SHIP PRODUCTION COMMITTEE September 1991
FACILITIES AND ENVIRONMENTAL EFFECTS NSRP 0340
SURFACE PREPARATION AND COATINGS

DESIGN/PRODUCTION INTEGRATION

HUMAN RESOURCE INNOVATION

MARINE INDUSTRY STANDARDS

WELDING

INDUSTRIAL ENGINEERING

EDUCATION AND TRAINING

THE NATIONAL
SHIPBUILDING
RESEARCH
PROGRAM

1991 Ship Production Symposium
Proceedings:

Paper No. IVB-4

Shipyard Aluminum/Steel Welded
Transition Joints

U.S. DEPARTMENT OF THE NAVY
CARDEROCK DIVISION,
NAVAL SURFACE WARFARE CENTER



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
SEP 1991 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The National Shipbuilding Research Program, 1991 Ship Production
Symposium Proceedings: Paper No. | VB-4: Shipyard Aluminum/Steel
Welded Transition Joints 5c. PROGRAM ELEMENT NUMBER

5b. GRANT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Surface Warfare Center CD Code 2230-Design Integration Tools | REPORT NUMBER
Bldg 192, Room 128 9500 MacArthur Blvd, Bethesda, MD 20817-5700

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE SAR 9
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



DISCLAIMER

These reports were prepared as an account of government-sponsored work. Neither the
United States, nor the United States Navy, nor any person acting on behalf of the United
States Navy (A) makes any warranty or representation, expressed or implied, with respect
to the accuracy, completeness or usefulness of the information contained in this report/
manual, or that the use of any information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or (B) assumes any liabilities with respect to
the use of or for damages resulting from the use of any information, apparatus, method, or
process disclosed in the report. As used in the above, “Persons acting on behalf of the
United States Navy” includes any employee, contractor, or subcontractor to the contractor
of the United States Navy to the extent that such employee, contractor, or subcontractor to
the contractor prepares, handles, or distributes, or provides access to any information
pursuant to his employment or contract or subcontract to the contractor with the United
States Navy. ANY POSSIBLE IMPLIED WARRANTIES OF MERCHANTABILITY AND/OR
FITNESS FOR PURPOSE ARE SPECIFICALLY DISCLAIMED.



THE SOCIETY OF NAVAL ARCHITECTS AND MARINE ENGINEERS
601 Pavonia Avenue, Jersey City, N.J. 07306

Paper presented at the 1991 Ship Production Symposium,
The Pan Pacific Hotel, San Diego, Callfomia. September&6.1991.

Shipyard Aluminum/Steel Welded Transition Joints ws.

Edward Gaines, Life Member, Ingalls Shipbuilding Division, Litton Industries and

John Banker, Member, Explosive Fabricators, Inc.
ABSTRACT

Alum num to steel explosion welded
transition joints are used in ship-
building to attach alum num superstruc-
tures to steel hulls. This paper summa-
rizes long term studies to determnine
causes of separations and describes ac-
tions to prevent separations.

The alumnunm steel transition joints
are nmanufactured by the explosion weld-
ing process and tested in accordance
with ML-J-24445. Traditional transi-
tion joints consist of alloyed alum num
bonded (bK the explosion weld) to mld
steel with an interlayer of low alloy
aluminum In 1989, production began
using an i nﬁroved. transition joint pro-
duct with the addition of a titanium
interlayer between the steel and the
low all oz alum num Laboratory testing
showed the inproved product had greater
strength and tenperature resistance.

However, when this product was put into
production, disbonding occurred at an
alarming rate. As a result, it was dis-

covered that bond notch toughness is a
critical property even though it was
not required to be neasured by ML-J-
24445, To inprove the notch toughness
while preserving earlier beneficial
i mprovenents, a ductile copper nickel
(CUNI') interlayer was added between the
steel and the titanium

This paper describes the study re-
sults and the devel opment of thé |atest
generation of alumnum steel structural
transition.

DEFI NI TI ONS

ABS- Anerican Bureau of Shipping; re-

fers to their steel plate classifica-
tions

AL- Al umi num netal

ASTM American Society for Testing M-
terials

CUNI - Copper Nickel alloy netal

DT- Dynanic Tear, ASTM standard E-604;

measurement of energy absorption to
break a notched specimen considerably
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larger than an |ZOD specinen

EXW Explosion Weld; the process of fus-
ing two netals together at a bond sur-
face by using the force of an explosion

| ZOD- ASTM standard E-23-82; neasurenent
of energy absorption to break a specinen
simlar to Charpy vee notch except that
the pendul um strikes a cantilevered
speci nen

ML- Mlitary Specification (US. Gov-
ernnent)

SCAST- Structurally Citical Al umnum
Steel Transition

TI- Titanium netal
UT- Utrasonic Testing
BACKGROUND

Al um num cannot be arc welded directly

to steel because of metallurgical incom
atibility. Alumnum to steel welds can
e produced using cold welding Igrocess-
es, such as explosion welding (EXW.
Conventional arc weldi n% processes then
can be used to attach the EXW transition
to respective conpatible netal conpo-
nents. This conbination provides a crev-
ice free, fully welded joint between
alum num and steel. This is a signifi-
cant advantage over mechanical fastening
by riveting or bolting.

The alumnum to steel transition
joints tyBicaIIy are welded to a steel
coam ng about five inches above the top-
most steel deck. The EXW transition
joint supports the bul khead plating,
vertical stiffeners and framng. See
figure 1 for a typical design. Early
installations used 35 nm (1-3/8 in)
thick transition joints. Recent designs
use 19 nmm (3/4 in) thick transition
joints. ‘

In the md-1980's, sonme shipboard
bonded joints separated as a result of
normal operations in high sea state con-
ditions. These disbonds resulted in
closely focused attention on all bond
Loi nts. The separations were puzzling
ecause these EXW transition joints were



designed to be the "strong link" in the
structural chain (stronger than the
al um num plating welded to the joint).

Shi ps under construction were closely
exam ned. For about a year, |ocations
of dishond repairs were nmonitored to
anal yze why the disbonds were occur-
rinﬁ. Most  di sbonds were associ at ed
with butt welds in the transition
strips. Butt welding causes local dis-
bonds, tyFi cally less than 10 mm (3/8")
due to weld heat and stress. Also, 92%
of the disbonds were in narrow strips
which have |ess thermal mass to absorb
the wel ding heat input, resulting in
hi gher tenperatures-at the bond during
fillet welding. Al known disbonded
| ocations have always been repaired
before any ship left the shipyard. Dis-
bonding in service is rarely reported,
so apparently disbond in fleet service
is unusual.

In 1990, 38 mm (1.5 in) thick im
roved trimetallic (AL-TI-STEEL) with

i gher strength ABS grade DH 36 steel
base layer transition was placed into
production after extensive IaboratorK
research. The research confirmed hig
tensile strength and tenperature resis-
tance. In production, four of eight
wel dments devel oped disbonds of up to
70% of their length. Some disbondi ng
occurred several hours or days after
wel ding was conpleted. The disbonded
areas continued to grow for several

days after inception, eventually grow
ing to several teet long. That 38 mm
thick, DH 36 based trinetallic was im

medi ately pulled from production and
ordinary binetallic was substituted. No
38 mmtrinmetallic was ever actually in-

stalled on board any ship. The disbond-
ing was attributed to a conbination of
| ow notch toughness, large weld related
stresses (due to full penetration weld-
ing and high yield strength steel), and
restraint provided by the large weld-
ments. A 19 nm (3/4") thick inproved
trinmetallic with an ordinary strength
steel base layer transition remains in
groduction with no known dishond to
ate.

Transition Joint Manufacture

Alumi num to steel bonded transition
joints are manufactured in accordance
with the requirements of M L-J-24445.
The only process currently used for
manuf acture of shipboard ‘transition
joints in the USA is explosion welding.
A roll bonded product is being eval uat-
ed, but results were not available in
time to be included in this paper. Ref-
erence (1) provides a thoroufgh descri p-
tion of the technology and of the de-
vel opment of aluminumto steel transi-
tion joints for shipboard applications.
References (2) and ES) provide a sunmma-
ry of the process. Figure 2 depicts the
basi ¢ expl osi on bondi ng process.

In the early explosion bonding devel -
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opment work discussed in Reference (1),
it was observed that a direct explosion
wel d between al um num 5000 series alloys
and steel exhibited |ow strength and
poor toughness. The deficiency was cor-
rected by insertion of an interlayer of
unal | oyed alum num type 1100, between
the marine grade 5456 al um num and the
steel. The original 35 nmm (1-3/8 in)
thick transition joints consist of 6.3
mm 31/4 in) thick 5456 al um num all oy
bonded to an interlayer of 9.5 mm (./375
in) thick 1100 alumnum and a base of 19
mm (0.75 in) steel. Later, 19 nm (3/4
in) thick transition joints were made
using 3.2 mm (0.125 in) thick 5456 or
5086- al um num al l oy bonded to a 6.4 nm
(0.25 in) thick interlayer of 1100 al u-
m num and a base of 9.5 mm (0.375 in)
steel. Although these products are actu-
ally conmprised of three alloy layers,
they are commonly referred to as "bine-
tallic" transition joints. Besides 1100
alum num other interlayers may be em
pl oyed to obtain various bond proper-
ties.

00 NOT
WELD STRIP
T0 STRIP
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Figure 1. Typical Joint Design
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Transition Joint Quality Testing

Aluminum to steel welded transition
joints are quality tested in accordance
with the requirements of M L-J-24445.
This specification requires 100% ul tra-
sonic testing (UT) of every plate by

straight beam transducer to detect areas
of non-bond. Although ultrasonic testing
will reliably detect non-bond, it can
not detect areas of |ow bond strength.
In addition to UT, one plate from ev-
ery lot, or 1 in 10, whichever is nore
frequent is nechanically tested. Test

speci nens nmust be cut from two diagonal -
Iy opposite corners of the selecte

ates. Ramtensile tests and a side

end test are required. Neither test
wi |l evaluate notch toughness. Since EXW
transition joints rarely pass side bend



M L-J- 24445 provides bond shear

testing as a sub-
The chisel test

unreliable indica-

test,
strength and chi sel
stitute for side bend.
is a qualitative but
tor of notch toughness. Before tensile
testing, sone sanples are heat treated
15 minutes at 315 C (600 F) to sinmu-
late the "as welded" condition. Speci-
fication requirenents are: 55.2 MrPa
(8,000 PSI) mnimm shear strength;
75.8 (11,000 PSI) minimum tensile
strength; and no bond failure in either
the side bend test (if used) or the
chisel test (if substituted).
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Figure 2. Parallel arrangement for explosion cladding and
subsequent collision between the prime and backer
metals that leads to jetting and formation of wavy
bond zone.

Bond Separations Study

Reference (3) discusses in detail the
bulk of the research. The follown
paragraphs provide a sumary of refer-
ence (3).

(1) BOND TEMPERATURE- Ther nocoupl es
were |located at the bond surface under
fillets to nmeasure the actual bond tem
peratures occurring during various weld
processes. These tests showed that
shipyard welding practices were not
overheating the bond joints above the
315 C (600 F) allowable tenperature.

(2) FILLET SIZE- Oversize al um num
fillets out to the edge of the strip
did not cause degradation in bond
strength.

(3) BOND MATERI AL CHANGES OVER TI ME-
Binetallic bond tensile strength has
not appreciably changed with tine, al-
though there are variations between
manuf acturers. |ndependent testing and
vendor review showed that all manufac-
turers were testing in conpliance wth
M L-J- 24445,

(4) DESIGN WDTH The standard recom
mendation is to provide transition
strip widths four tinmes the thickness
ofthe alum num nenber (see figure 1).
Statistical analysis in reference (3)
showed this standard is marginally ac-
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ceptable. Wder transition joint strips
could be used to lower stress, but with
undesirabl e wei ght increase.

(5) RESTRAINT & VELD SHRI NKAGE STRESS-
ES- Restraint and thernally induced
stresses are significant, but don't nor-
mally, in and of thenselves, cause dis-
bondi ng. However, when the DH 36 based
trimetallic went into production, re-
straint provided by a 25.4 mm (1 in)
thick HY-80 steel web conbined with

thermal stresses due to full penetration
wel ds was sufficient to initiate dis-
bondi ng.

The studies to date clearly show that
structural transition reliability can
best be inproved by inproving the provi-
sions of | -J-24445. The 38 nm (1.5 in)
DH 36 trinetallic bond was tested well
beyond exi stin(I:; provisions, yet was
found unsuitable for structurally criti-
cal ship production applications. The DH
36 trimetallic's strength was nearly
double the mininum and it was much nore
temperature resistant. It even passed
the side bend test (usually). Every
plate was tested, although M L-J-24445
only requires sanples from one plate in

ten. However, M L-J-24445 does not re-
quire notch j[ou%hness ‘testing and the DH
36 trimetallic had slightly |ower notch

toughness than the standard binetallic

product. ML-J-24445 is now undergoing

revision and many changes are a direct

result of the recommendations reference
(3) and the lessons learned fromthe DH
36 trinmetallic.

SCAST

SCAST is an acronym for Structurally

Critical A umnum Steel Transition. The
Navy expressed a need for a highly reli-
able, high strength alumnum steel tran-
sition joint with a higher strength
steel substrate for a structurally
critical location. The product was in-

tended to join the CG 47 class sheer
strake to the forward side of the super-
structure. Wiile the DH 36 trinetallic
product discussed earlier net the target
of inproving tensile strength and ther-
mal degradation resistance, initial pro-
duction clearly showed that notch tough-
ness was inportant.

I mproved notch toughness became an ad-
ditional goal for development. The ini-
tial fabrications showed that weld
shrinkage stresses were sufficient to
initiate a disbond, ﬁrobably at a local-
Iy weak area. Once the disbond began, it
easily progressed through the brittle
TlI/steel bond until the shrinkage stres-
ses were relieved. Thus the DH 36 trine-
tallic was not suitable as a Structur-
ally Critical Alumnum Steel Transition.

The principal manufacturer of the
trimetallic product produced an experi-

nmental quadnetallic Product to solve the
notch toughness problem The goal was to
devel op an al uminum steel transition

| east twice the strength,

joint with at
resistance, and twce the

I mproved heat



notch toughness of the bimetallic prod-
uct. The principal difference between
their SCAST and the trimetallic is the
addition of a copper nickel (CUNI) Iay-
er between the higher strength steel
and the titanium The exact formulation
and the special EXW processing are re-
garded as proprietary by the nmanufac-
turer.

As M L-J-24445 did not address a need
for bond notch toughness, three tests
were used to quantify the relative
notch toughness of different naterial
conpositions. The goal was to develop a
SCAST product that would have at |east
twice the notch toughness of conven-
tional binetallic products, regardless
of which test nmethod was used. The fi-
nal SCAST formulation nmeets this goal.
The sinplest test consisted of cutting
a notch into both ends of the welded
tensile sanples. The notch geometry was
the same as that for a dynanmic tear
speci nen, ASTM E-604. Also, notched
speci nens were prepared in accordance
wth ASTM E-23-82 with notches placed
at binetallic AL/steel bond and quad-
metallic steel/CUNI, CUNI/TI and TI/AL
bond surfaces. Finally, dynamc tear
(DT) specimens were prepared with
notches at the CUNI/TI bond, which was
found to be the |ower energy bond by
earlier 1ZOD tests.

The notched tensile test showed that
the strength advantage of the trinme-
tallic and initial quadnetallic prod-
ucts relative to the standard binetal -
lic product did not remain after notch-
ing. In the notched tensile test, bime-
tallic bond strength dropped from about
82.7 MPa (12 KSI) for unnotched speci-
mens to about 41.4 MPa (6 KSI) for spe-
cimens notched at the bond. Quadnetal -
lit tensile bond strength dropped from
about 172 MPa (25 KSI) to about 41.4
MPa (6 KSI) for the early product. Af-
ter these tests, the quadnetallic nate-
rial formulation was slightly changed
to further inmprove notch toughness,
resulting in SCAST-2 which had a
notched tensile strength of 103 MPa (15
KSI). After nore testing, the EXN manu-
facturing process was again nodified to
further Inmprove notch toughness, re-
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sulting in SCAST-3. As the desired
notched tensile stress for SCAST should
be at least twice that of bimetallic, it
appears that the third generation quad-
nmetallic meets this goal.

The 1ZOD testing showed that the ener-
]qy absorption of quadmetallics was vast-

y better than binmetallic. Bimetallic
sampl es absorbed, on the average, about
12.2 Nm (9 foot-pounds). |nproved quad-
nmetal lic SCAST samples, on the average,
absorbed about 59.6 Nm (44 foot-pounds).
The later test results may not be valid
because SCAST |ZOD specimens woul d not
fail at the bond. Even with the notch at
the bond, there was no disbonding at
all. Instead, the specinens plastically
bent in the 1100 alum num Thus, what
was really measured was the energy ab-
sorbed in plastic deformation of the
alum num not the energy absorbed in
di sbondi ng. Numerically, the quadnetal-
lit SCAST surpassed the goal of absorb-
ing twice the energy of binetallic
bonds.

The dynamic tear (DT) testing also
showed that the energy absorption of the
i mproved quadmetal lic SCAST was signifi-
cantly better than binetallic. Binetal-
lic DT sanples absorbed, on the average,
about 65.1 Nm (48 foot-pounds). |nproved
quadnetal lic DT sanmples, on the average,
absorbed about 228 Nm (168 foot-pounds).
The inproved quadnetal lic SCAST-3 sur-
passed the goal of twice as much energy
absorption as binetallic.. As disbonding
occurred in both types of product speci-
mens, this test is believed to be a nore
representative nmeasure of notch tough-
ness of the bonds. MI-J-24445 is cur-
rently being revised to incorporate dy-
namic tear testing. There will be fur-
ther product testing before nunerical
val ues can be incorporated into the re-
vi si on.

Cost Consi derati ons

I mproved SCAST transition joint mate-
rial costs about 10% more than conven-
tional bimetallic material in plate
form The increased material cost for
the SCAST naterial pronpted a study of
ways to reduce the cost. This cost in-
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Figure 3. Recommended butt joints in transition strips
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crease is offset by inproved safety
margin (reliability) and by using nar-
rower strips due to the higher tensile
strength of the trinetallic. The im
proved resistance to thermal degrada-
tion of SCAST and trimetallic materials
permts high speed, |ow cost plasma
cutting versus the high cost nechanical
cutting used for heat sensitive conven-
tional binetallic strips. That inproved
thermal degradation resistance also
permts production savings when high
deposition rate spray GVAW and FCAW
processes are used to install the
strips (versus lower heat pulsed GVAW.
Overall, the SCAST product can actually
cost less than the standard binetallic.

CONCLUSI ONS

An (ABS DH 36? steel -titani umal um -
num expl osion wel ded transition joint
was found to be highly susceptible to
di sbonding in a production environnent.
Laboratory testing showed the bond was
more resistant to thermal degradation
and had much higher strength that bime-
tallic joints. Examination of disbonded
wel dments showed disbond initiation and
growth in the titaniumto steel bond
surface. A simlar but thinner trime-
tallic with ordinary strength steel has
not experienced any disbonds. It was
concluded that, because strength and
surface hardness are related, the DH 36
trimetallic may have a nore brittle
bond. Research then began to develop a
product preserving the-advantages of
the DH 36 trinetallic (high bond
strength, inproved temperature resis-
tance) but with inproved notch tough-
ness. The research successfully pro-
duced Structurally Critical Al umnum
Steel Transition (SCAST) joints. Com
pared to conventional binetallic bond
joints, SCAST inproves the bond
strenath from 82.7 MPa (12 KSI) to 172
MPa (25 KSI), inproves tenperature re-
sistance from 315 C (600 F) to 515 C
(950 F) and inproves dynami c tear notch
toughness from 65.1 Nm (48 Ft-Lbs) to
228 Nm (168 Ft-Lbs).

~In conclusion, SCAST transition
joints fgreatly improve the reliability

while offering potentially |ower over-
all costs.
RECOMVENDATI ONS
M L-J- 24445
Naval Sea Systenms Command (NAVSEA) is

currently in the process of revising
M L-J-24445 to add a new grade of mate-
rial (SCAST) which would require notch
toughness testing, higher bond
strength, and higher heat soak before
testing. Other changes planned will
require chisel testing for all grade
products and a revised sanpling plan
with testin% near the EXW initiation
point and the farthest corner.
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Desi gn

A conscientious designer will want to
use the best materials within cost con-
straints. The conventional binetallic

joint developed in the 1960's denon-
strates lower strength, is much nore
sensitive to heat, and now is nuch nore
"brittle" (low notch toughness) than the
newest SCAST products. Clearly, SCAST is
a better material by every engineering
measurenent. |f the designer is free to
choose mninmum widths, and if high speed
plasma cutting processes is an accept-
able alternative, SCAST designs will
actually be a lower cost alternative to
bimetallic. Even if the width cannot be
reduced and plasma cut edges are not
acceptable, the increased reliability
may justify the slight increase in pur-
chase cost for saw cut strips.

There are sone design suggestions from
reference (3) which should be repeated
here. The standard rule of thunb is to
use strip widths of 4 times alum num
late thickness. However, statistical
now edge of actual strengths of welded
transition joint and structural plating
shoul d be considered in establishing
design guidelines. If a 1% disbond rate
is considered acceptable, the reconmen-
dation based on data reported in refer-
ence (3) would be to provide bimetallic
strip wdths of 4.24 times the thickness
of the aluninum plating. M ninmum widths
of the SCAST material would be on the
order of 3 to 1. These recomendations
may be nodified to take into account the
width of weld fillets and needed reli-
ability at strip butts where notches nay
exi st.

The designer should always specify a
partial penetration butt design (as
shown in figure 3) and should give pref-
erence to designs which mnimze the
nunber and proximty of butt welds.
figure 4 for some ideas.

See

Pr oducti on

The Feak bond joint tenperature of
binetallic transition joints is limted
to 315 C (600 F) by the manufacturers.
This linmits the processes which can be
used for welding. It also requires cool
down tine between weld passes to reduce
interpass. SCAST is not nearly as tem
perature sensitive. Tensile tests show

no significant degradation at signifi-
cantly higher tenperatures. Future re-
search will determne the acceptable

peak and interpass tenperatures based on
tensile and dynamic tear testing after
exposure to various high tenperatures.

en plasnma cutting, the highest fea-
sible travel speed should be used and
the conposite plate should be submerged.
Periodic tensile and bend testing of
plasma cut strips would be a wise pre-
caution. Such sanples should be cut near
the explosion weld initiation point, if
that is known.
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SUMMARY conventional binmetallic alumnum steel
transition, SCAST has twice the tensile
Some alunminum to steel binmetallic strength, twice the notched tensile
transition joints were dishonding in strength, four times the dynamc tear
shi ps under construction and, to a |es- notch toughness, and extends heat deg-
ser extent, in the fleet. This was un- radation resistance from 315 C (600
usual because the strips were designed to nearly 538 C (1000 F). ML-J-24445 is
to be stronger than the alumnum plat- being revised to incorporate |essons
ing attached. Studies were made to de- | earned during the study reported in
termne the causes and reconmend cor- this paper.
rective measures. Several possible
causes were found, some elimnated, and REFERENCES
preventative measures instituted. The
nost significant inprovenents were in 1. "Explosion-Bonded Metals for Marine
design and naterials. During the course Structural Applications" by Charles R
of the study, a new trinmetallic (alum- McKenney and John G Banker, Marine
numtitaniumsteel) transition joint Technol ogy, July 1971, pages 285-292.
was certified to ML-J-24445 and intro- Avai l abl e from Explosive Fabricators
duced into production. The trimetallic Inc, 1301 Courtesy Rd, Louisville CO
desi gn provides higher strength and 80027.
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