate

Filler Wire: .04," del•meter Oxveld PA, herit R '1574
St1elding Gas (cu>ic fcet/hr):

3ýckip: 15 CFE irgon

Tore!: 50 CFIU argon 1- C1

Poot Spacirng: 1/1 " - 25' bevel angle - i/I'," land,
butt 'oint

Pass No. 1 2

Voltage (volts):

Setting AD-10 BC-7.6

Reading 2u 34

Current (amperes):

Setting .3-
ReadirZ 270 >70

Torch Travel (in/jmin)

Setting 7.5 *a

Travel -2 4

Wire Extension (inches): 5/

Heat Inplit ('ouies/in):

Cabinet Controls:

Inc.irng 39
Range cw Lov
Bi,rn'L-,r~k 4

Slope

Preheat (OF),:

Max Interpass 7ev-p ,:
'Weld Resilttr: 7' ese parawetei. resultcd 'r, a d w•Id.
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TABlE 5-3

AMI'ONTIC TIG WELDING PO

Material: .06n" HY-I! sheet

Fil) tr Wire: o45" diameter Oxweld 84, heat P~l1t4

Shielding Gas (cutic Ieet/hour):

Backup: 12 Cl-t argon

Torch: 50 CFH helium

Joint Typ-, Butt joint

Volts: 11

Amperes: -5

Welding Speed: C" per minute

Electrode ext-nston. 1/2"

Electrode size: 3/3K

Electrode poInt: 3D
Wire feed rate: 2P" per minute

Gas Cup diameter: VA "

Barkup zroove width: 5"

Backup groove depth:

Rose diameter hold .2(r,
dowtr clump

These parsawters resulted in a satisfactory wehO.
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sunZ 5 J4

AtLPMTIC MIG WELDING

Material: 1" HY-1.30 P-late

Filler Wire: .o45" diameter Oxveld 83, Heat R332X-57

Shielding Gas (cubic ft/hr)

Backup 10 CFH, Argon

Torch 50 CF., Argon + 1

Root Spacing 1/16", butt ioint

Pass No 1 3-4 & 5-i•

Voltage (volts)

Setting AD-2 AD-6.5 AD-F•

Read i r2 2' ?o 28

Current (ampres)

Setting 90 4-91!

Reading 180 220

Torch Travel (in/min)

Setting 20 1i

Speed 20 1

Wire Extension (inches) 5 / 6

Heat Input (joules per in) 12,000 1

Cabinet Controls

Inching 35

•Lange LoL )v

PLL1back 6 0

Slope 2 72

rreheat (or) POP

Max lnte.rp: Te-- ((F", 220 220

Tensile Test (psi

Speelsn No. Fty Ftu e R.A. I1lure

I 1413,2( 145•(,W 5W 13.1 Weld

2 142,000 14, 300 5 16.3 Weld

"•.ha'• & 3;oP ,5 ft lb

,ýA~ ft lb

58 ft lb
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"M 5-5
AM'CtATIC MIG ARLDII

i4aterial: 1" HY-1?, Plate

Filler Wire: .o45" diameter Oxveld 84, Heat R661574

Shielding Gas (cuLic feet/hour)

Backup: 10 CFH, Argon

Torch: 50 CFH, Argon + 1% 02

Root Spacing: 1/16 inch, butt joint

Puss 1o. 1 2-2

Voltage (volts)

Setting AD- 2 AD-5

Reading 22 25

Current (amperes)

Setting 90 92

Reading 180

Torch Travel (in/min)

Setting 20 L6

Speed C 16

Wire Extension (inches) 3/4 5/8

Heat Input (joules pei inch) 12,000 19,500

Cabinet Controls

Inching 35 35

Range Low Low

Burnback 4 4

Slope 2 2

Preheat ()200

Max Interpass Temp.( 3F) 220

Tensile Tests (psi)

Specimen No. Fty* Ftu e R.A. Zailure

1 I4o,5o0 145,700 4 Weld

2 140,300 i44y,4oo 3.5 Weld

X-ray - Both welds had porosity.
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"M 5-6
AMMAII1'c?=C 10 WI 1D

Material: 1" HY-130 Plate

Filler Wire: .030" diameter Oxveld 83, Heat X42470

Shielding Gas (cubic feet/hour)

Backup: 10 CH!, Argon

Torch: 40 CI!!, Argon + 2% 02

Root Spacing: 1/16 inch, butt joint

Pass No I 2-1i 15

Voltage (volts)

Setting AC-2.7 AD-4.8 AD-4

Reading 25 26 25

Current (amperes)

Setting 100 100 I00)

Reading 100 120 100

Torch Travel (in/min)

Setting 17 5 12.5

Speed 17 5 12.5

Wire Extension (inches) 5/8 5/8 5/8

Heat Input (joules per in) 9,000 14,000 12,000

Cabinet Controls

Inching 35 35 35

Range Low Low Low

Burnback 6 6 6

Slope 2 2 2

Preheat (01) 200 200

Max Interpass Temp (OF) 230

No tensile tests were conducted due to the poor qualitv of the veld.
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5N8 5-T
AUTMTIC MIG VIMLDING

3ateriai: 1" HY-130 Plate

Filler Wire: 0.045" diameter 0xweld 83, Heat 626i3E

Shlelding Gas
(eubic feet per hour)

Backup: Argon, 10 CFH, First pass only

Torch: Argon + 2% 02, 50 CFH

Root spacing for first vid pass: 0.062", butt joint

Pass Nuber 1 2-15 16

Votape (volts):

Settirq, AD-2 AD-5.5 AD-5•5

Reading 22 25 25

Current (aw-eres)

Setting 90 90 90

Reading 180 200 200

Torch Travel (in/min)

Setting 20 11 13

Speed 20 11 13

Wire Extension (in) 3/4 3/4 3/4

Heat Input (joules per in) 12,000 27,000 23,000

Cabinet Controls

Inching 35 35 35

Range SW Low Low Low

Burnback 6 6 6

Slope 2 2 2

Preheat (Ol): 200 200 200

Mox. Interyas Temp (OF) 225

Remarks Sealing pass
back side.

Tensile Tests (psi):

Specimen Fty Ftu e R.A• Failure

1 111,500 119,000 5 24.6 Weld

2 114,000 122,000 6 24.9 Weld
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A)PWATIC NIG wgLING

Material: i" HY-1.30 Plate
Filler Wire: .062" diameter Oxweld 83, Heat R31439
Shielding Gas (cubic feet/hour)

Backup: 10 CFH, Argon
Torch: 50 CYH, Argon + 2% 02

Root Spozing: 1/16 inch, butt joint

Pass No. 1 2-3 4-17
Voltage (volts)

Setting AD-6 BC-5 BC-5
Reading 25 32 32

Current (amperes)
Setting 80 80 80
Reading 290 300 300

Torch Travel (in/min)
Setting 20 12.5 16
Speed 20 12.5 16

Wire Extension (inches) 3/4 5/8 5/8
Heat Input (joules per in) 22,000 46,ooo 36,000
Cabinet Controls

Inching 35 35 35
Range Low LOW Low
Burnback 6 6 6
Slope 2 2 2

Preheat (OF) 150
Max Interpus Tamp (F) 175 175

Tensile Tests (psi)
Specimen No. Fty Ftu e Failure

1 120,900 128,900 7 Weld
2 124,600 130,100 10 Weld
3 I26,000 126,700 5 Weld
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"M 5-9
AUTOMATIC MIG MELDING

MaJterial: I" MY-130 plate

Filler Wire: 0.062" diameter "Special" Airco Wire, Heat 9376

Shielding Gas:
(cubic feet/hr):

Backup: Argon, 10 CFH, First pass only

Torch: Argon + 2% 02 50 C0'H

Hoot spacing for
first weld pass: 0.062", butt Joint

Plate Number 34

Pas Number 1 2 3-15 16 1 2-14

voltage (volts):

Setting BC-3.5 BC-5 BC-3 BC-3 BC-3.5 BC-5

Reading 28 30 28 28 28 30

Current (amperes):

Setting 90 85 85 80 90 85

Reading 320 ?2 310 280 320 310

Torch Travel (in/min):

Setting 20 12.5 1: 21 20 14.2

Speed 20 12.5 16 21 20 14.2

Wire Extension (in) 3/4 3/4 3/4 3/4 3/4 3/4

Heat Input 26,800 46,ooo 32,500 -22,400 26, 800 40,oo
(Joules/inch)

Cabinet Controls

Inching 35 35 35 35 35 35
Range SW Low Low Low Low Low Low

Burnback 6 6 6 6

Slope 2 2 2 2 2 2

Preheat (01P) 300 300 o

Ma.Interass 325 325 42":5

Remarks Sealing pass

back side.

X-ray inspection revealed X-ray inspection
transverse cracking. no cracking.
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Txa 5-10
AUTOMATIC MIG WELDING

Material: 1" HY-130 plate

Filler Wire: 0.062" diameter "Special" Airco Wire, Heat R93T6

Shielding Gas
(cubic feet/bour)

Backup: Argon, ic' CFH, First pass only

Torch: Argon + 2% 0,P 50 CFH

Root spacing for
first veld pass: 0.062", butt joint

Plate Number 1 2

ps YNber 1 2&3 4-16 1 2&3 4-15

Voltage (volts):
(setting BC-3.5 BC-5 BC-3 BC-3.5 BC-5

Readinr, 28 30 28 28 30 30

Current (amperes):

Cetting 92 30 5 92 65 85

Reading 330 30K 300 330 300 340

Torch Travel (in/min):

Setting 20 12.5 I1 207 12.5 ID

S p-ed O 12.- li 0 12.5 16

Wire Extension (in) 3/4 3/4 3/4 3/4 3/4 3/4 i
Heat Input 27,7J) 43,200 31,500 217,700 43,200 38,000

Cabinet rontrols

Inching 35 35 35 35 35 35
R c t •3" L Low IAV LOW LOW LOW

. c6 6 6

Elope 2

Preheat (N no "A00

14-. e5 .25 225 225
'ei F),

e ma r k• eX-ray Inspection revealed X-ray inspection revealed
transverse crackirc,. transverse cracking.
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AWTCKATIC MIG 1LDMhG

Material: 1", HY-130 Plate

Filler Wire: .045" diameter Airco 6o8, Heat s6364

Shielding Gas
(cubic feet/hr)
Backup: None

Torch: 50 CFH Argon + 2% 02

Root Spacing: 3/8" butt Joint

Pass No. 1-4 5-6 7-9 10-26

Voltagie (volts):

Setting AD-5 AD-6.7 AD-6.7 AD-8.2

Reading 25 26 26 27

Current (amperes):

Setting 92 92 912 100

Peading 18o 200 200 240

Torch Travel (in/min)

Setting 16 16 15 15

Speed 16 16 15 15

Wire Extension (in) 5/8 5/8 5/8 5/8

Heat Input (Joules 17,000 19,500 21,000 26,000
per in.)

Cabinet Controls

Inching 35 35 35 35

Range Low LOW Low Low

Burnback 4 4 4 4

Slope 2 2 2 2

Preheat (OF): 225

Max Intex-pass Temp 235 C-40 -L40

Tensile Test (psi)

Specimen No. Fty Ftu e P.A. Failure

1 121,000 127,000 4 17.3 Weld

2 120,900 129, 100 4.5 20.5 Weld



Report 2- 53100/5R-2179
Page 5.33

LTV VOUGBT AROA•7IUICS DIVISION

TAK8 5-32

AUIW4TIC 0IG WLDINO 0

Material: 1" BY-130 Plate

Filler Wire: 0.045" diameter Oxwld 83, Heat 62613

Shielding Gas
(cubic feet/hour)

Backup: Argoo, 10 CFHl, First pass only

Torch: Argon + 2% 02, 50 rYH

Root spacing for first weld pass: 0.062", buttJoint

Plate Number 1 2 3

Pass Nuober 2 1&3-25 1 2-20 1 2-22

voltage (volts):

Setting AD-2 AD-5.3 AD-2 AD-5.3 AD-2 AD-5.3

Reading 22 C3 22 25 22 25

Current (amperes)

Setting 90 92 90 92 90 92

Reading 180 200 180 200 180 200

Torch Trave2
(in/min)

Oetting 20 20 20 15.8 20 15.8

Speed 20 20 20 15.8 20 15.6

Wire Extension (in) 3/4 3/4

Heat Input 12,000 15,000 1.2,000 19,000 12,000 19,000
(Joules per in)

Cabinet Controls

In6 35 35 35 35 35 35

Ramge SW LM. Loy LoW lO. Low LOW

Bmunback 6 6 6 6 6 6

Slotpe 2 2 2 2 2 2

Preheat (OF) 150 100 150

Max Interpass Temp, !T0 120 170

Tensile Test@ (psi)

Fty 129 129.3 0 133 130 127.9

Ftu 131 133.9 1383 138 136.9 13!).9

e 6 7.5 4 5 4 6

R.A* 16 18.5 18.7 22.2 18.3 18.9 i
Failure Weld Weld Weld Weld Weld Weld |
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lhterial: 1" TA-2Cb-lTa Titanium Plate for preliminary

tensile teat specimens

Filler Wire: .062" disioter 7A1-2Cb-lf titanium, Heat X2469

Shielding Gas (cubic feet/hour)

Backup: 10 CM, Argon

Torch: 50 CMR, Argon

Shield: 90 C?!, Argon

Root Spacing: 1/16" butt Joint

Pass No. 1 2- 4  5-7

voltage (volts)

Setting BC-4 BC-6 Bc-6

Reading 31 31 30

Current (ampere.)

Setting 100 100 100

Reading 250 280 300

Torch T-ravel (in/min)

Setting 18 11

Speed 18 11 11

Wire Ixtension 3/4 5/8 5/8

Heat Input (Joules per in) 26,000 "7,p50 49,OOO

Cabinet Contrcle

Inching 35 35 35

Rage LoW LoW Low

Burnback 2 2 2

Slope 2 2 2

Preheat (OF) RT

marx Interposs Temp. (OF) 25020

Tensile Tests (psi

Specinen No. Frty Ptu e h.A. 1ailure

1 110,600 124,000 14 30 PM

2 110,200 124,O00 14 23.5 w

PM - Parent 1etal
W a Weld

L
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AIMATIC WOG WILDING
Material: 1" Ti 7A1-2'b-lTa Titanium Plate for 5" diameter

patch test specimens

Filler Wire: .062" diameter Ti 7A1-2Cb-lTa Titaniim

Shielding Gas (cubic feet/hour)

Backup: 5 CFH, Argon

Torch: 50 CFH, Argon

Shield: 90 C(H, Argon

Root Spacing: 1/16"

Pass No. 1 2-4 5-6
Voitage ('olts)

Setting Dc-6 Bc-6 Bc-6

Reading 33 32 31
C.urnt (amperes)

Setting 100 100 100

Reading 250 280 300

Torch Travel (In/min)
R.P.M. 1.15, .7 .7

Speed 18 11 11

Wire xtension (inches) 3/4 5/8 5/8

Heat Input (Joules per In) 27,000 49,000 49,000

Cabinet Controls

Inching 35 35 35

Range LoW Law LOW

Burnback 2 2 2

Slope 2 2 2

Preheat (0Op) R

Max nterp.as Ten (OF) 250 250
Veld Results

These pwarameters resulted in a good weld vith a minimna of porosity.
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"M 5-.15
AtCMA¶TIC MIG WLM310 1308

Material: 1/2" 7A.-2Cb-lTa Titanimw Plate for
5" diameter patch teat specimen

Fifler Wire: .062" diameter 7AL-2Cb-lTa Titanium

Shielding Oss (cubic feet/hour)

Backup: 15 CFY, Argon

Torch: 50 CMR, Argon

Shield: 90 CYR, Argon

Root S"wcing: 1/16 inch

Pass no. 1 2
Voltae (voats)

Setting BD.i..5 BD-1.5

Beading 35 33

current (aqprea)

Setting 100 100

leading 30o 300

Torch Travel (in/mmn)

R.P.M. 1.1 .51

Speed 17 3

Wire Ixtension (inches) 5/8 5/S

Beat Input (Jc•ules per in'3 3 ,000 74,0'O

Cabinet Controls

Incbing 35 35

Range Low 'ow

Do-aback 4

slope 2

Preheat ,,(i)

Wx Interpeas Tem (,'o) 250

Well 1esults:

These p•ramters revtlted in a gnod weld wi.h a niniu-m of poroalt..



Report 2-53100/5R-2.T9
Poo 5.37IL'v VOM AMIIONAICS DIMICE(

am 5-16
AWOl TIC MIG IG LD'NO

IWterial: 1" 7Al-2Cb-lTa Titanium Plate for all

final test specimens

Filler Wire: 0.62" dtmeter 7A1-2Co-,Ta Titanium

Shielding Gas (cubic feet/hour)

Backup: 10 CPH, 0Agm

Torch: 60 crT1, Argon

Shield: 100 (CYR, Argon

Root Spacing: 3/8" - 250 Bevul Angle - 1/6" Land,
butt Joint (Use 1/8" thick shit under
center of Joint to offset wa-page.)

Pass No. 1 & 3-11 2

Voltag, (Volts)

Setting DC-7 DC-7

R~ving 31

Current (sareres)

setting 95 95

Reading 290 320

Torch Travl (iia/xin)

setting 5.4 -.9

Tr•vel 18 16

Wire Ixtension (indles) 5/8 5/8

Beat Input (joules per in) 3o..000 IS) 900

Cabinet Controls

Inching 35 35

Rwae Loa LOW

DurnbackSm-lop 2

Pre'heat (OF) FI'

P'Wx Interpa#3 Tewp (OF) -ý0' "I0

Weld Results

These parameters resulted In a good veld with a ainiw 3of porosity.

IsIm
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2PXA 5-IT
AYI'CTNTC NI1 WLDIMN

Mat~erial: I/4" 1i 7Al-2b-lTa Titanium Plate

Filler Wire: .062" diameter, 7A1-2Cb-lTa Titanium

Shielding Gas (cubic foot/hour)

Backup: 10 CPH, Argon

Torch: 60 C(H, Argon

Shield: 100 CYE• Argon

Root Spacing: 1/16" - 250 Bevel Angle - 1/16" Land, butt joint

Pass 0O. 1

Voltage (volto)

Setting Bc-6.6

Reading 31

Current (amperes)

Setting 100

Reading 350

Torch Travel (in/min)

Setting 5.9

Travel 20

Wire Extension (inches) 5/8

Heat Input (Joules per in) 32,500

Cabinet Controls

Inching 35

Range Low

Burnback 2

Slope 2

Preheat (OF)

Weld Results:

These parameters resulted in a good weld with a minimum of
porosity.
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5-18
AUTOMATIC MIG WKLDING

Material: 1-3/8" 17-4PH Stainless Steel Casting

Filler Wire: .045" diameter 17-4PH stainless steel

Shielding Gas (cubic feet/hour)

Backup: 1.5 CFH, argon

Torch: 30 ?H argon for 1st through 5th passes; 30 CFH argon
+ 2 02 for 6th through 13th pa-ses

Root Spacing: 1/16 inch, butt Joint

Pass No. 1 2 6 7-13

voltage (volts)

Setting BC-6 BC-5 BC-4. 5 BC-4.5

Reading 32 32 30 30

Current (amperes)

Setting 90 90 85 85

Reading 300 220 300 300

Torch Travel (in/mn)
Setting 5.4 5A4

Travwi 18 10.7 10.7 18

wire Xxtension (in) 3/4 3/4 3/4 3/4

Heat Input 32,000 39,400 50,500 30,000
(Joules per inch)

Cabinet Controls

Inching 35 35 35 35

Range Low LOW Low Low

Burnback (1 6 6 6

Slope 2 2 2

Preheat (07) none

Remrks: Pass f13
was sealing
pass on
back side.

Wel& Results:

Internal cracks were found in weld during ms-hining of test specimens.
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tumE 5-19
YAJUA.L TIC ULDM 1 M30

fisterial: 1-3/8" 17-APH Stainless Steel Casting
Filler Wire: .062" dianter 17IT.P Stainleos Steel

Shielding Us (cubic
reet/hour)

Torch: 18 C3, Argon

Root Spcing: 1/16" - 250 Bevel Angie - 1/16" Land, butt Joint

Trial No. 1 2 3

Pass No. 1 1 2 1 2

Voltage (olts) 1&-20 18-20 18-20 18-2

Current (superes) 180-200 180-2w0 180-200 180-200

Preheat (oP) None 2T5 None

Max. Interpose Tew. (or) 45o 300
$ Filer wlre 10 20 20 80 8o

Results Centerline Centerline Several Good
Cracking Cracking short

Both Passes (1/41")
Center-
Line
Cracks

Trial go. 3 3

Pass ro. 3-10 U to completion

Voltage (volts) 18-2o 18-2o

Current (aperes) 180-200 180-200

Preheat (OF) ---..

Max. Interpass Temp (OF) 275-325 275-325

5 Filler Wire --- ---

Results Good - Plats Good Weld
Warped 21.5
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"M 5-Mo
AUTOMATIC MIG WELWNG

Material: 1-3/8" cD-4 MCu Plate

Filler Wire: .062" diameter, CD.-4 MCu, Heat WI0067

Shielding Gas (cubic
feet/hour)

Backup: 15 CFH, Argon

Torch: 50 CFH, Argon + 2% 02

Root Spacing: 1/16-inch, butt joint

Pass No. 1 2 3-5 6-10

Voltage (volts)

Setting BC-1.5 BC-2.5 BC-2.5 BC-i.-5

Reading 30 27 27 30

Current (amperes)
Setting 85 87 87 87

Reading 300 300 290 300

Torch Travel (in/min)

setting 18 10.7 9 9

Speed 18 10.7 9 9
Wire Extension (inches) 3/4 3/4 5/8 5/8

Heat Input (Joules per in) 30,000 44,000 48,000 60,000

Cabinet Controls

Inching 35 35 35 35

Ran. LOW Low Loa Low

Burnbeck 6 6 6 6

Slope 2 2 2 2

Preheat 1op)

Max Interpasu Temp (F)0

Weld Results:

Internal cracks were found in weld during machining of test specimens.
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6.o cowus Iows AnD Jo u mNTIows

6.1 .L-s-162l6 (HY 1E.)

Heat treated to the 130-150 JSI yield strength ran. and
protected with a costing, XIL-S-i6216 (Yf 130) is a sutable material for
a 90 knot hydrofoil construction.

6.2 M6I•. 60125

Uncured neoprene stock with a Shore A bardwas of TO cured In
place ow the toil in an 0.080 inch thiekness wM resist 30 days exposure
to 90 knot impingemnt erosion and "4tatioc erosion of 150 fps velocity
in the EASL rotating disc test.

6.3 Ti tA1-2Cb-lTa

Titanilm 7Al-2Cb-lTa is a desirable material for bodrufoils in
toughnes strength to weight ratio, and resistance to iupingmýent and static
corrosion. It can be econcuically fabricated into foils by standard pro-
duction methGc. The shortctuings of this alloy are that it has a lower
corrosior, fatigue life than expected, is subject to fit-etts corrosion er-.cking
,mder high stress coucentrations in a marine environment, and has a high
metal loss rate under severe cavitation conditions. The advantages
potwentially available in a titanitm foil and strut thus cannot be obtained
without alloy modifications.

6.4 17-4PH CASTINGS

Precipitation hardening Etainless steel 17-4Ri castings with
the chemistry used in this progrem and given a H-1100 age ti a suitable
material f • experi•ental foil castings.

6.5 C DkNu CASTVTqG

This aiw. stress corroeiot cracks under a variety of heat
treatmentp and chemistries, so t!.at in its present state, it is not suitable
fc." experimental foils and struts vtich v•ald be subject to constant stre.e.e,

%i

%4
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S1.0 PHASE i LIAM SUM4ARY

1 1 ~IN7RlO11JCTTC"N

A sunmmary of the mos!. stgnificant parameters for
Ti-6A-WV, Ti-RAi-2Cb-ITa AISI 433(M and HY 100 compiled during
the Phase I literature survey are presented in Table 1-1.

MI
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2.0 PHASE II SUMARY

2*.1 INTRODUCTION

The following tables and figures present all pertinent data
developed during Phase II and early Phase III testing for T1 (Al-4V,
Ti8Al-2cb-lTh, AISI 4330M and HY 130. This information is not considered
adequate for design purposes and should not be used as such. Every effort
has been made, however, to make all data presented as complete as possible
by including and referencing information concerning test method, heat
treatment procedures, welding procedures, material chemical ccmposition,
and coating aDplication methods.

Section 2.5 has been expended to include all sea water static
corrosion data &ccumulated during Phases IT and III. Although most of the
dataare for materials not evaluated in Phase III, the amount and nature of'
the data makes complete reporting imperative.

Section 2.10 includes static immersion, sea water impingement,
and cavitation-erosion data for all coating systems evaluated in Phase II.
Static immersion and cavitation-erosion tests were performed on a relatively
small number of coating systems and all details of the systems are included.
A large number of coating systems were tested for resistance to high
velocity sea water impingement, and, although complete details of each
system are not presented, sufficient information is included to indicate
the general performance characteristics of the various systems when clasEified
by generic type, thickness, hardness, surface preparation and application
method.

I

I:
*1
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2.2 TNSILE PRCPMTIES

Trnsile properties 'or 0.050 inch and 0.250 inch Phase TI
steel and titanium alloys are presented in Table 2-1. These data were
used to establish a base Line of 10 percent elongation in 2 inches from
which o t her properties of the material were compared and to obtain the
tensile yield of 0.050 inch material for the calibration of stress
corrosion spec linens.

DIta presented in Tablýs 2-2 and 2-3 were obtained durIng
the Phase II supplemental program to permit additional comparisons of
the materials.

4 Table 2-4 indicates the effects of interstitial chemistry
and tempering temperature on the tensile properties of Ti 6AI-4V. Nbles
2-5 and 2-6 present data concerning the effects of tempering temperature
and time on the tensile properties of NY 130 and AISI 433c1.

Additional tensile data for Phase III materials are presented
in Section 4.1 of the bshic report,

"A:

4.)
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' kBLE 2-5

TENSILE TEST DTA FOR UWELDED HY 130 USING
VARIOUS TEMPERING EMPERA7UES AND TIMES

TEKPER ING TIME AT REIUCTION
T0mPERATURE TNWA¶JRE Ft Ftu ELONGATION IN AREA

(o') (i) (mw.) (Ksf) (KSI) (%)

1070 2 138.12 149.8 18.o 62.8

1070 8 127.1 138.3 19.0 66.0

1075 2 14l.53 161.5 17.0 62.7

1080 2 138.3 148.3 17.0 65.0

1080 4 116.3 137.9 20.0 70.5

1080 6 113.4 126.7 20.0 73.5

1085 2 136.0 160. 3 17.5 63.2

1085 4 139.9 150.0 18.5 63.4

1090 2 136.0 147.8 18.0 64.1

1.090 4 121.3 133.4 19.0 68.5

1095 2 132.0 142.( 18.5 67.5

1095 6 116.8 130.3 19.5 o(0. 5

1100 2 109.5 125.3 20.0 64.6

(I) Material quench hardened before tempering. See Table 4-17 for
ccmpoeitions.

(2) Average values for 2 specimens except as noted. All specimens
1/2" diameter.

(3) Average values for 4 specimens.
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WJLE 2- 6

TSILE TEST DATA FOR UWELD AISI 4330(
USING VARIOUS TI=IP WIMA W

TEMPERIG KRJWCTION
TPERAIME FtT Ftu EWIIGATION DI ANA

950 189.92 198.4 1i4.8 55.0

1000 181.8 189.8 15.7 57.4

1050 185.1 193.8 16.0 57.1

1100 172.7 179.9 15.7 57T9

1200 131.1 142.1 18.3 62.3

1250 112.3 123.5 20.7 65.0

(1) Material received the following heat treatment before double
tempering for 4 hours at indicated temperature:

a. 155o - i6250F
b. Oil Quench

850OF - 2 hre., air cool
d. 850°F - 2 hra., air cool
•. Weld (Above material not welded)
f. d250F - ? hrs., air cool
g. 925°F - 2 hr.., air cool

See Table 4-17 basic report for material composition.

(2) Average values for specimens. All specimens 1/2" dianter.

AI
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2.3 FRACIURI 1 HMESS

Fracture toughne'R •-haracteriatics were determined by
Charpy V Notch impact test using a finus-Olse&- Impact Tester hav.n-g a
striking velocity of 16.5 ft./sec. Specimens were cooled in dry ice
and alcohol and the temperature checked with thermocouples. Screening
test data for unvelded and welded material at O*F are presented in
Table 2-7.

Drop-veight nil ductility tests were run on Ti EAl-4V and
the results reported in Table 3-4, reference 3; however, the test method
and results are somewhat questionable and the results are not considered
valid.

Additional fracture toughness for Phase III materials are
presented in Section 4.4 of the basic report.
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MkBLE 2-7

CHARPY V N07I"H IMPACT [AIX
(TEST PERAURE - OF)

ASTM ENERGY BEND ANGLE
E 23-6o ABSORBED BEFORE

SPECIMEN SPECIMEN (FT.-LB.) FRAC¶URE TYPE FAIIAURE
MAERIAL() IM (2) TYPE (3) (DEGREES) (4) (5)

W (a,df) A (6) 6.7 3 Ductile
TI 6AI-4V U (a,d,f) A (7) 15.0 4 Ductile

W (a,d,f) A (7) 29 (8) 10 Ductile

TI 8AL-2CB-ITA W (b,d,f) A (6) 14.5 4 Ductile

AISI 4330M FOR U (c,e,g) W (9) 5.0 7 Ductile
CLADDING

W (a,d,f) A (6) 4.3 1 Mixed

AlSI 433(K U (a,d,f) A (7) 16.0 4 Ductile

COATING W (ad,f) A (7) 9.0 4 Mixed
U (c,e,g) W (9) 5.1 7 Ductile

HY 100 FOR W (a,d) A (6) 23.8 7 Ductile
CCATING

(i) a. Heat treatment per Table 3.18, Reference 3.
b. Hot rolled and annealed.
c. Heat treatment per Table 1, Appendix D; Reference 2.
d. Composition per Table 3.19, Reference 3.
e. Composition per Table 1, Appendix C; Reference 2.
f. Welding per Tables 3.39, 3.41 and 3.35, Reference 3.
g. Welding per Section 2.0, Appendix D; Reference 2

(2) W - Welded, U - Unwelded NULch perpendicular to original material
surfaces.

(3) Bend angle d-termined per diagram:

S. ..... Bend '%ngle
Fracture

(5) Determined by fractured surface appearance and bend argle.

(6) Specimens 0.25" vide from 1/4" plate.

(7) Specimens from 1" plate.

(8) Average of 2 specimens.

(9) Specimens from 1/4" plate.

mill I .. ... L
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2.4 •ND 1DUCTILITY OF WELDS

Bend tests were performed on Ti 6Al-4V to determine the
soundness of welds and the quality of fusion to the base metal. The
results are presented in Table 2-8.

Comparison of bend angles before fracture indicates a
significant decrease for the welded material, however, examination of
the specimens shows that plastic deformation was confined to the weld
material, but extended over a considerably larger distance for the
unwPlded material. For this reason the results of this test are not
considered evidence of unacceptable mechanical properties of as-welded
Ti 6A1-4V.
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TABLE 2-8

BEND MT DA!k FOR 1.O INCH, UWELDED AND
WELDED TI 6AL-4V (1)

TYPE BND ANGLE W0CATION
SPECIEN SPECIMEN BFORE FRACnU OF
NUMBE (2) (DEGREES) (3) FAIURE

1 Unwelded 33'° Parent Metal
(4) (6)

2 Unvelded 350 Parent Metal

3 Welded 20 Weld
(5) (6)(7)

4 Welded 20° Weld

(1) Heat treatment per Table 3-18, Composition per Table 3-19 and

Welding per Table 3-15, reference 3.

(2) SDecltmen 1" x 5" x 10" with transverse weld 'Across 5" wldth.

(3) Bend angle before frac'.urt (C) mea,-,r,-d ai " ow.is:

Root of" Weld

(4) Fty 138 Kst
(5) Ftv 120oKs

(6) Approximtely 9% neck-down on tension side of specimn.

(7) No defects detected in veld.
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2.5 STTIC CORROSION

2.5.1 Static corrosion specimens were ro~bricated by LTV for all
unclad and uncoated Phase II materials except CP Ti and exposed in sea
water at the International Nickel Company's Harbor Island (Kure Beach)
Corrosion Laboratory, Wrifhtsville Beach, North Carolina. TNo unwelded
(excluded for Hastelloy C)and two transverse welded specimens 4" x 12" x
1/4" were prepared for the following expoeure periods.

a. Removed Monthly
b. 6 Months
c. 12 Months
d. 24 Aonths
e. 48 Months (not completed)

After fabrication, specimens were marked with material ard
specimen identification rnmbere, vapor honed, weighed to the nearest
tenth of a grm and the length, width and average thickness determined.
At Harbor Island, specimens were me-inted in test racks using non-metallic
insulators and immersed in sea water 1 elow the tidal zone.

2.5.2 SINUIATED MAIN'IACE CORROSION TESTS

Io auwelded and two welded specimens were removed from
test every month for It months, thoroughly cleaned and examined :cr
(1) corrosion rate, (2) pitting and crevice corrosion, (3) Ralvanic ,
and (4) amount and type o! fouling. The maximum, minim,, ,nn average wter
temperatures during the test period were recorded and photographs maie of
significant damage. Specimens were then returned to test.

2.5.5 CONTINUOUS STAT: EXPOSURE

Sp-c lmc ; r citlliois vxKDsurz. e" v i n the nnd
of the test perigd, cleaned and cxaminci a: i, ;zr[,, I .

2.5.4 RESULTS

Static corrosion data for materials that showed no pitting and
only minor crevice corrosion damage are presented In Tubles 2--' "rcough
2-15 for specimens removed at monthly intervals and exposed conrtinuously
for 6, 12 and 24 months. Static corrosion rates for these mnsterials are
ccmpared in Figure 2.i. and typical epecimens after two years continuous
iimrsior. are shown In Figures 2.3 and ?.4

Static corrosion data for materials that showed considerable
pitting and crevice corrosion dinsge are presented in Tables 2-16 through
2-27. Static corrosice weight losses for these materials are compared in
Figure 2.2. Corrosion rates are not shown because the rates would be
misleading due to the un-uniform material loas of the specimens. K MoIel
and 17-lRI specimens after two years continuas immerslon are shown in
Figure 2.5 amd AN ,55 (Cast) and CD 4 MCu (cast) specimens after one year
continuous imrs n are shown in Figure 2.6.
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The static corroston data for specimens removed monLhiy
:or 1h months were extrapolated to 24 months assum'Ang that exposAe-e
conditions and results (water temperature, fouling rate, weight 0oss.

etc.) for the 18 to 24 month period would be the same as for the 6
to 12 month exposure period. Ihis extrapolation permitted a comu ison
of 24 month continuous imersion Aata and data for monthly removal
specimens projected to 24 months.

Static immersion results for Phase II costing systez,• are
presented in Section 2.10.1, Appendix A and for Phase ITT coating systems
in Section 4.7 of the basic report.

Material compositions are shown in Table 1, Appendix C; heat
treatment in Table 1, Appendix D; and welding procedures are outlined on
pages 4.03 throagh 4.210 of reference 2.
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MATERIAL PFD TimE MO. PM 1 5
SPECDIEN TYPE EXPOSURE EXP

6
INCONEL 71$ Continuous 1.0 *

WELDED AND 24
UNWELDED 6

Removed 12
Monthly c)10

6
INCONEL 718 Continuous 12

___ ___ ___ __ 24WELDF-D W1 6

nEIL D 141Removed 12
Monthly 18

6
Continuous 12

TI 6rAL-v _______24

WELDED AN)D 6 i
U rNWELED Removed 12

Monthly 18
~ *24

6
Conttinuouis 12

TI "'AL-2CB-1TA ______24

WELDED AND6
tUhWEILDED

UWWELX]EDRemoved 12 •$"

Monthly 1.8

ORContinuous 
12

(O TLC0 2r)• 
2AWELXE ANDReoe12%3-

UWELIOD Monthly 18

,,___ _ _(_) *24

ILASTELLAOY C Continiouts 6
FOR CI.DDIM 12.
ON HAiS •3Y Reioced 6
wVLDID ONLY Monthly 12

(1) 18
HA8TILLW C Continuowq 12
FMP CLA WIE
ON AISI 4330N Rmovf-d 6
WRLD!FD ONLY Month ly 1,2

(I)
0 02 a14 o, 4 1.0

* Zx t r a p o la t e d V a l u e 0 0 ft " 0 N R I ( N U PIE R p .U Rt )

(1) Cumultive values

FI(IE 2.1 STjTC CCo' ROSION RATES
(q0 PIMrIXG AND MINOR CREVICE COEIROZiON)
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M TM ND. W•Z•aT LOSS (OPN)

AIAL. _._._0 _0 20 30 40 50

[
U 12

(2)4

Continuous

K • 6
w 12

(1 02) - -,•

(1) 6 1

0. 306 18 ••l• l[

Lb./In. 3  Rmoved *2 N BO

Monthl-

(2) 6

(i 1075
(1)8

o 282.u 1

Lb./*.2 3  751

Conthiyk2
(2)1

(N 1025)1 •

22) I 1 eei•w 1.2 • m m

174 'I -=' -- - '- ----- ------
(m •o75)*24

w 12 mmmm

Lb. /oInt FAWVled 2

*f tr p la e Valuet FI(GU MJ 2. 2 Sta iic Corr osion W ht L~osses f'or Materials

2 Cu•mulative values vitth Pitting anl Crevice Corrosioqý
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WEIGHT LOSS (GRAMS)
TYPE JTPE NO.

MAITRIAL EXPOSURE SPEC. Exp. 0 10 20 0 40

2 no SFzcD=•
Continuous

6I
w 12 -u -

24 no SpUDC
A 355
(CAST) 6
(1) U 12

0.286 18 I53.4 :
Lb./n Removed *24. 74,cp

Monthly
(2) 6

W 112 T7h5 -

18
*243-

6
U 12

24 NOSpe'"
Continuous

CD 4 CU 1 2CD • •W 12

(CAST) 24 SPECDI
(0)

0.2O 3b b
Lb./In. U 12

lRemoved *24
Monthly

S12

_- 20 30 -so-

Fl~ur74
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LTV VOUCIRT AERONAUTICS DIVISION

2.6 STRESS CORROSION

2.6.1 Bent beam stress corrosion specimens were fabricated from
0.050 inch material and exposed at the International Nickel Company's
Harbor Island (Kure Beach) Corrosion Laboratory. The specimens were
stressed to approximately 90% of the 0.2% offset yield strength as
determined by tensile test. Specimens were stressed in Jigs having a
fixed length of 7.000 inches and lengths were determined to place the
middle 1/3 of the specimen under the desired stress. Specimens were
exposed to sea water immersion only, sea water immersion for 6 months
and in the 80' lot, and in the 80' lot only.

Data for the initial tests of the titanium alloys and coated
and uncoated steel alloys are presented in Table 2-28. Additional tests
were rln on welded, uncoated AISI 4330M in the 80' lot to determine if
the cracking reported in Table 2-28 was a result oe stress corrosion or
welding. The results of these tests are reported in Table 2-30.

2,6.2 Three and five inch diameter restrain welded 1/4 inch and
1.0 inch specimens of the Ti 6AI-4V and steel alloys were placed in the
80' lot to determine stress corrosion susceptibility. The residual stresses
in these specimers should more closely simulate the stresses to be
encowitered in service than do the stresses in the bent beam specimens.
The r-sults of these tests are shown in Table 2,-29. Additional restrained
weld ex,:,sure results for Phase III materiats are presented in Section 4.5
of .he basic report.

SIII III
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MEI1Z 2-30 (Continued)

(1) Beat treatment per Table 3-18, reference 3; Composition per Table 3-19
and Welding per Table 3-11, reference 3.

2) T - Transverse, L - Liongitudinal
3) Kiddle 1/3 of specimen immersed.

Protected from atmosphere vith polyethylene bags.
Approximately 90% of Fty.
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2.7 MOSION-CORROSION

Resistance of materials to high velocity "ea water
impingement eroeion-corrosion was determined using the LTV jet erosion
test facility located at the International Nickel Cspany's Harbor
Island (Kure Beach) Corrosion laborntory, Wrightsville beach, N.C.
Metal specimens 1/2 inch in dismeter and 1/ 4 inch thick were mounted
in nylon holders and subjected to 90 knot sea water Iupingomut for 30
days at an impingement angle of 450. Etrosion-corrosion rate were
determined from specimen veight loss during exposure. Coatings were
evaluated by coating AISI 433CK specimens of the mie sie as the nyla
holders. Results were determined visually.

Erosion-corrosion data for steel and titanium alloys are
presented in Table 2-31. Results for Phase I costing systems are shown
in Section 2.10.2, Appendix A and for Phase III coating systems in
Section 4.7 of the basic report.

I ....
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LTV VOUGHT AERONAUTICS DIVTSrON!

?. 8 CAVISTIONCON-COMION

The cavitation-corrosion resistance of materials was
evaluated using the magnetostricture method at LTV and the rotating
disc test at NASL. Details and results of these tests are presented
in Tables 2-32 and 2-33. The magnetostrieture data from Table 2-32
are plotted in Figure 2.7. The cavitation rates shown in Table 2-32
were obtained frcm the straight line portion of these curves.

Cavitation-erosion data for Phase II coating systems are I
presented in Section 2.10.3 and for Phase III systems in Section 4.7
of the basic report.
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TAMBE 2-32

•Aoor¶w-TV Ic1uR cAvim TI0W-CgRRwio0 ___ __(_)

MATEIAL(2) TI 6AL-AV TI 8AL-2Cs-1l% AISI 4330 HY 100
I_ I FOR CLADDING F ClADDING

.... .. JAT• • wT. LWS (MILLIGRAMS)

1 1 2 1 2

15 Min. 0 0.4 2.8 4.

30 MOn. 0 0.9 5.7 11.1

45 min. 0 1.1 - 8.4 17.7

1 Hr. 0.3 1.3 0.5 11.8 24 3

2 Hrs. 1.4 2.9 1.3 17.8 49.5

3 M{rs. 4.2 5.4 2.7 27.9 73.1

"4 Hrs. 5.6 6.4 4.3 5.3 91.C

5 Hrs. 8.1 8.5 6.3 45.2 Io•.

R rs. tO. 1 -:- • 2 5P. 5 i .

Hr .. ..

S'abilized
Rate (Kg,Hr.) .. 7.

Rate

(Inches/Year) 0.8O. 2.00 -

Hardness Rc-35 Rc-,5 R-'4 R b-,

(), Double 'aplt',id, - O. , lnnhoa. Freqeý.<- - ,- jX CPS. Sea Water
'I'_uperaue-2 F. Sp1m-r. - .b2 1cn- daw~r d'inhei
"*'-kness varied vi'h maw-rial dr.sity so -na.t ^i specawnes inwitil2.y
vw,,ghed ,.Oe sw.

i_(2) Kea"_ "re _ _r_." _ __r ._Tle T, r- aAprwr, dix ýý; snl -,i!n ~ r.,q kyr • " ] • "e c,2
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TAM 2-33

ROkTIrW DISC CAMTMWfIOW-•CQIOn D(I

CrmV cof-coMsImC RAli (ul/hr)
WATER _____ ____ I__ __ __ __ _

KATMIAL HARMES TYPE 100 125 150

TI 6--4V(2) Rc-35 Sea 0 0.2 o.8

TI 8AL-2c3-1is Rc-26 Sea 0 Scrubbing 0.51
(2)

AISI 433CH hft Rc-38 Fresh Scrubbing 0.11 No test(3)

CLADDrNG (2)

AISI 433CH FM Rc-3, Sea Scrubbing 0.09 1.1
CIADDIN (2)

AISI 433C0 FMF Rc-44 Sea Scrubbing Scrubbing 0.33
CQATDIG

AIsI 1016 mILD Sb-65 Fresh O.1 0.17 1. 70
STL (4)

AISI 1016 KILO Rb-65 Sea 0.1 0.28 2.27
sTEI (4)

(1) Naval Applied Science laboratory Rotating Disc ?est. Shaft Speed - 3200 RM.
Water Pressure - 15 PSIG.

Water Trpe, Flow Rate (GP) Inlet Temp. (*F) outletT1

Sea 7.8 50 58
Fresh 9.5 65 72

All specimens except AISI 1016 vore 1.0 inch x 0.050 inch inserts bandd
in SALE 1020 discs.

(2) Neat treataent per Table 1, Appendix D; Composition per Table 1, Appendix C;
and Welding per Section 2.0, Appendix D. reference 2.

f3) Insert loet during test.

(4) Data included for ccmuprislo only.

L_
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2.9 CORROSION-FATIOJE

Rotating beam corrosion-fatigue tests vere performed by
the International Nickel Company at the Harbor Island (Kure Beach)
Corrosion Laboratory, Test procedures and results are shown in Table
2-34 for the titanium alloys and ATSI 433CM. Additional corrosion-
fatigue data are presented in Sections I&.3 and 4.6 of the basic report.

ii
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2.10 COATIlI SSTD(h TEST RESULTS

2.10.1 S~TTIC IMMERSION

Sea water immersion tests of coating systems were performed
much in the same manner as previously described in Section 2.5, Appendix A
for uncoated materials. Weight gains and losses were recorded for coated
specimens during each reporting period, however, evaluation was accom-
plished by visual observation.

Results for the two primary coating systems evaluated in
Phase II are presented in Table 2-35. The specimens removed at monthly
intervals are shown in Figure 2.8 and 2.9.

Because of the rapid degradation of 17-APH (H 1025) and
H 1075) in Phase II static corrosion tests, additional welded 17-4PH
H 1025) specimens were exposed (1) Uncoated, (2) 100% Neoprene Coated,
3) 95% Neoprene Coated and (4) 90% Neoprene Coated. These specimens were

exposed to determine if (1) the previous Phase II static corrosion data
for welded 17-4PH (H 1025) were reproducible and (2) to determine if the
static corrosion damage to welded 17-4PH (H 1025) was reduced when the
material was exposed fully coated and 5 and 10% of the surface area
uncoated. The results of these tests, presented in Tables 2-36 and 2-37,
indicate both of the above points are true. The condition of one specimen
of each type after the 12th monthly removal is shown in Figure 2.10.

The GAEC #1012/Magna Laminac X-500 PC(H)-l coating system was
also exposed to static immersion test. The results are presented in Table
2-38 and the condition of specimens after the 12th monthly removal and 12
months continuous immersion are shown in Figure 2.11.

Static immersion data for Phase III coating systems dre
included in Section 4.7 of the basic report.
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¶hBLE 2-37 (CONTINUED)

(i) Heat treatment per Thole I, Appendix D; Composition per Table 1,

Appendix C and Welding per Section 2.0, Appendix D, reference 2.

S(- Sue page 1.7y4A for conting application procedure.

(3) Specimens removed, cleaned, inspected and returned to test each
month.

(4) See Figure 2.10.

(5) Not Reported

(`0) Cut edge refers to edge of coating adjacent to uncoated area.
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2,10.2 SEA WATER IMPINGFM T'P

Phase II coating systems were subjected to 90 knot sea
water impingemnt as described in Section 2.7, Appendix A. Details of
the coating systems and test results are presented in Table 2-39.

Results of 90 knot sea water tests on Phase III
coating systems are shorn in Section 4.7 of the basic report.
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2. 10.3 CAVTTATiON-EROSION

NASL rotating disc cavitation tests were run on two
Phase II coating systems. Details of the coating systems, test
procedure and results are shown in Table 2-40.

Rotating disc cavitation-erosion results for Phase III
coatings are presented In Section 4.r of the ba,,ic report.
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2. 10. 4 COArT7R APPLICA770M P90C;'JF~Fl4F

2.-0. 4. 1 The coated static immersion specimens Indicased ! nar~e ?-a5

we"re prepared as follows.

A. AISI 4330M

1. Application of Mosites 1)00

a. Grit blast all surfaces.
b. Vapor degrease
c. Brush on thin coat of Mosites 1500 primer, air

dry 15 minutes at room temperature and 15 minutes at 1600F, cool.
d. Brush on thin coat of Mosites 1500 adhesive, air

dry 15 minutes at room temperature and 15 minutes at 160 0 F, cool.
e. R"ol 20 mil, Mosites 1500 calendered polyurethane

sheet on one (1) flat surface and all edgen.
f. Vacuum beg and cure 1 hour in autoclave at 310'4F

and 50 ps1g.

2. Application of Coast Pro-Stal 77?P and 793

a. Grit blast uncoated siirface.
b. Solvent wipe.
c. Spray on thin cont of W"ýP primer, air dry

30 minutes.
d. WiDe edges of Mosites 15OW wvth toluenc, air

dry 15 minutes.
e. Aprly five (5), " mil coats o '11 or, uncoated

sirface and edges. Air dry 4 to 16 hours w-*'ween con'r. Cure 'lys at
rvon temperature.

B. KY 100

1. Mosites 601?5

a. Grit blast all surfaces.
b. Vapor degrease.
c. Brush apply a thin cont of Mosites 601'S primer

air dry 15 minutes at room .emperature and 15 minutes at i6O)F.
d. Brish apply a thin coat of MC'sites 60125 adhesive.

air iry 15 minutes at room temperature and 15 ml--es at 160*F.
e. Roll 20 mils Mc:n!'- b0125 calendered neoprene

sheet on all surfaces, overlapping on one surface arl sealing along ends.
A. V-cua bag and cure I hour in autoclave at 30OF

and 50 psig.

2.10.4.2 The coated static iimersion specimens indicated in Tables ,-Th
and 2-37 were prepared as follows.

A. 100%, 95% and 90% neoprene coated, welded 7.Z-4PW (IH 102§)

1. Grit blast all surfaces.
2. Vapor degrease.
3. Mask 0.4 inch x 12 inch area along edge for.two .vQ



on F) ur: hrs C) be (,~J ORt~1A .et ri -) rip ie*C ~
two 100% cost,-, GDecimen!7 R~il -0A r n! o Pe Cc'AMt- I r

50 ps1g.
1.Femowe masl,1.lg "ram ý)5, and ]0" coet~ed. snec~mers i

bolW'ent wvk-~ uncoaled aress.

B. The weilclo'1, I -- P1 (if 1m2ý) without coaling, we-e vancr
honed Drior to exp~osare.

2,10.4.3 The coatirng application procedure f'or -,he GAY01012/'L~miner
X-500 coated specimenis indicat~ei In Table 2-38 war, not furnished with the
specim3ens.


