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ABSTRACT

This is the final report of a four-vear research program entitled
"Development of Joining and Cutting Techniques for Deep-Sea Applicarions”.
The objective of this research program from July 1, 1976 through
June 30, 1980 was (1) to generate basic information pertinent to joining
and cutting techiques for deep-sea applications and (2) to develop somc
prototype tools suitable feor underwater jeining and cutting for deep-sca
applications. The program covered the following tasks:

Task 1: Evaluation of various joining and cutting technigques for
deep-sea applications

Task 2: Construction of a pressure tank (using matching funds)

Task 3: Experiments on arc welding and cutting under simulated
deep-sea conditions

Task 4: Continued experiments on arc welding and cutting in deep-
sea conditions

Task 5: Design of prototype tools for underwater welding and cutting
in deep-sea conditions

Task 6: Test of prototype units under simulated deep-sea conditions

Task 7: Operational characterization of deep-sea construction and
repair

Task 8: Preparation of a fimal report.

The work was performed primarily by a group of graduate students at the
Department of Ocean Engineering of M.I.T. as their theses studies under
the supervision of Professor Koichi Masubuchi., Since all of these
students left M.I.T. this final report is written by Professor Masubuchi
who is shown as the sole author of this report,

The cbjective of Task 1 was to evaluate potential uses of various
joining and cutting techniques for deep-sea applicatiomns. Factors which
were considered in the evaluatlon include (1) the need for metals joining
in the deep-sea, (2) the dependency of potential processes on diving
system capability and cost, as well as (3} technical problems inherent
to various joining processes when they are used in deep-sea. The results
are presented in Chapter 3.

Under Task 2 a pressure tank for welding experiment was built. The
tank, 6 feet long and 30 inches in diameter, can be pressurized up to
300psig simulating the water depth of 700 feer. In making a welded
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sample, the sample is placed in the tank, the door is closed, and the
tank is pressurized. Welding is performed completely automatically by
merely pressing an appropriate button. When underwater welding 1s
necessary, specimens to be welded are immersed in water contained in a
pan which is placed in the tank.

The objective of Task 3 was to study effects of water pressure on
arc welding characteristics and properties of welds. It was demonstrated
that the deep-sea underwater simulation facility built under Task 2 works
satisfactorily. Welds were made using gas metal-arc and flux-shielded
arc processes in dry and wet conditions at pressures up to 300psig which
corresponds to 700 feet deep water,

Efforts under Tasks 4 through 7 were made on two joining processes -
stud welding and flux-shielded arc welding. Efforts were made to develop
integrated and automated welding systems which can be activated by merely
pressing a button or which can be remotely activated from a support ship.
Since the stud welding is a simple, fully-automated process it was
possible to demonstrate that it can be successfully used underwater under
pressure. We believe that the best way is to design a water floodable
stud welding gun. Some efforts have been made to develop a water flood-
able stud welding gun.

Efforts also have been made to develop an integrated, fully automated
welding machine using the flux-shielded process. A conceptual design of
an automatic underwater welding machine which could be used in deep-sea
has been developed. A simple automatic welding machine which can be
operated by merely pushing a button has been constructed and tested.
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CHAPTER 1

INTRODUCTION

A four-year research program, "Development of Joining and Cutting
Techniques for Deep—-Sea Applications", was conducted at the Massachusetts
Institute of Technology from July 1, 1976 through June 30, 1980. The
objectives of this research program were (1) to generate basic informa-
tion pertinent to joining and cutting techniques for deep-sea applications
and {(2) to develop some prototype tools suitable for underwater joining
and cutting for deep-sea applications. This is the final report of the

four-year program.

1.1 M.I.T.'s Research Efforts on Underwater Welding

Since the modest beginning which started in 1968 M.I.T. researchers
under the direction of Professor Koichi Masubuchi have conducted systema-
tic research on underwater welding. So far eighteen theses for B.S.,
M.5., Ocean Engineer and Ph.D. degrees have been prepared. These theses which
are listed in Section A of REFERENCES as [T1] through [T18], were prepared
while this research program was conducted from July 1976 through June 1980.
A number of reports and papers have been published and two U.S. patents
have been granted. Names of authors and titles of important publications
and patents are listed in Section B of REFERENCES as [P1] through [P19]

*
in the order of their dates of publication. Details of the two patents
are included in APPENDIX A.

M.I.T.'s active involvement in research on underwater welding and

cutting began in 1968 when Professor Koichi Masubuchi, an expert on

welding fabrication, joined the faculty. TIn 1970 Professor Masubuchi

% Section C of REFERENCES lists references which are not related to the
M.I.T. studies. They are listed as [Cl]}, [C21, [C3] ......, in the
sequence as they are referred to in this report.



published a book entitled Materials for Ocean Engineering which contained

as its appendix a state-of-the-art report on underwater welding and
cutting [P1]. This textbook was prepared under a grant from the National
Sea Grant Office. During the 1970/71 academic year two thesis on under-
water welding were prepared [T1,T2,P3]. A research program on underwater
thermit welding was conducted for the Office of the Navy Supervisor of
Diving, Salvaging, and Ocean Engineering [P2]. Anderssen continued this
study during the 1971/72 academic vear and wrote a thesis on under-

water exothermic welding [T3, P4].

A series of research programs supported by the Office of Sea Grant,
NOAA started in July 1971 as shown in Figure 1-1. The first three-year
program on ''Fundamental Research on Underwater Welding and Cutting' was
conducted during the period from July 1, 1971 through June 30, 1974,

The program covered the following phases:

Phase 1: A survey of fundamental information on underwater welding

and cutting
Phase 2: A survey of heat flow during underwater welding

Phase 3: A study of the mechanisms of metal transfer in underwater

welding

Phase 4: A study of the effects of water eavironments on metallurg-

1cal structures and properties of welds
Phase 5: The development of improved underwater welding methods.
A final report was issued in September 1974 [P7].

The second Sea Grant supported program entitled "Development of
New, Improved Techniques for Underwater Welding" was initiated in
July 1974. It was hoped that with the understanding of the basic mechan-
ism of underwater welding gained from the earlier program the techniques
could be further improved. This program was originally conducted at the
M.I.T. laboratory, but in the summer of 1976 a series of underwater
welding experiments were conducted under actual diving conditions in the

"
Baltic Sea near Travemunde, the Federal Republic of Germany. The Baltic
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Sea welding experiment was conducted as a part of the U.S.-German cooper-
ative effort supperted jointly by the Manned Undersea Science and
Technology (MUST) Office of NOAA and the Gesselschaft fur
Kernenergieverwertung in Schifflau und Schiffahvst (GKSS) mbH, Thus the
original two-year program was extended for six months until December 1976,

This program covered the following phases:

Phase 1: The development of the conceptual designs of several new,
improved underwater welding and cutting techniques
A. The possible uses of various welding and cutting
techniques

B. The improvement of arc¢ welding processes

Phase 2: Further study of one or several of the most promising

techniques
Phase 3: Further tests and improvement of tools and/or machines

Phase 4: A study of a total operation systems for underwater

welding and cutting

Phase 5: Experiments under the Baltic Sea, as a part of the MUST
preogram, to evaluate several underwater welding processes
including shielded metal arc and flux-shielded arc welding

pProcesses.
A final report of this research program was issued in April 1977 [P13].

The third Sea Grant supported program entitled "Development of
Joining and Cutting Techniques for Deep-Sea Applications’ was initiated
in July 1976. The original three-year program was extended for another

year. This report is a final report of the four-year research program.

The fourth Sea Grant supported program entitled "Development of
Fully Automated and TIntegrated ("Instamatic") Welding Systems for Marine
Applications" was initiated in July 1980. The objective of this two-vear
program is to develop fully automated and integrated welding systems,

which may be called "instamatic" welding systems, for various marine



applications. These systems, which will be developed through careful
engineering, will be aBle to perform certain prescribed welding jobs by
a person with no welding skill. In many cases welding will be performed
in a completely enclosed system so that ne spark and very little fume
will be generated from the welding system. These welding systems can
be successfully used for various applications, some of which are listed

as follows:

(1) Certain repair jobs on board a ship and salvaging jobs which

must be performed when no skilled welder is available

(2) Certain welding jobs which must be performed in a compartment

where sparks from the welding may cause fire or explosion

(3) Certain welding jobs which must be performed in hazardeous
environment making it difficult or dimpossible for them to be

performed by human welders

As is discussed in later parts of this report, the current research
effort on instamatic welding systems 1¢ a natural extension of the
research on deep-sea underwater welding which is covered in this report.
In fact, some of the instamatic welding systems can be used with some

modifications for underwater applications.

1.2 Growth of the Ocean-Related Industries and Their Interest in
lnderwater Welding and Cutting

During the last 20 yvears offshore o0il drilling and other ocean-
related industries have grown tremendously and they are expected to
have continued growth in the future. As the number of ocean engineering
structures has increased, there has been a considerable increase in the
interest in techneclogies related to underwater construction, inspection

and repair.

Figure 1-1 shows changes of the size of the world fleet of offshore

oil drilling rigs since 1960 [Cl]. 1In 1962 there were only 62 offshore



0il drilling rigs in the world, but the number increased to 470 in
1978. The figure élearly shows the increase of the production of off-
shore oil drilling rigs since the oil embargo by the OPEC nations in
1973. Until 1973, the vearly production in the world of offshore oil
drilling rigs can be clagsified into several types including jack-up
type, semi-submersible type, ship/barge type and submersible type as

shown in Figure 1-2.

Figure 1-3 shows areas where these offshore oil drilling rigs were
used in 1977 [C1l]. The United States, primarily the Gulf of Mexico
and Alaska, and the North Sea represent major areas where these rigs

operated.

Although most of the actual offshore o0il production comes from
waters less than 400 feet deep, exploratory drilling has been conducted
in water depths greater than 3,000 feet as shown in Figure 1-4 [T16,CZ2].
It is now estimated that the area from the shore to a water depth of 200
meters (660 feet) probably contains freom 55 to 70% of the potential
reserves of offshore petroleum and the area between 200 meters to 2,500
meters (8,200 feet) water depth from 20 to 35% [T16,C3]. From this
estimate, it is clear that drilling and production will go intc deeper
and deeper waters as the development of offshore oil fields expands.
This will be achieved by a higher level of technical advance in drilling
and production systems and the development of related offshore and

underwater structures [T16].

Although offshore o0il drilling rigs represent major ocean engineering
structures in operation today, many other structures for various appli-
cations are being built or considered. They include structures for
ocean bottom mining, ocean exploration, ocean energy conversion, salvaging
etc. As the number of ocean engineering structures increases there is
an increased demand for underwater construction, inspection and repair
of these structures. Some construction works need to be performed on
site underwater. For example, some very large structures may need to be

joined underwater. Some ocean structures which are very difficult or
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impossible to move to dry docks must be inspected and repaired on site.

It is interesting to note that there is a two-way relatiomship
between the demand for new and improved technologies and their potential
uses. The new and/or increased demand causes improvement of existing
technologles and even development of new technologies. At the same time
new and/or improved technologies create increased or even new markets
for these new and/or improved technologies. For example, underwater
inspection and repair technologies, including welding and cutting tech-
nologies, have been improved considerably during the last several years
due largely to the demand for inspection and repair of offshore structures.
Now people are considering using these technolopies for some imspection
and repair jobs of ships while they are afloat instead of putting them in

dry docks.

1.3 Development of Underwater Welding Technology

Underwater welding, as the name implies, is "welding produced under-
water'. Difficulties associated with underwater welding have been ex—
perienced since the early 1900's [P12]. Underwater welds are plagued
by a rapid quenching effect from surrounding water and a susceptibility
to hydrogen embrittlement. Underwater welds tend to have less ductility
compared to similar welds made in air. Actual welding operations must
be performed in a hazardous environment with limited visibility and
mobility. Therefore, applications of underwater welding have been limited,

until recently, to temporary repairs or salvaging operationms.

To meet the increased demand for the construction and repair of
offshore 0il drilling rigs and other structures the techmology of under-
water welding has advanced significantly during the last decade and its
applications have increased considerably. The needs for underwater

welding may be classified into the following categories [P13]:

Category 1: [Underwater construction and repair of some critical

structures Including pipelines
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Category 2: Permanent repair of underwater structures including

offshore oil drilling rigs

Category 3: Emergency repairs of structures including the rescue

and salvage of sunken ships

Underwater welding is also used for repairs of some nuclear reactor com-
ponents which are immersed in water. However, this subject is considered

to be outside the scope of this report.

Underwater constructionm and repair in Category 1 require high
quality welds comparable to those made in air and the expensive dry
chamber system may still be the answer. Permanent repairs (Category 2)
can be done using a reliable wet shielded metal arc process or, if
better quality is needed, an arc welding process using a movable dry
chamber. Emergency repairs (Category 3) can be made by various processes
including the wet shielded metal arc process which is currently most

widely used at least in shallow sea applications,

Of fshore platforms have traditionally been fabricated on land,
towed to the site, and submerged into place, a procedﬁre that is risky
and that severely limits the size and geometric complexity of the
structure. If the appropriate underwater techniques become available,
sub-assemblies of convenient size and shape could be prefabricated on

shore and assembled at the site.

The conventional methods of laying offshore pipelines have become
increasingly expensive as the distance from the shore, the water depth,
or the pipe diameter increases. The appropriate underwater techniques

could bring down these costs.

Dry-dock time is expensive and ghip repairs could be done for much
less cost if the appropriate underwater techniques become available and

if “code-quality" welds could be made underwater.

Current underwater welding technology can produce "code-quality"

welds when a dry chamber system is used. But the large pressurized air,
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or inert gas, chambers used to exclude water from the work area require
extremely high operatiohal cost which can not be afforded for many appli-
cations. But the economically affordable wet process produces welds

of an inferior quality. A critical issue is how much weld quality can be
achieved with how much cost. Many research and development efforts bave
been made, and are still being made, to develop techniques of joining
metals underwater which can produce welds of high quality at reasonable
costs, The ocean—~oriented industries have indicated their overwhelming

interest in the development of the underwater welding technology.

One clear indication of this interest is the recent surge of publi-
cations on underwater welding. The M.I.T. Sea Grant report published
in 1977 [P17] includes in its appendix a bibliography of underwater
welding literature published in the world since 1930. TFigure 1-5 shows
the numer of articles on underwater welding published each vear since
1930. The figure clearly shows sudden increases in papers on underwater
welding since around 1960. Although no special effort was made during
this research program to survey articles on underwater welding published
during the last few years, it is believed that the number of articles

on underwater welding is still increasing,

As an indicator to show how the industry and professional societies
have become increasingly interested in underwater welding it may be worth
mentioning the following activities. In 1974 the American Welding Scociety
established the D3b Subcommittee on Underwater Welding of which the major
task is to develop the first specifications on underwater welding [C4].

Tn 1977 the International Institute of Welding formed the Select Committee
on Underwater Welding. One of their objectives is to develop standards
on underwater welding which may be adopted by welding societies in wvarious
countries., TIn April 1979 the Department of the Navy, Naval Sea Systems

Command issued a revised technical manual on underwater cutting and weld-
ing [C51.

In 1976 a final report on Underwater Electrical Safety Practices was

published by the Marine Board of the National Research Council [C6].
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The major subject covered in this report is the safety of welders from

electrical hazards during underwater welding.

@)

[, 0]

@ 30

[TT)

(& ]

<

[

Ll

X

1))

O 20

n

=

o

@ isf-

-

Q

i

< 101

w.

o

14

w 5

¢o]

=

|

< 0 * I | |

1930 1940 1950 1960 1970 1980
YEAR

FIGURE 1-5 Articles on underwater welding
published since 1930.[P12]



-13-

CHAPTER 2

SCHEDULE. AND RESEARCH PERFORMANCE

The research program, which was carried out from July 1, 1676

through June 30, 1980, covered the following tasks:

Task 1: Evaluation of various joining and cutting techniques for

deep—-sea applications
Task 2: Construction of a pressure tank (using matching funds)

Task 3: Experiments on arc welding and cutting under simulated

deep-sea conditions

Task 4: Continued experiments on arc welding and cutting in deep-

sea conditions

Task 5: Design of prototype tools for underwater welding and cutting

in deep-sea conditions
Task 6: Test of prototype units under simulated deep-sea conditions

Task 7: Operational characterization of deep-sea construction

and repair
Task 8: Preparation of a final report.

Tasks 1 and 2 were carried out during the first yvear (July 1976 -

June 1977). Tasks 3, 4, 5, and an initial work of Task 6 were conducted
during the second vear through June 1978, Efforts during the third year
involved Task 6. Efforte during the fourth vear involved the remaining

work of Task 6, as well as Tasks 7 and 8.

Figure 2-1 is a flow chart of the research efforts. First, efforts
were made to evaluate the suitability of warious joining and cutting
techniques for deep-sea applications (Task 1). A pressure tank for con-

ducting welding experiments was designed and constructed (Task 2). Some
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experiments were then made on arc welding under simulated deep-sea con-
ditions (Task 3). By that time M.I.T. researchers decided that further
development efforts be made primarily on two joining processes — stud
welding and flux-shielded arc welding. Consequently, discussions on
Tasks 4 through 7 in this report are presented on the two joining
processes. Throughout this research program major efforts were made on

joining processes and only minor efforts were made on cutting processes.

Task 1: Evaluation of various joining and
cutting techniques for deep-sea applications

Task 2: Construction of a pressure tank

|

Task 3: Experiments on arc welding and cutting
under simulated deep-sea conditions

Tasks 4-7: Development Tasks 4-7: Development
and testing of stud and testing of flux-
welding systems shielded welding systems

FIGURE 2-1 Tasks performed in this research program
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The research was done primarily by M.I.T. students, most of whom
were graduate students studying toward master’s, engineer's, and doctor's
degrees., In fact, most of the efforts were made as theses studies by
the students under the supervision of Professor Koichi Masubuchi.

Lt. Arnold P. Moore prepared a thesis entitled '"Metals Joining in Deep
Ocean" in June 1975. His work was an important initial effort of Task 1.
During the period from July 1, 1976 through June 30, 1980 the following

graduate students prepared theses on underwater welding and cutting:

Mr. Jun-ichi Chiba
Dr. Chon Liang Tsai
Mr. Subodh Prasad

Lt. David P. Erickson
Mr., Osamu Iimura

Lt. Teshioki Kataocka
Mr. Joseph Lombardi.

Titles of theses prepared by these students are listed in Section B of

REFERENCES as [T12] through [T18].

Two undergraduate students, Mr. Peter . Schechter and Mr. Roy Y.

Nakagawa also worked on this research program.

Several M,I.T. staff members alsc provided valuable contributions.
They include Mr. Anthony J. Zona, Technical instructer, and Dr. Hiromori
Ozaki who was a visitipng research associate through December 1977 from

Kawasaki Heavy Industries, Kobe, Japan.
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CHAPTER 3

EVALUATTON OF VARIOUS JOINING AND CUTTING
TECHNIQUES FOR DEEP-SEA APPLICATIONS (TASK 1)

3.1 Introductory Remarks

The objective of Task 1 was to evaluate potential uses of various
joining and cutting techniques for deep~sea applications. TFactors which
were considered in the evaluation include (1) the need for metals joining
in the deep sea, (2) the dependency of potential processes on diving
system capability and cost, as well as (3) technical problems inherent

to various joining processes when they are used in deep sea.

The primary reason of conducting Task 1 was to evaluate various
joining and cutting processes before launching major development efforts
on selected processes in later stages of the research program. Task 1
was not intended te be an in-depth study of all joining and cutting
processes which may be used for deep-sea comnstruction and repair, nor was
it intended to be a complete survey of literature. Since it was certain
that our major development efforts in later stages would be on welding
processes, the emphasis of Task 1 was placed on welding processes. Only

limited efforts were made to survey cutting processes.

Moore [T7] studied needs, diving systems and pressure related tech-
nical problems of deep ocean metals joining technology. Chapter 4
"Depth~Related Technical Problems" of Moore's thesis is included in this
report as APPENDIX B. Task 1 efforts were continued and expanded by other
students and theivr findings were presented in their theses, For example,
Iimura [T16] studied various welding and cutting processes as well as

concrete fabrication. Kataocka [T17] studied underwater stud welding for

deep-sea applications.

Figure 3-1 illustrates the interaction of factors important in the
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development of a new joining process for the deep ocean [T7]. First, a
nead must exist which cén be met fully or partially by the employment of
some metals joining process. Next, the process most suitable for

meeting the requirement must be identified and technical problems asso-
ciated with working at the intended depth must be solved. At the same
time, a diving system must be selected which is capable of delivering

and employing the joining process. In a complete underwater repair or
fabrication system, additional elements may also be selected and worked
into the design. After the individual elements have been integrated

into a workable overall system, economic feasibility must be demonstrated.
The feedback loop from operational system to need indicates that the
development of a workable system which non-previously existed often leads

to the identification of other similar needs.

METAL JOINING NEED

T TN

TECHNICAL SELECTION OF

DEVELOPMENT COMPATIBLE

OF PROCESS DIVING SYSTEM
A WORKABLE SYSTEM

!

ECONOMICALLY FEASIBLE

!

OPERATIONAL SYSTEM

FIGURE 3-1 Development of a deep ocean joining system
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3,2 Needs for Jeining in Deep-Sea

The primary economic impetus to extend the metals joining technology
deeper into the ocean is coming from the offshore petreleum industry
[T7, P10]. During the last 20 years offshore 0il drilling and other
ocean related industries have grown tremendously and they are expected to
grow further in the future, as discussed in 1.2 (see Figure 1-2). There

ig a clear trend for obtaining oil from deeper waters.

Although most of the actual offshore oil production today comes from
waters less than 400 feet deep, exploratory drilling has been conducted
in water depths greater than 3,000 feet as shown in Figure 1-4 [T16].
Fixed production platforms, already in use in waters of 400 feet, are
being planned for waters up te 1,000 feet [T7]. Subsea production systems
are presently being developed to produce in waters of 2,000 to 3,000 feet
and underwater pipelines have been conducted at 430 feet and are being

planned for much deeper waters.

There is a strong need for inspecting and repairing these offshore
structures on site. Most of these structures are huge and can not be
moved to drydocks for inspection and repair., As the number of offshore
structures increases, the need for inspecting and repairing these struc-

tures increases.

There is also a need for underwater comstruction of new structures.
At present offshore structures are fabricated on land, towed to the site
and installed there. Some construction works need to be performed on site
underwater. For example, some very large structures need to be joined
underwater. Today pipelines are welded on a barge and they are laid under-
water. However, barge laying techniques may not be feasible for the
construction of large diameter pipelines in very deep water, and under-
water fabrication methods are needed. Although this research program
covers primarily underwater joining of metals, underwater construction
of concrete also is an important subject in underwater construction in
deep-sea. A survey on this subject was conducted by Timura in his thesis

study [Ti16].
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Another unique need for deep-sea joining is related to salvaging.
There is always 3 need for developing tools which can be used for sal-
vaging objects, such as ships and submarines, sunken in deep-sea. These

tools may be used by divers but they may also be used by deep submersibles.

There may be various other needs for developing techniques for join-

ing in deep-sea.

3.3 Various Underwater Welding Process and Their Potential Uses in
Deep-Sea

Although recent studies cover various joining processes, arc welding

processes are most widely used for underwater applications. They include
shielded metal arc (SMA), gas metal arc (GMA), and gas tungsten arc (GTA)
processes. Underwater welding processes which are currently in use may

be classified into five groups as shown in Table 3-1 depending upon the
environment in which welding takes place. Dry chambers processes are
capable of producing high quality welds, but they are very expensive
especially when they are used in deep waters. Wet welding processes,
especially wet manual SMA process are simple, less expensive and versatile;
however,weld quality is rather poor and their applications are limited

to repairs.

Investipgators have studied underwater uses of varicus joining pro-
cegsses other than arc welding processes. Processes which have been

studied for underwater applications include friction welding, stud welding,

thermit welding, etc.

Some of the welding processes shown in Table 3-1 have already been
used in deep-sea, although there is no clear definition of the depth
which separates deep-sea from shallow=-sea. Wet manual SMA welding done
by a diver/welder is a simple, versatile process which can be performed
under any conditions as long as the diver/welder can perform welding
operations successfully. A major limitation of using the wet manual SMA
process comes from diving systems, as will be discussed in 3.4. When

a conventional diving system is used, it would be difficult to successfully
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perform welding operations beyond 200 feet deep. By use of a saturation
diving system, it is possible to perform wet SMA welding in deep-sea,
perhaps up to 1,000 feet or even more, In a simulated test condition
oxygen cutting and wet welding have been conducted at depths up to

1,100 feet and welds have been made at depths in excess of 1,200 feet([C7].

TABLE 3-1 C(Classification of underwater welding processes
currently in use [P8, C4, C7]

A. Dry Chamber Processes. Welding takes place in an dry environment.

1. One-Atmospheric Welding. Welding is performed in a pressure

vessel Iin which the pressure is reduced to approximately one

atmosphere independent of depth.

2. Hyperbaric Dry Habitat Welding. Welding is performed at ambient

pressure in a large chamber from which water has been displaced.

The welder/diver does not work in diving equipment.

3. Hyperbaric Dry Mini-Habitat Welding. Welding is performed in a

simple open-bottom dry chamber which accomodates the head and

shoulders of the welder/diver in full diving equipment.

B. Portable Dry Spot Process, Only a small area 1s evacuated and welding

takes place in the dry spot.

C. Wet Process. Welding is performed in water with no speclal device
creating a dry spot for welding. In manual wet welding the welder/

diver is normally in water.

Dry chamber processes can be used in deep-sea. For example, the one-
atmosphere welding can be performed at any depth as long as a necessary
diving system is developed. Hyperbaric dry chamber processes also can be
used in deep-sea. Weld qualitv is believed to be reasonably good, because

welds are made in dry environment. However, the cost becomes extremely
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high due largely to the high cost of using dry chambers in deep~sea.

Dry chamber processes have been successfully used for various jobs ia-
¢luding repairs of underwater pipelines and offshore structures; however,
much of the information on actual jobs is kept as a commercial secret.
Presented here are two published examples of applications of dry chamber

arc welding processes in deep waters:

(1) A paper published in the Welding Journal states that Taylor
Diving and Salvage Company conducted dry habitat welding in
the open sea at a depth in excess of 1,000 feet [C7].

(2) During February 1978, 40 miles north of Stavanger, Norway,
teams of welders and submersible pilots successfully completed
a three year, deep-water welding study [C8]. The best, part
of project Weld-ap, - was conducted in 300-m (1,000 feet) water
depths to demonstrate the feasibility of welding at great depths
under atmospheric pressure. It was initiated to solve the
problems caused by welder and arc being subjected to high
Pressures. As a solution a system composed of a welding
chamber, a support module, and a personnel transfer module has

been developed.

Joining techniques which may prove useful in establishing attachment
points during salvage operations include the velocity power tool, explo-
sive welding, exothermic welding, brazing, and stud welding. Only the

velocity power tool has completed development and is fully operational.

There are basically two factors which limit the use of a certain

joining process for deep-sea applications as follows:
(1) Diving system limitations and costs
(2) Depth related technical problems

These subjects are discussed in the following portions of this report.
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3.4 Diving System Limitations [T7,P10]

Underwater joining techniques are highly dependent on the diving
systems with which they are used. ZEven in shallow water, poor visibility,
a lack of stability and extreme cold may hamper welder performance. As
welding depths increase, even stricter constraints are imposed. Unless
expensive saturation techniques are employed, allowable diver working
time deecreases drastically as depth increases. Even saturation diving
techniques are not practical beyond certain depths and submersibles or

remotely controlled work vehicles must be used.

Unfortunately, the arc welding processes now being employed in
shallow water require a high degree of manipulative ability which can only
be afforded by a skilled welder in direct contact with the workpiece. In
order to achieve this contact, the welder must be subjected to ambient
pressure or the work must be enclosed in an isobaric chamber. Since the
second alternative is practical only in certain cases, present construc-
tion and repair techniques, with the exception of mechanical joining de-
vices, are essentially limited to depths that the human body can withstand.
At the present time, practical diving limits are equivalent to about 1,000
feet of water, but they may be extended to 2,000 feet or possibly even

deeper [C9,C1l0].

A study was made of several diving systems as they impact on the

joining of metals underwater, Diving systems of interest canm be divided

into two groups as follows:
(a) Systems with direct man-work interface
1. Conventional diving
2. Saturation diving
3. Ambient pressure chambers

4, Constant pressure chambers
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(b) Systems with remote man-work interface
5. Manned submersibles

6. Remotelyoperated work wvehicles

The first group is composed of those systems which have a direct man-work
interface, that is those in which the diver/operator can get hands on

the work, In the second group are those systems in which extra links have
been added in the form of manipulators, TV cameras or other similar de-
vices. These systems have a remote man—work Interface. Table 3-2 gives

a summary of diving system limitations. Details of the study are presented
in Moore's thesis [T7]. Brief explanations of these diving systems are

given below.

A conventional diving system is one in which a man is exposed to

ambient water pressure, but not for a period long enough that his body
tissue might become saturated with inert gas. Short mission capability

and generally shallow depths characterize conventional diving, with de-
compression required after only a few minutes of work below 100 feet.

When air is used, a safe depth limit is just under 200 feet, with a2 helium-
oxygen mixture it is less than 400 feet. At these limits, working time 1s
extremely short if massive decompression times are to be avoided. Surface
support is minimal, consisting of a breathing gas supply, a line tender, a

backup diver and a decompressiom chamber [C1l1].

The tissues of a man who has been exposed to an lnert gas under
pressure for 24 hours have taken up practically all the inert gas they can
hold at that pressure. The man is then said to be saturated at that
pressure and his decompression time is unaffected by further bottom time

at that depth. A total saturation diving system permits the diver to live

and work at pressure continuously for the entire time the job may take,
requiring only decompression when the diver leaves the system. In this
manner, a much larger percentage of the time under pressure is spent

working and a much smaller percentage is spent undergoing decompression

[C11,¢12]. Using saturation techniques divers can be kept in a living
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TABLE 3-2

Summary of Diving System Limitatiens

Diving

System

Support
Capacity

Depth
Capability

Manipulative
Ability

Risk
to Life

Flexibility

Convential
Diving

Saturation
Diving

Ambient
Pressure
Chambers

Constant
Pressure
Chambers

Manned
Submersibles

Remotely
Operated
Vehicles

6 preatest

1l least

chamber at several hundred feet and deployed to a work site for periods

up to several hours (for example, up to 3 hours at 660 feet).

Several commercial diving companies, engaged in the support of off-

shore oil production, use underwater welding chambers to provide a dry

environment at an ambient pressure for the repair of damaged sections of

undersea pipelines.

The forward and aft bulkheads of the chambers, per-

pendicular to the pipeline direction, are designed with large grooved

penetrations and the bell is lowered so as to fit these directly over the

pipe.

Below the pipeline, once it is straddled by the bell, the grooves
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are closed with watertight doors. Next, water is displaced from the
chamber by pressurized gas and divers enter from the bottom and fold down
gratings for a work platform [C11]. A helium-oxygen mixture with an oxy-
gen partial pressure of 6-8 psi has been found suitable. The welders
breathe through a mask using a separate system of gases more suitable for
sustaining 1ife. Because the chamber is extremely humid, hydrogen cannot
be removed from the chamber atmosphere and shielding gases must be used
with the welding arc shelf [Cl3]. Since welders are at ambient pressure
in these chambers, safe diving limits must be observed (for example, 540

feet in the Gulf of Mexico) [T7].

Subgea chambers maintained at a constant irntermal pressure of one

atmosphere are one solution to the problem of working on underwater pro-
ducing systems in deep water. Designed to mate with personnel transfer
capsules, these chambers can be used by work crews to complete welds and
perform on-site maintenance. Since personnel are not exposed to pressure
or other diving hazards, workmen with no diving skill can be employed.
Surface repalr techniques and welding processes can be employed with little
problem., The one atmosphere chamber is the only diving system with a
direct man-work interface which is not severely limited in depth capability.
Its primary disadvantage is that it is extremely limited in application.
Work can only be performed in wery small areas enclosed by a specially
designed work chamber which can only be mated with a custom designed trans-

fer capsule. The system is also expensive.

The word submersible, as it is used today, connotes ne precisely de-
fined vehicle. For the purpose of this study, a manned submersible is
considered any undersea vehicle capable of transporting a man or men at a
constant pressure and capable of perfeorming some degree of manipulative
work underwater. Submersibles of a variety of designs and capabilities
have been built and are used for wvarious purposes [Pl]. Submersibles can
be designed for use at various depths. Submersibles with manipulative
ability are being built for use on the abyssal plain at depths of 15,000

to 20,000 feet [C11]., Limits, as they affect joining techniques, are not
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depth-related but rather determined by the manipulative devices Incorpor-

ated into submersibles.

Remotely operated work vehicles may be used effectively underwater in
a number of situations. Manipulators can be operated from the surface as
well as from within a submersible and television cameras and sonar systems
can go a long way toward replacing man's eves underwater. Several remotely
operated maintenance systems which are intended to perform predesigned
funcrions on underwater structures are being designed. These include
Shell's Seafloor Pipeline Repair System(SPRS) and Exxon's Submerged
Production System(SPS) maintenance unit [C14,C15]. The use of remotely
controlled vessels to recover weaponry underwater is now well advanced
[C16]. Remotely operated work vehicles may not be as flexible in usual
situations as manned submersibles, but they should prove useful in a

number of tasks,

In comparing these diving systems Moore [T7] studied manipulative
ability, flexibility, support capability, risk to life as well as depth

capabllity. Only a brief discussion on support systems is presented here.

Many underwater joining processes require a source of electrical power
and some of these processes require shielding gas as well. In relatively
shallow waters, these items can be provided by cables and hoses from the
surface. As depth increases, however, these simple solutions may no longer
be feasible. Figure 3-2 shows voltage drop in power supply cables [C5].
Power losses in cables can become significant whenm very long cables are
used for welding in deep-sea. Power requirements for joining processes are
therefore much less restrictive if submersibles and remotely operated work
vehicles are used. It is alsc more practical to carry shielding gas in
cylinders on submersibles and work vehicles due to the pumping head re-

quired at extreme depthis for a hose system.

3.5 Cost-Depth Relatiomnships

The major operational cost components of any total underwater joining
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system are the expenses associated with diving. Costs incurred by the
operation of the joining process itself are normally quite small. This
is particularly true for deep water systems since diving costs increase

rapidly while process costs increase only slightly, if at all.

In many cases, selection of a diving system must be based on per-
formance consideration alone. Depth constraints and manipulative limita-
tions act to narrow the choice of diving systems considerably. However,
cost considerations will enter into the choice in a great many cases so
that a knowledge of cost—depth relationship is essential. Because of the
importance of the subject an analysis was made of the cost of diving sys-
tems. We experienced, however, considerable difficulty in obtaining data,
since most of the cost data are kept within the organization as secret.

It should be emphasized that data presented here show only general trends
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and that specific trade~offs should be based on precise data for individ-
ual systems. It should also be noted that the cost analysis was made

during the 1974/75 academic year.

Figure 3-3 presents cost relationships for depths of up to 1,000 feet
and Figure 3-4 presents similar information for depths of up to 20,000
feet. Hyperbaric chamber costs, which are not shown, are somewhat higher
than those of saturation systems operating at the same depths. OCne atmo-
sphere chamber costs were undetermined in this survey but should approxi-
mate those of manned submersibles. Ore major factor which affects the
relative position of the curve is the cost of surface support equipment.
This figure is highly variable, depending upon the particular support
vessel chosen. In interpreting these figures it must be remembered that
no attempt has been made to adjust the curves to account for the relative
efficiencies of the systems under consideration. As a result, both cost
per work hour and hours reguired to complete the job must be considered
in determining the most economical diving system for a particular job.
Supporting data and calculations are presented in the appendix of Moore's

thesis [T7].

In Figure 3-3 it can be seen that conventional surface diving tech-
niques have no real competition in shallow water, at least for tasks of
short duration. This is due to the fact that support and capital cost for
conventional systems are small. However, as depth or bottom time increases,
larger decompression debts are incurred and the conventional diver must
spend a greater portion of his time under pressure in decompression and a
small portion in working[Cll]. Conventional diver efficiency also de-
creases with depth. Depth does not, however, make as much difference in
the efficiency or work ecycle of a saturated diver. He needs to orient
himself to depth and the job at hand only once so his overall efficiency
is higher. The number of work hours per day in a saturation system is
largely unaffected by depth. At 300 feet, the saturated diver can spend
approximately three times as long working hours, per unit time under

pressure, as can the conventional diver and his efficienecy will be 25-30
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percent more at this depth. The increase in working time and efficiency

makes up for increased support costs for jobs of longer duration [c1z].

Due to a marked difference in capacity, manned submersibles and re-
mote work vehicles are rarely in competition with conventional and satura-
tion diving systems [Cl7]. As both Figures 3-3 and 3-4 illustrate, cost
increases with depth are much less for these systems. Several "standard"
submersibles for relatively shallow depths can be purchased, but remote
systems and many submersibles are one-of-a~kind models and are still more
expensive than they would be if they were more widely produced. This
accounts for the relative closeness of the two curves. As remote work
vehicles become more standardized their cost in comparison with submers-

ibles should drop [Cl1,Cl18].

Manned submersibles are most economical for missions lasting a few
hours because performance and time on bottom are limited by on-board power.
Remote vehicles are particularly valuable for long missions in very deep
water in the performance of tasks inherently dangerous to divers and sub-

marines. No price tag can be put on human life [C16,C18,C19].

3.6 Depth Related Technical Problems

As operating depths increase, the effects of pressure on joining
processes become of greater importance. Pressure effects on the arc are
common to all electric arc welding processes and are examined first., Other
processes also have problems induced by increased operating depths but
these are more varied and must be treated individually. APPERDIX B
presents detailed discussions on depth-related technical problems of

current joilning processes.

A welding arc is a sustained electrical discharge through a high tem-
perature, high conductivity column of plasma and is produced by a relative-
ly large current, in the neighborhood of 200 amperes, and a low voltage of
from 35 to 50 volts. All welding arcs are constricted to some extent by

electromagnetic forces, but an underwater arc is also compressed by hydro-
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static forces and cooling effects. Cooling is caused by the surrounding
water as well as by hydrogen dissociated from the steam in the welding
bubble. Constricting forces combine to increase the rate of collision
among electrons, ions and neutral particles causing a high pressure region.
In order to maintain the rate of current transfer, core temperatures must
increase., Core temperatures in underwater arcs cam range from 5,000 ta

50,000°K depending on the degree of ionizatien and arc comstriction [C20].

The very high arc core temperatures found at greater depths greatly
increase arc penetration. This can have both beneficial and detrimental
effects. Increased penetration, accompanied by more rapid metal transfer,
can lead teo higher, more efficient deposition rates., On the other hand,
at high pressures such as those found on ;he deep ocean floor, increased
penetration can lead to burnthrough [C20]. 1In GMA welds made under pressure
in a dry atmosphere, it was found that the filler metal feeding speed could
be adjusted to offset these effects., Arc voltage and welding travel speed

were less influential in controlling weld penetration and shape [C21].

As depth and hydrostatic compressive forces increase, the current

density of the arc increases and a higher voltage is required to maintain

a constant arc length [C22]. Several researchers have detected an apparent
increase in SMA current requirements with depth [P7,C20} but this trend

has not been confirmed during commercial work at sea, In this work it has
been found that it is necessary to increase current for underwater welds
approximately 10 percent over that required for air welds and te increase
current as cable lenpth is increased, but no direct correlation between

depth and current demand has been noted [T7].

Increasing the pressure on an electric arc is detrimental to arc
stébility and results in a tendency for metal transfer to revert from the
more efficient spray mode to the less desirable globular mode. At low
pressures, near atmospheric, arc stability is relatively imsemsative to
voltage, but at high pressures, increasing voltage increases stability and

delays the onset of globular transfer. However, this veoltage increase
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does not completely eliminate instability and some loss of are efficiency

occurs [P7,C10,C21,C22].

Welds made underwater are protected somewhat from the severe quench-
ing action of the surrounding water by an envelope of gas dissociated
from the water by the heat of the welding arc [P7]. This protection
diminishes somewhat with depth since hydrostatic pressure compresses
the gas bubble and reduces 1ts size. Increased pressure also affects
the behavior of gases supplied to shield the weld. The density of the
gas is increased and higher flow rates are required. In some cases, flow
rates as high as ten times those used on the surface have been needed

[C23].

Liquification of shielding gases places a depth limit on their use.
0f the gases suitable for shielding, argon and hydrogen remain gaseous
at the greatest pressures. At 273°K, argon liquifies at 3570 meters
and nitrogen at 5090 meters. Heating of a gas may extend its range

s8lightly, but practical considerations limit this action [C20].

Weld metal porosity is reduced in welds made under pressure. This
effect is believed to be due to supression of bubble formation, not to
a decrease in the amount of gas in the weld [C22]. 1If this is the case,
chemical problems will remain unchanged. Wet electrode coatings can
cause excesslve porosity in SMA welds, but improved electrode coatings
and methods of storing electrodes in a dry environment prior to use have

helped to overcome this problem.

Pressure increases the rate at which carbon, manganese and silicon

deoxidants combine with oxygen and leads to their removal from the weld

metal [C24].

Since the bubble atmosphere surrounding an underwater arc is caused
by the dissociation of water, it may be up to 93 percent hydrogen. Hydro-
gen from the weld bubble dissolves into the weld puddle and causes porosity,
embrittlement and cracking [C23]. The severe quenching effect of the

underwater environment enhances the formation of brittle martensite and
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increases embrittlement and cracking problems [P7]. Hydrogen solubility
in the weld metal is governed by Sievert's Law and increases as the
square root of hydrogen pressure, indicating that hydrogen induced prob-

lems may become more serious at greater operating depths [C20].

The use of austenitic electrodes has resulted in the elimination of
underbead cracking during underwater multipass SMA welding. An austenitic
weld metal microstructure is capable of storing large quantities of hydro-
gen which keeps the hydrogen away. from the crack sensitive HAZ, avoiding
underbead cracking. In steels having a high carbon equivalent, this
technique has proven reliable down to a depth of 25 meters. The develop~—
ment of new electrode coatings has also been instrumental in extending

the operational depth of the SMA process for low carbon steels to over

60 meters [C25].

Much less research has been conducted on the effects of pressure
on processes other than electric arc welding. Velocity power tools
employ sealed barrels to overcome the problem of accelerating stud projec-
tiles in a high pressure environment. Devices with sealed barrels provide
adequate penetration at depths up to 300 meters [C26]. Methods of removing
water form the weld mold and ensuring the flow of metal from the reaction
chamber to the mold must be developed to make exothermic welding a prac-
tical deep ocean process [P4]. In shallow underwater explosive welding,
secondary charges timed to explode a fraction of a second prior to the
main charge are used to expel water between the joining surfaces. At
greater depths, this technique may not be feasible since prohibitively

large charges may be needed to overcome hydrostatic forces.

Mechanical joining techniques are versatile, adaptable to remote
operation and are not affected by pressure, Their use is being planned in
several deep water repair systems [C27,C28] and, in the absence of other
processes, it is expected that many of these devices will be developed to

meet future joining needs at depths beyond diver 1limits.

It appears that devices capable of meeting deep salvage needs can be
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developed which require little manipularive ability and are thus suitable
for employment with submersibles and remote vehiecles., Diving systems
impose no depth limit on these devices but power requirements are a major
constraint. Velocity power tools appear to be the most promising devices
now in existence for use in deep ocean salvage operations. These tools are
small, imexpensive, have a self-contained energy source and lend themselves
easily to remote operation. They can be used to attach a variety of stud-
like fittings [C26]. Exothermic processes have the same advantages but

are not limited to the attachment of studs, since welds are not size or
shape limited. One possible application is the attachment of repair
sleeves to damaged subsea pipelines. Explosive welding is another self-
contained technique which may be useful in the deep ocean. However, welds
with good bonding characteristics are difficult to produce consistently,
even on the surface. Arc stud welding devices are also being considered
for deep ocean application but require rather large pulses of electrical
power which can, at present, only be provided by cables from the surface

[T7,T8].

3.7 Conclusions of Task 1 and Recommendations for Later Tasks

1. Wet manual shielded metal arec process using a welder/diver in
a conventional diving system is a simple, economical, and
versatile method primarily for making repair welds. However,
its use is restricted to a depth less than about 200 feet due

primarily to diving limitations.

2. By use of a saturation diving system the work capability of a
diver can be extended to deep waters in excess of 1,000 feet.
Wet SMA process may be used in deep sea for making repairs and
other non-critical welds. One important research topic is to
develop simple-to-operate joining systems which can be operated
by divers. To obtain high—quality welds the systems should use
dry spot techniques so that welding is performed in dry environ-

ments. The systems may be operated from a submersible by using
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a remotely controlled manipulator.

Dry chamber processes can be successfully used for deep-sea
applications. For example, the one atmospheric welding can be
perfeormed at any depth as long as a necessary diving system is
developed. Mechanisms of one atmospheric welding are essentially
the same as those in ordinary air welding. Hyperbaric dry chamber
processes also can be used in deep-sea. These processes have
been successfully used for various jobs including repairs of
underwater pipelines and offshore structures. Weld quality is
believed to be reasonably good, because welds are made in dry
environment. Besides high pressure, experienced in hyperbaric
processes in deep-sea, an important technical problem is to
maintain very low humidity enviroument comparable to that re-
quired for high-guality welding jobs on land. It is well known,
even in welding on land, that hydrogen causes major problems in
welding high-strength studs and aluminum alloys. Hydrogen is a
major cause of cracking in welding high-strength studs, while
hydrogen is a major cause of porosity in welding aluminum alloys.
The major disadvantage of dry chamber processes is the extremely

high cost due primarily for using dry chambers in deep-sea.

Recommendations for Later Tasks. On the basis of the findings

obtained in Task 1 it was recommended that major efforts in
later tasks be placed on the development of simple-to-operate

joining systems which can be operated by divers.
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CHAPTER &
CONSTRUCTION OF A PRESSURE TANK (TASK 2)

In order to conduct a systematic experimental study of underwater
welding in deep water it is essential to have a facility capable of making
welds in a controlled emvironment. To do this a pressure vessel along
with necessary auxiliary equipment for pressurizing and depressurizing
is needed. Also needed are means for producing welds in the tank using
different techniques along with various devices recording welding con-

ditions and observing welding phenomena in process.

The objective of Task 2 was to comstruct a pressure tank for welding
experiments. First a survey was made of previous published information
on experiments at simulated depths, and an assessment was made of the
requirements and budgetary limits. Efforts were then made to design a
pressure tank, construct it, and then test the tank after it was con-
structed. The efforts were made through a cooperative work by a group
of people including Ozaki, Prasad, Tsai, and Zona. Details of the efforts

are presented in the thesis by Prasad [T14].

The cost required for the construction of the tank and the purchase
of the auxiliary equipment and the welding setup was covered by matching

funds from a group of companies including:
Hitachi Shipbuilding and Fngineering Co.
Ishikawajima—-Harima Heavy Industries
Kawasaki Heavy Industries
Mitsui Engineering and Shipbuilding Co.
Nippon Kokan Kaisha

Sumitomo Heavy Machinery Co.
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4.1 Important Design Decisions

In early stages of the design of the facility a series of important

decisions were made which determined basic features of the M.I.T. Facility.

Some of the important features are described below.

1.

Depth Capability. The first important design consideration that

was decided was the depth capability of the facility. As the
depth capability increases the cost of the facility increases.
Since most of the offshore activities are taken at depths up to
1,000 feet, this figure was used as an Initial target depth. We
also wanted to build the pressure tank at a cost less than $10,000.
The final decision was to have the depth capability of 700 feet

at a pressure of 300 psig.

Underwater Welding. The second important design comsideration

was how to create the environment for underwater wet welding.

There were basically two methods as follows:

(a) To build a pressure tank which could be completely filled

with water

{(b) To build a pressure tank with a dry environment and conduct
underwater welding experiments by placing specimens in a
pan containing water and put the pan in the tank under

‘pPressure

The first method would certainly simulate underwater wet welding
more closely than the second method. However, this creates a
difficult problem of how to place welding equipment in pressurized
water. We decided to select the second method primarily because
it was much easier and more economical to build the facility than
selecting the first one. Another important factor for selecting
the second method was that most of high-quality underwater welding
jobs are presently dome by dry chamber techniques and uses of wet

welding techniques are generally limited to repair jobs, as dis-
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cussed in Chapter 3. The second method simulates hyperbaric

dry chamber process.

3. Welding Experiments. The facility should be able to handle

various welding processes. It was decided that all welding ex-—
periments should be made completely automatically by use of a
‘remote control device placed outside the pressure tank. The
welding system should be designed in such a way that welding
experiments can be performed by personnel having no welding

skill.

4.2 Construction and Testing of the Facility

Prasad's thesis [T14)] described details ofdesign, construction, and
testing of the M.I.T., facility. Presented here are some of the important

aspects.

Pressure Tank. Figure 4-1 shows some detalls of the pressure tank.

M.I.T. researchers made initial designs, while the M.S. Charlestown Welding
and Engineering Co., Charlestown, Massachusetts prepared the fimal detailed

design and did actual construction of the tank.

The tank is 6 feet long and 30 inches in diameter and it is made of
low-carbon steel. The tank has two convex ends, one of which can be fully
open to give easy access to the interior. It is placed horizontally on
a set of stands and the center of the cylinder is 35 inches above the
ground. Figure 4-2 shows an overall view of the pressure tank while

one end is open.

The tank has three viewing points so that the inside of the tank can
be illuminated through one and two people can observe the welding experi-
ment at the same time. In order to fit different types of welding
equipment required for cable feed throughs inside the tank without making
new holes or blanking an existing ome, the tank has one porthole with a
cover. The cover is used for fitting all cable and pipe glands. Thus,

a different cover can be used for each type of welding equipment.
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Pressurization System. To get the pressure equivalent to different

water depth In the pressure tank a pressurization system is required.

The pressure in the tank can be built by hydraulic pressure, compressad
inert pas or compressed air. It was decided not to employ the hydraulic
pressurization as discussed earlier. The tank can be pressurized by

either inert gas or compressed air. The compressed alr system has been
used for most experimemnts because of the cost advantage over the inert

gas system. An electrically driven compressor is used to produce compressed

atir.

Welding System. The M.I.T. facility is designed in such a way that

experiments using various welding processes can be made provided that the
equipment is small enough to be placed in the pressure tank. The basic
welding process employed, however, is the gas metal arc process. Conse-

quently the GMA welding system is described here.

The GMA welding system consists of three parts: the power supply,
the travel system and the welding gun. The power supply is placed outside
the tank, while the travel system and the welding gun are placed inside
the tank as shown in Figure 4-3. The power supply used is an ATRCOMATTIC
Model €V-450 welding machine made by AIRCO. It is a multipurpose machinme
of the constant potential type with a maximum current of 450 amperes. The

cable from the power source enters the pressure tank via pressure fittings.

The welding gun used is an ATRCO's MIGet welding gun model AH20-E
with AIRCOMATIC Control Model AHC-M/S. It uses consumable wire electrodes
0.030 to 0.045 inch diameter. The ordinary welding gun has all its
operational controls on its handle. In order to operate the welding gun
from outside the pressure tank, some modifications of the gun had to be
made. This consisted of providing external switch for gas flow welding
(motor and power supply) and wire speed control. Electrical pressure
fitting was used for connecting control cables from the gun to the controls

outside the gun.

The gas most frequently used is Argon-25% CO,. The gas from the
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storage cylinder passes through a pressure regulator, then via pressure
fitting into the tank.

The travel system used for the movement of the welding gun is
Welding Tooling Corporation Bug-0 (Experimental Model) system with remote

contrel for:
a. Travel speed
b. Start, stop and direction of travel

The track for the travel system has magnetic mounts, with hinged
joint, for mounting on a curved surface. The standard mounts with a single
hinged assembly were found unsatisfactory due to the high curvature of the
pressure tank walls, hence the same was modified and two hinged joints pro-
vided. The power and control cables to the carriage unit have pressure

fittings on them where they enter the tank.

Figure 4-4 shows the welding system inside the pressure tank. It

shows the welding gun mounted on the travel system.

Measuring Devices. The present setup is capable of making the

following measurements during welding:
a. Arc voltage
b. Welding current
¢. Travel speed of the carriage
d. Temperature changes of a specimen being welded

Arrangements can be made to make other measurements.

4.3 Operating Experience and Summary of Capabilities

The M,I.T. facility has been operating very satisfactorily. Many welded
specimens have been prepared under various levels of pressure. It is
worth mentioning that no qualified welder was used in preparing these

welded specimens. All specimens were prepared by students (mostly graduate
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FIGURE 4-4 The welding system inside the pressure tank
showing the welding gun mounted on the travel system
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students) with no training as welders.

As a summary operational capabilities of the M,I.T. facility are

described below:
Tank size: 6 feet long, 30 inches in diameter
Maximum simulated working depth: 700 feet (300 psig)
Position: downhand (can be modified for all positions)

Maximum weld length: 2 feet

Joint types: Bead-on~plate, butt joint, lap joint, and tee joint

(can be modified for other types of joint)

Welding processes: GTA, GMA, shielded metal arc, flux-shielded, stud

welding (Can be modified for other processes)

Figure 4-2 shows the overall view of the tank, while Figure 4-3 shows
the welding system inside the tank. In making a welded sample, the sample
is placed in the tank and the door is closed. Pressure is applied by
activating a compressor located outside the tank. Welding is performed
completely automatically by merely pressing an appropriate button. The
operator standing outside the tank can observe the welding arc through the

window on the side wall of the tank.

When underwater welding is necessary, specimens to be welded are
immersed in water contained in a pan. Then the entire setup, including
the welding machine, specimens and pan, 1is placed in the tank and sub-
jected to a certain pressure. In this way underwater welding in deep-sea

conditions can be simulated without building extremely expensive equipment.
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CHAPTER 5

EXPERIMENTS ON ARC WELDING AND CUTTING UNDER
SIMULATED DEEP-SEA CONDITIONS (TASK 3)

5.1 Introduction

The objective of Task 3 was to study effects of water pressure on
arc welding characteristics and properties of welds. Although some
studies were made on this subjeet, most of the experiments conducted were
not systematic and coneclusions drawn by different investigators were often
conflicting. For example, researchers at Battelle Memorial Institute

reported [C30]):

"Welds made underwater with AWS E6013 electrodes at 295, 680, and
1,200 feet simulated depths had excessive porosity, while welds made
at sea level pressure (but underwater) were sound. Welding with
reverse polarity appeared to reduce the size and amount of porosity
although sufficient welds were not made to wverify this performance.
The cause of this porosity is not kmown although it probably is re-

lated to more rapid freezing of the weld metal at the greater depth.

On the other hand, an investigator of the Technische Hogenschool Delft

stated in a letter to M.I.T. researchers as follows [C31]:

"It was observed that in all pases mentioned the amount of porosity
in the weld metal sharply increased with an increasing pressure up
to 3.5 atmosphere and decreased again at still higher pressures.
(But the experiments were not petrformed underwater.) Other observa-
tions were a decreasing weld bead penetration with increasing
pressure, while the optimum arc current range became very small at

the high pressures."

The work referred to above was conducted by the working group on underwater

formed by the Netherlands Welding Society.
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Only limited information was available on the effects of pressure on
arec welding characteristics and properties of welds made underwater. When
Task 3 was conceived there was a strong possibility that a company would

provide a large amount of matching funds to conduct an extensive research:

(1) To determine effects of water pressure on arc welding character-
istics
(2) To determine effects of water pressure on metallurgical and

mechanical properties of welds

Unfortunately the plan did not materlallze and the scale of Task 3
had to be reduced considerably. 1In addition, M.I.T. researchers experienced
considerable delays in construction and testing of the deep-sea underwater
welding simulation facility. Although most of the construction and test-
ing of the pressure tank was completed by the fall of 1977, they spent
considerable time in installing welding systems which required a number of
modifications. M.I.T. researchers were very anxious to go on to later
phases of the research preogram of which objectives were to develop new
underwater welding systems rather than obtaining fundamental data on

processes which are currently in use.

Tn the fall of 1977 Prasad [T14] conducted an experimental study on
the effect of pressure om gas metal arc (GMA) and flux-shielded arc (FSA)
welding processes in dry environment. This is the first experimental
study using the new deep-sea underwater welding simulation facility. In
the spring of 1978 Erickson [T15] studied the effect of pressure on FSA

welding in water.

5.2 Prasad's Study on Effects of Pressure on Gas Metal-Arc Flux—Shielded
Arc Welding in Dry Environment

Prasad [T14] conducted an experimental study on the effect of pressure
on gas metal arc (GMA) and flux-shielded arc {FSA) processes in dry en-
vironment. Experiments were carried out by making bead-on-plate welds.

The plates were of low-carbon steel to specification AISI-1020, and the
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sizes of the plates were 10" x 6" x 1/4" and 10" x 6" x 1/8". Experiments
were carried out to find the welding parameters that gave satisfactory
welds at pressures of 50, 100, 150, 200, and 280 psig, corresponding to
114, 227, 340, 455, and 635 feet, respectively of water depth. The

effect of pressure on welding arc stability, weld shape factor, and the

hardness of the weld metal and the heat affected zone was examined.

5.2.1 Experiments to Find Optimum Welding Parameters at Different Pressures

Bead-on-plate welding experiments were carried out to find the welding
parameters that gave satisfactory welds at pressures of 50, 100, 150, 200,
and 280 psig. The welding parameters that gave the most effect on weld

bead shape and quality are:
a. Welding voltage
b. Welding gun-to-plate distance
c. Travel speed

The optimum values of these parameters were known for welding at atmo-~
spheric pressure. The same values were used initially when welding at a
higher pressure, Of these three parameters, two were kept fixed, the

third was varied, and its effect on the weld-bead shape was examined.

1. Variation of Welding Voltage. GMA welds were made at pressures

of 50 psig with the welding voltage set at 23.5, 25, 30, 34
volts., Welding wvoltage for satisfactory welds at atmospheric
pressure was 25 volts. The weld bead was both narrow and wavy
for welding voltages of 23.5 and 25 volts. At voltages of 30
and 34 volts the weld bead became less wavy and flat. The
amount of spatter increased with welding voltage. FSA welding
required an increase in the welding voltage with increase in

pressure to give satisfactory welds.

2. Variation of Welding Gun-—to-Plate Distance. The distance between

the gun and the work plate for laying a satisfactory bead was



—48-

5/8 inch. The reduction of this gap caused the electrode to
stab in the weld puddle. An increase in the gap caused the

weld bead to become narrow, wavy, and discontinuous. Tests

were carried out at 50 and 100 psig, to see the effect of chang-

ing the distance. It was seen that 5/8" gave satifactory welds

‘at both pressures.

Variation of Travel Speed. Travel speed had to be reduced as

the pressure in the tank was increased to maintain satisfactory
weld bead shape, The travel speed required for the six pressure

conditions tested are given in Table 5-1, for both GMA and SMA

welding processes.

TABLE 5-1 Travel speed required at different pressures for
satisfactory welds [T14].
- Pressure Gas met arc welds Flux-shielded welds
Setting Speed Setting Speed
inches/min. inches/min.
Atmospheric 2.0 13.5 2.0 13.5
50psig 1.8 12,0 1.8 12.0
100psig 1.7 11.5 1.7 11.5
150psig 1.6 11.0 1.6 11.0
200psig 1.6 11.0 1.6 11.0
280psig 1.5 10.5 1.5 10.5
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5.2.2 Effects of an Increase In Pressure on the Welding Arc

The output of the high speed chart recorder giving the welding volrage
and current was used to study the welding arc in terms of metal transfer,
arc voltage, welding current and arc stability for the GMA and FSA pro-
cesses at 0 (ambient), 50, 100, 200, and 280 psig.

Gas Metal Arc Welding. The results of experimental observation on

the effect of an increase in pressure on the welding arc in the GMA process

were as follows:

(a) The metal transfer mode was by short~circuiting in the arc at

all pressures,

(b) The number of short-circuits per second decreased as pressure

increased.

(¢) The welding arc voltage remained almost unchanged as pressure

inereased.

(d) The welding current remained almost unchanged as pressure in-

creased.,

The actual experimental observations are given in Table 5-2. Figure 5-1
is a sample of the output from the chart recorder at 200 psig, giving

welding current and arc voltage.

Flux-Shielded Arc Welding. The result of experimental observations

on the effect of pressure on the FSA welding process may be stated as

follows:

(a) As the arc voltage and welding current remained steady, the

metal transfer was not by the short-circuiting mode
(b) The welding voltage increased with increasing pressure
(c) The welding current increased with increasing pressure.

The results of experimental vbservations are given in Table 5-3, Figure

5-2 is a typical representation of the welding current and arc voltage
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changes during welding at 200 psig. Fluctuations of welding current and
arc voltage during the FSA welding were considerably less than those in
the GMA welding, as shown in Figures 5-1 and 5-2. This shows that flux-

chielded arcs are more stable than gas metal arcs.

TABLE 5-2 Effect of pressure on the arc characteristics
for GMA welds [T14].

Pressure Arc voltage Welding current Arc Stability
(volts) {amperes) Arc Type Frequency
(seconds)
Atmospheric 25 100 Short—circuifing 37
50psig 23 95 -do- 24
100psig 26 95 ~do— 14
150psig 25.5 100 —do- 12
200psig 25.5 100 —do- 12
280psig 25 100 ~do- 12

TABLE 5-3 Effect of pressure on the arc characteristies
for flux—-shielded arc welds [T1l4].

Pressure Arc voltage Welding current Arc Stability
{volts) {amperes) Arc Type Frequency
{seconds)
Atmospheric 25 150 Continuous -
50psig 26 150 -do- -
100psig 26 160 =do- -
150psig 27 165 -do~- -
200psig 28 175 —do~ -

280psig 28 175 -do- -
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FIGURE 5-2 Voltage-current trace for flux-shielded process
at 200 psig
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5.2.3 Metallurgical Test Results

The welds made at different. pressures using the GMA and the FSA

processes were sectioned and examined for the following properties:
(a) Weld bead appearance and defects
(b) Penetration
{c) Hardness

1. Weld Bead Appearance and Defects. The macrostructures of the

weld were examined for the shape of the weld bead and defects,
such as cracks, lack of fusion, undercut, ete. Figure 5-3
defines the different terms used to describe the bead shape and

Table 5-4 gives the results of the measurements.

2, Penetration. The welds made by the GMA process had a larger
penetration compared to those by the FSA process at a given
pressure. The penetration did not change with an increase in
pressure for GMA welds. 1In the case of FSA welds no such con-

clusion could be made.

3. Hardness. Microhardness values of the weld metal, HAZ and hase
metal were measured for welds made by the GMA and FSA processes
at different pressures. The results are given in Table 5-5,
From the limited number of experiments carried out, we see that
the hardness of the weld metal and the heat affected zone in-
creased with an increase in pressure. The hardness values of
the weld metal and HAZ were lower for the FSA welds compared to
the GMA welds made at a certain pressure level.

5.3 Erickson's Study on Effects of Pressure on Flux-Shielded Arc
Welding Underwater

Erickson [T15] studied the effect of pressure on flux-shielded arc

welding,
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TABLE 5-4 Effect of pressure on weld bead shape

Pressure Gas metal arc welds Flux-shielded welds
W/P c/w W/e C/W
Atmospheric 3.48 : 0.40 7.20 “ab.36
50psig 2.67 | 0.63 9.42 ; 0.39
100spig i 2.83 ? 0.59 19.67 ; 0.44
150psig | 3.50 E 0.52 9.85 0.39
200psig 4,62 é 0.47 6.17 0.36
280psig 5 3.39 % 0.49 7.17 0.31

TABLE 5-5 Effect of pressure on the weld and the heat affected
zone hardness

Pressure Knoop hardness
Gas metal arc welds Flux-shielded welds

Weld Base Weld Base

Metal HAZ Metal Metal HAZ Metal
Atmospheric 227.0 264.6 181.5 2244 249.0 179.7
50psig 258.2 312.0 181.5 281.4 237.8 191.6
100psig 246.2 277.8 179.7 316.2 237.8 179.7
150psig 252.0 281.4 179.7 300.0 232.2 179.7
200psig 258.2 300.0 i79.7 267.8 | 227.0 179.7

I

280psig 258.2 . 300.0 @ 187.1 | 288.6 ! 229.6 | 179.7
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FIGURE 5-3 Definition of bead shape

5.3.1 Experimental Procedure

Figure 5-4 shows the experimental setup. Underwater welding was
performed by placing a plexiglass tank containing water inside the chamber
and pressurizing the chamber by means of air compressor to the desired
pressure. Specimens to be welded were immersed in water but the welding
equipment was not in water. The plexiglass tank was filled with water

to a depth of 5 to 6 inches.

To simulate a flux cartridge for the experimental investigation a
container was constructed which could be attached to a plate by the use
of small studs, as shown in Figure 5-4. The container served to hold

the flux in position and to isolate the flux from the surrounding water
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during welding. The top of the container was open to the pressurized air

atmosphere to enable the welding electrode to traverse along the plate.

Bead-on-plate welds were made on cold rolled low—carbon steel
plates 1/4 inch thick. The plates were 6 inches wide by 10 inches long
with the weld being made longitudinally along the centerline. Mild steel
welding wire of 0.030 inch diameter was used for all welds made. The
wire feed set was at 12.5 feet/minute for all welds, Travel speed was
gset at 9 inches/minute. The weld beads varied in length from 6 to 7
inches. The weld area was protected by a 3/4 inch layer of Lincoln

Flux No. 710 held by the flux container.

Welds were performed underwater in tap water at 0, 50, 100, 150, 200,
250, and 300psig pressure corresponding to 0, 114, 227, 340, 455, 570, and
680 feet, respectively, of water depth. The welds were performed using
reverse polarity. The potential setting of the power supply was increased
slightly with increasing pressure to obtain welds which are similar in
appearance and quality for the various pressures. Arc voltage and welding
current were continuously recorded during welding. Five Chromel-Alumel
thermocouples were attached to the surface of each steel plate as shown
in Figure 5-5, The distance from the weld beads varied slightly from

weld to weld due to slight differences in alignment of electrodes from

weld to weld.

An additional weld was made at 0 psig with flux which was damp. This

weld was made in order to demonstrate one of the limitations of the method

discussed later.

5.3.2 Computer Heat Flow Analysis

Tsai [T13,P17,P18] developed a semi-empirical computer analysis
of heat flow in underwater welding. Since his study was not directly
connected with this research program a paper, based on his Ph.D. thesis,
entitled "Mechanisms of Rapid Cooling and Their Design Considerations in

Underwater Welding" is included as APPENDIX C. The analysis shows the
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FIGURE 5-5 Thermocouple location on welding plate

effectiveness of the flux-shielded process in reducing cooling rate during

underwater welding. Figure 11 of APPENDIX C shows that:

"The cooling rate during underwater FSA welding is much slower

that that of wet SMA welding and it is almost as slow as that of

air welding. While HAZ structures in wet SMA welding are completely
martensitic, no martensitic structures would be produced in FSA welds

in 0.17% carbon steel."

The most effective way in reducing cooling rate during underwater welding
is to separate the molten weld metal from surrounding water, as it was
dicussed in an earlier Sea Grant report [P13]. And flux shielding is

a very effective method of accomplishing this.

The computer programs developed by Tsal were used to analyze the

experimental results obtained by Erickson.

5.3.3 Experimental Results and Discussion

A summary of the welding parameters and experimental results of

the underwater flux-shielded welds performed is presented in Table 5-6.
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Shown here are welding conditions and bead width, bead penetration, and
the ratio of bead width to bead penetration. The penetration tended to
increase and the ratio of bead width to penetration tended to decrease

as the arc power increased.

Fipure 5-6 shows the voltage and current traces for the underwater
welding arc at 300psig. Very similar traces were produced for the other
welds performed. A steady arc could be produced and maintained during
welding regardless of the pressure. The arc power for the weld per-

formed at 150psig was higher than expected for no apparent reason.

Figures 5-7 and 5-8 show microhardness distributions of welds made
at 0 and 300psig, respectively. Examination of microstructures revealed
no martensitic structures in all of the welds made. Welds were free from

defects such as inclusions, poresity, and cracks.

Figures 5-9 and 5-10 show temperature profiles predicted by the
computer analysls and experimental data for welds made at 0 and 300psig,
respectively. In the computer analysis it was assumed that the flux
shielding provides a perfectly insulated layer of flux 2.5 inches wide.
Heat transfer to the water was assumed to be natural convection from a
horizontal plate, Although there were some differences between the ex-
perimental data and analytical predictions, the temperatures and times
were of the same order indicating that the computer analysis is reasonably

valid in predicting heat flow in weldments.

All the welds discussed above were for the FSA method with dry flux.
One weld was made at ¢ psig with damp flux to illustrate the limitation
of the method. The weld metal contained large slag inclusions and a
good deal of porosity. No cracks were found however. Figure 5-11 shows
microhardness readings of the weld., Higher hardness readings were ob-
served in the weld metal for the damp £lux weld than for any of the dry
flux welds indicating that the presence of the moisture may have affected
the metallurgical structures of the weld metal. This weld made with

damp flux demonstrates that the weld metal must remain drv if good quality
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welds are to be obtained.

5. 4 Summary and Conclusion of Task 1

(1) It was demonstrated that the deep-sea underwater welding simula-
tion facility installed at M.I.T. works satisfactorily. Welds
were mades automatically by merely pressing an appropriate button
on the control device outside the presence tank. Welds were
made using gas metal-arc and flux-shielded arc processes in
dry and wet conditions at pressures up to 300psig which corre-

sponds to 700 feet deep water.

(2) Prasad studied effects of pressure on GMA and FSA welds in dry
environment. He examined the pressure effects on various sub-
jects including welding parameters, weld bead appearance and
defects, penetration, and hardness. The test conditions were
rather limited, however. Additional tests are needed to make

conclusive statements on the pressure effects.
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(3) Erickson studied effects of pressure on FSA welds underwater,
The most important conclusion of his work was that it demon-
strated that the flux-shielded process is a very promising
technique to be used for deep-sea applications. Welding ares
were metallurgically sound. Hardnesses of the weld metal and
HAZ were not very high and no martensitic structures were ob-
serﬁed. In order to produce sound welds it is important to
keep the flux dry. Erickson examined the pressure effects on
various subjects including welding parameter, weld bead appear-
ance and defects, penetration, hardness, and heat flow charac-
teristics. The best conditions were limited however. Additiocnal
tests are needed to make conclusive statements on the pressure

effects.
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CHAPTER 6

DEVELOPMENT AND TESTING OF STUD WELDING SYSTEMS

M.I.T. researchers became interested in underwater stud welding in
1974. During_the second Sea Grant supported research program entitled
"Development of New, Improved Techniques for Underwater Welding",
Professor K. Masubuchi and Dr. M. Kutsuna thought that stud welding
could be done successfully underwater [P13]. They filed an application
of a U.S. patent on underwater stud welding gun. The U.S. patent
#3,989,920, granted in November, 1976, is included in this report as
APPENDIX A-1. Under their guidance Zanca [T8] wrote a thesis on under-

water stud welding,

During this research program on deep-sea underwater welding, M.I1.T.
researchers believed that the stud welding is a good process to be used
for deep—sea underwater applications. Studies were made primarily by
two graduate students Chiba [T12] and Kataoka [T17]. Two undergraduate

students Schechter [T19] and Nakagawa also provided contributions.

6.1 Stud Welding Process

Stud welding is an arc welding process in which metal studs or
similar parts and a work plece are heated and melted by an electric arc
drawn between them. Then the two pieces are brought together under
pressure to form a welded joint. This simple joint replaces drilled-
and-tapped studs, reduces the number of required operations, and saves
time and money. According to Houlderoft [C32] the arc stud welding
process was invented by H. Martin and used from 1918 by the British
Royal Navy but the process was not widely known until it was redis-

covered by E. Nelson in the U,S5.A. twenty years later,

The two basic techniques of stud welding are defined by thelr
method of power supply. A motor generater, a transformer rectifier,

or a storage battery must be used as a power supply for the first
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method, arc stud welding. The power supply for the second method,
capacitor-discharge stud welding, is a low-voltage electrostatic
storage system, and the arc is produced by a rapid discharge of stored
electrical energy. Both methods involve direct current and arcing and
in both cases the stud serves as the electrode and a "stud gun' as the

electrode holder.

6.1.1 Arc Stud Welding [P13, C33, C34}

Above water, the arc stud welding process is the most widely used
of the two basic types of stud welding and is similar in many respects
to the shielded metal-arc welding. The equipment consists of the stud
gun, a control umit (timing device), studs and ferrules,_and an avail-
able source of d.c. welding current., Figure 6-1 shows a typical setup

for arc stud welding [C33].

The mechanics of the process are illustrated iﬁ Figure 6-2 [C33].
The stud is loaded into the chuck, the ferrule (also known as an arc
shield) is placed in position over the end of the stud, and the gun is
properly positioned for welding (Figure 6-2A). The trigger is then
depressed, starting the automatic welding cycle (Figure 6-2B). The
stud is lifted by a sclenoid within the body of the gun, creating an arc
and forming a molten pool on the work piece and the stud end. A
controlling device limits the arc period automatically, according to a
predetermined setting., At the end of the arcing period, the welding
current is shut off, de-energizing the solenoid, allowing the mainspring
of the gun to plunge the end of the stud into the small volume of molten
metal to complete the weld cycle (Figure 6-2C). The gun is them lifted
from the stud and the ferrule is knocked off since the weld solidifies
almost instantly (Figure 6-2D). A shielding gas is sometimes used

" when nonferrous alloys are being arc stud welded.

The weld is usually completed in less than one second, the actual
duration of the weld cycle depending upon the diameter of the stud and
the particular equipment used. By using a ceramic arc shield (ferrule)
around the stud, substantial shielding is obtained while retaining the

molten metal to form a fillet weld. Apart from shaping the fillet, the



~68-

POWER SOURCE TERMINAL CONNECTIONS

POWER CABLE TO WORK

-~
CONTROL CABLE
CONTROL CABLE TO GUN TO WORK

FIGURE 6-1 Equipment setup for arc stud welding [C33]

CHUCK

STUD

FERRULE

A Gun is properly positioned

B Trigger is depressed and stud is lifted, creating
an arc

C Arc period is completed and stud is plunged into
the molten pool of metal on the base metal

D Gun is withdrawn from the weld stud and the ferrule
is removed

FIGURE 6-2 Steps in arc stud welding [C33]
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ferrule shields the operator from the glare of the welding arc and when
preplaced inm jigs, it helps in the positioning of the stud. Flux is
generally used for arc stud welding, since it provides a cleaning action

and acts as an arc stabilizer and deoxidizing agent.

The arc stud welding process is most effectively used when the base
metal is thick enough to enable the weld to be made without burn-through
and allowing the full strength of the welded stud to be developed. For
low-carbon-steels, the weld base diameter of the stud should be at least
one-third the base metal thickness, and, to avoid burn-through, the weld

base diameter should be at least one-fifth of the base metal thickness.

6.1.2 Capacitor Discharge Stud Welding [P13, C33, C34]

The second basic stud welding process derives its heat for welding
from an arc produced by a rapid discharge of stored electrical energy,
with pressure applied to the stud during or immediately following the
electrical discharge. There are three different types of capacitor

discharge stud welding:
(1) TImitial contact
(2) Imitial gap
{(3) Drawn arc

The arc is established either by rapid resistance heating of a projection
on the stud weld base with a resulting weld time of 3 to 6 milliseconds,
or by drawing the arc in a similar manner to that of arc stud welding

by lifting the stud away from the plate. The latter procedure results

in a 6 to 15 millisecond weld time. In either case, no ceramic ferrule

or flux is used due to the speed of welding.

Another consequence of the extremely short welding time in capacitor
discharge stud welding is the absence of heat build-up. This allows
welding of studs to thin materials without promounced distortion, burn-
through, or discoloration. Weld penetration is slight, which permits

many dissimilar metals to be welded with acceptable strength and

metallurgical structure.
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In the dnitial study at M.I.T. on underwater stud welding a
capacity discharge type machine was used, because it was the only
machine available at M.I.T. at that time. Experiments were conducted on
small studs 1/8-inch in diameter. In later studies, however, all
experiments were made on large studs 1/2 to 3/4 inch In diameter using
an arc stud type machine. Therefore, no further discussion on the

capacity discharge stud welding is given here.

6.2 Underwater Applications of Stud Welding

6.2.1 Historical Development

Although stud welding had been used in shipbuilding and other
construction industries since around 1920, no investigator was seriously
interested in its underwater applications until M.I.T. researchers
became convinced in 1974 that stud welding could be done successfully
underwater. Under the guidance of Masubuchi and Kutsuna, Zanca [T8]
wrote a thesis on underwater stud welding. He used a capacity
discharge type stud welding gun avallable at M.I.T. at that time.
Because of the capacity limitation of the equipwment, experiments were
made of small studs 1/8 in. diameter. It was found that stud welding
could be made successfully underwater. The results are reported in
the second Sea Grant report on underwater welding, MITSG 77-9 [P13].
In 1976 a U.S. patent on underwater stud welding gun was granted to

Masubuchi and Kutsuna [P1l1].

This M.I.T. effort apparently raised interest of investigators in
other laboratories. 1In 1976 a research program on underwater stud
welding was started at the Technical University of Delft, the
Netherlands [C35]. The study included experiments performed in the
sea [C36]. Hamasaki and Tateiwa [C37] of Japan reported in 1979 that

they had developed an underwater stud welding gun.

Representatives of several companies have expressed to M.I.T.
researchers their interest in using stud welding for various undersea

construction works. However, M.L.T. researchers know no examples of
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large-scale applications of stud welding underwater.

6.2.2 Efforts in This Research Program

M.1.T. investigators decided to select stud welding as one of the
two processes Lo be studied in depth in Tasks 4 through 7. Major reasons

for waking thls decision are described below.

Firstly, M.I.T. researchers believed that there is a need for
developing joining techniques other than dry chamber arc welding
processes. As stated earlier, it is possible to use dry chamber arc
welding processes in deep sea as long as a proper diving system is
developed. However, dry chamber processes are extremely expensive.

As far as mechanisms of welding are concerned dry chamber arc welding
processes are not very different from ordinary land welding, except
pressures are high in hyperbaric welding. There are many cases in which

dry chambers cannot be used or they are too expensive to use.

However, uses of simple "wet' SMA and GMA processes in deep sea
will be severely limited. Normal arc welding requires considerable
skill in manipulating the electrode or the welding gun. It becomes
extremely difficult to perform necessary electrode manipulation in deep
sea, The use of gas metal arc in deep sea is impractical, if not
impossible, because it becomes extremely difficult to provide shielding

of the welding arc by gas.

The stud welding process is suited for underwater applications for

the following reasons:

{1) Stud welding requires no skill. It is possible to develop a
complete welding system which can be activated by merely pressing a

button or the system can be activated remotely.

(2) Considerable porticns of the welding system can even be

flooded with water.
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Studies in underwater stud welding were conducted primarily by
the following students:

Jun—-ichi Chiba

Toshioki Kataoka

Peter C. Schechter

Roy Y. Nakagawa

Mr. Chiba and Mr. Kataoka wrote theses. Mr. Schechter prepared a
report. Thelr results are presented in this report. Although their
studies covered Tasks 5, 6, and 7, results obtained by individual

investigators are presented in this report.

The investigation on underwater stud welding is still being
continued by Mr. David W. Schloerb. Experiments in actual diving
conditions are also being planned. Results of this continuing study
will be included in a future report covering the curremt research

entitled "Development of Instamatic Systems for Marine Applications”.

6.3 Study by Chiba [T12, P16]

In the earlier study conducted during the 1974/75 academic year,
experiments were conducted using a capacity discharge type stud
welding equipment available at M.I.T. at that time. Underwater welds
were successfully made using small studs 1/8 inch (3.2 mm) diameter.
Results were reported in Zanca's thesis [T8] and the second Sea-Grant

report on underwater welding [P13]}

During the 1976/77 academic year a study was made to investigate
whether underwater welds could be successfully made using large studs
up to 3/4 inch (19 mm) in diameter. The KSF Fastening Systems Division
was kind enough to lean, at no cost to M.I.T., a complete set of arc
stud welding equipment. Details of the investigation were reported
in Chiba's thesis [T12]. A paper which summarized the results was
presented by Masubuchi, Ozaki, and Chiba at the Oceans '78 Conference

[P14].
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6.3.1 Experimental Conditions

Figure 6-3 shows schematically the experimental setup. The power
house, or stud welding machine, is a transformer-rectifier type
welding power supply which can be used for both stud welding and
ordinary shielded metal arc using covered electrodes. An arc stud
welding gun desipgned for air use was used in the experiment. Since the
gun was not.made watertight, the gun was not immersed in water. In
conducting a welding experiment underwater, the specimen was placed in
a tank containing tap water. Limited experiments using actual sea
water revealed little difference in weld appearance from that made

using tap water.

Low-carbon steel studs were used for both low-carbon steel and
HY-80 steel base plates 1/2 inch to 1 inch thick. The stud diameter was
3/4 inch, and the weld base diameter was 0.684 inch. The stud was 2.75
inch long before welding, and 2.5 inches after welded. Welds were

made under three conditions as follows:
1. Air welding with dry surface
2. Adr welding with wet surface
3. Underwater welding

In an initial study, it was found that arc initiation underwater
was very difficult. Even in welding on a wet surface it was found to
be more difficult to initiate the arc than welding on a dry surface.
An effort was made toward finding ways of initiating a stable arc
underwater. A method which was found to be effective was to place a
small amount of steel wool or an aluminum foil between the tip of the
stud and the workpiece. Steel wool was used throughout the experiment.
Studs could be successfully welded in sea water. It was found that

successful welds could be made in water 4 inches deep.
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FIGURE 6-3 Arc stud welding setup used by Chiba

The optimum welding periods for air welds and wet surface welds
were approximately 0.6 to 0.9 second. For underwater welding 1 inch
deep 1t was 0.7 to 0.85 second. In both cases, the welding current was
set to 1,750 amperes, which was recommended by the manufacturer for air
welding. When the welding time was too short (0.5 sec.) an extremely
"cold" weld was the result. A welding time of 0.9 second gave an
excessively "hot" weld. The welding time had a significant influence
on the weld quality. Figures 6-4,6-5 and 6-6 show some defective welds.
Shown here are cross sections of stud welded specimens. For each test

conditions welding parameters were selected to produce good welds.
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FIGURE 6-4 Weld defect --- Extremely cold weld
Underwater T in. depth --- Mild steel base plate
(X3.7, 1% nital etch)

FIGURE 6-5 Weld defect --- Cold weld
Underwater 1 in. depth --- Mild steel base plate
(X3.5, 1% nital etch)
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Further mechanical and metallurgical tests were made mostly welds

made using the optimum welding parameters.

FIGURE 6-6 Weld defect --- Extremely hot weld

Underwater 1 in. depth --- Mild steel base plate
{X3.8, 1% nital etch)

6.3.2 Mechanical and Metallurgical Tests

(1) Tensile Tests. Tensile test specimens were prepared by
welding studs on Both sides of the plate. The specimen was sect
between the threaded chucks by a Baldwin hydraulic testing machine,
which provided a slow, steady tensile loading to the test specimen.
The test on each specimen was run until either stud fractured, giving
the ultimate strength of the weld, or the weld fractured, indicating

an insufficient fusion in the weld joint.
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- Table 6.1 gives the tensile test results of the welded stud
specimens. Two specimens were prepared from both air welding and wet-
surface welding. These specimens were prepared for underwater welding
1 inch deep. All of the specimens were welded under optimum conditions.
The same results are plotted in Figure 6-7 for quick reference. All
specimens, except #3 (wet-surface weld}, fractured at threaded portion
of the studs, giving the ultimate tensile strength of the stud.

Figure 6-8 shows a typical fracture which occurred at the threaded
portion of the stud. Specimen #3 fractured in the stud along the heat-
affected zone of the weld, as shown in Figure 6-9. The fractured
surface revealed insufficient fusion. From the tensile test results,

it was concluded that underwater stud welds with the quality of an air
weld could be obtained by carefully applying a steel wool arc initiator.

A 3/4-inch diameter stud can hold a tensile load of approximately 10

to 12 toms.

(2) Bend Tests. A simple bend test was devised to provide in-

formation about the weld quality. A test pipe four feet long was used
for bending studs. Although no bending leoad was recorded, their simple
bend test was adequate in that the soundness of the welded joint could
he quickly examined. Studs that fractured in the weld metal or the
heat-affected zone were considered unsuitable for usage. This type of
test is easily carried out at the job site by an operator, and can be

used to test welded studs when any change of welding conditions is made.

Figure 6-10 shows an example of a specimen subjected to the bend
test. The specimen fractured along a thread of the stud. The bend

test results showed that welds were sufficiently strong.

(3) Macroscopic Examinations. Macroscopic examinations were made

of specimens prepared from some welded samples to study how welds were
made. Figures 6-11 through 6~16 show cross sections of stud welded
specimens made under various test conditions. Some were made underwater,
while others were made in air or with wet surfaces;some welds were made

on low-carbon steel plates, while others were made on HY-80 steel plates.
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Table 6-1 TENSILE TEST RESULTS OF WELDED STUD SPECIMENS

ULTIMATE TENSILE STRENGTH
SPECIMEN CONDITION lbs per stud k512
: (metric ton) (kg/mm )
1 AIR WELD 2.82 x lO4 76.74
(12.79) (53.97)
2 ATIR WELD 2.65 x lO4 72.12
{(12.02) {50.72)
* 4
3 WET SURFACE WELD 2.58 x 10 70.08
(11.68) (49.29)
4 WET SURFACE WELD 2.72 x 104 74.02
(12.34) (52.07)
5 UNDERWATER 1 im. DEPTH 2.70 x lO4 73.48
(12.25) (51.69)
6 UNDERWATER 1 in. DEPTH 2.70 x lO4 73.48
{12.25) (51.69)
7 UNDERWATER 1 in. DEPTH 2.72 x 104 74,02
{(12.34) (52.07)
NOTE: Stud diameter -- 3/4 in. Weld base diameter -— nom. 0.684 in.

*-- HAZ portion of the stud side fractured.

QOther specimens, threaded portion of the studs fractured.
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FIGURE 6-7 Tensile test results of welded stud specimens
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FIGURE 6-8 Appearance of tensile tested specimen
Underwater 1 in. depth --- Mild steel base plate

FIGORE 6-9 Appearance of tensile tested specimen
Wet surface weld --- Mild steel base plate
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FIGURE 6-10 Appearance of bend test result
Underwater 1 in. depth --- Mild steel

base plate

[P

FIGURE 6-11 Cross section of welded stud
Air weld --- Mild steel base plate
(X3.7, 1% nital etch)
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FIGURE 6-12 Cross section of welded stud
Underwater 1/2 in. depth --- Mild steel
base plate (X3.7, 1% nital etch)

FIGURE £6-13 Cross section of welded stud
Underwater 1 in. depth --- Mild steel
base plate {X3.7, 1% nital etch)
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FIGURE 6~14 Cross section of welded stud
Air weld --- HY-80 base plate
(X3.5, 1% nital etch)

FIGURE 6-15 Cross section of welded stud
Wet surface weld --- HY-80 base plate
(X3.7, 1% nital etch)
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The shapes and macrostructures of the weld metal and the heat-affected
zone are clearly shown in these photographs. What is interesting is that

cross sections of these welds look very similar. This is due to the

FIGURE 6-16 Cross section of welded stud
Underwater 1 in. depth --- HY-80 base plate
(X3.7, 1% nital etch)

fact that mechanisms of joining in stud welding are little affected by
the presence of water. In case of underwater "wet" arc welding

molten metal particles from the electrode must travel in water or in

a gaseous enviromment containing water vapor to the weld metal. In

the case of stud welding, on the other hand, most of the water is
expelled from the weld region when the stud is attached to the workpiece;
therefore, much of the surfaces to be joined are not directly exposed

to water. Consequently, the stud welding is imherently suitable for
underwater welding. A key to the successful execution of underwater

stud welding is to squeeze water out of the weld zone when pressure is
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applied to the srtud.

(4) Microscopic Examinations. Microscopic examinations were made

on some specimens. Figure 6-17 is a schematic illustration of a stud

weld section and it shows various areas of the weld zone. The numbering
from A to G along the vertical center line of the stud show locations
where photographs showing microstructures were taken. The photographs
are presented in Chiba's thesis [T12]. Detailed microscopic examinations
revealed no cracks in the stud welded specimens made either in air or

underwater.

. STUD
2. HEAT AFFECTED ZONE (STUD SIDE)

3. WELD METAL
4 HEAT AFFECTED ZONE (BASE PLATE SIDE)
5. BASE PLATE

A to G CORRESPOND TO SERIES
OF MICROPHOTOGRAPHS

FIGURE 6-17 Stud weld section

(5) Microstructures Tests. After the metallographic examination

the specimens were subjected to a microhardness survey to determine
their hardness profiles. Figures 6-18 and 6-19 illustrate microhardness
distributions for studs welded on low-carbon steel plates. The peak
hardness occurred in the border zone of the weld metal and the base

metal side of the heat-affected zone (HAZ) in both air and underwater
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welds. Figures 6-20, 6-21 and 6-22 show microhardness distributions for
studs welded on HY-80 steel plates. The maximum hardness occurred in
the base metal size of the HAZ. The second peak appeared in the weld
metal adjacent to the stud size of the HAZ, The peak hardness and the
shape of the hardness distribution are almost the same in both air and

underwater welds on HY-80 steel.

Chiba éompared his results on stud welds with results obtaimed in
an earlier study at M.I.T. on shielded metal arc welds, as shown in
Figure 6-23 [T12]. The figure shows relationships between the ultimate
tensile strength of the base metal and the maximum hardness of the HAZ
of welds made in air and underwater. Although hardness values of
underwater welds were higher than those of air welds, the difference
decreased as the strength level of the material increased. Six data
obtained on stud welds were also plotted in Figure 6-20. They were

in good agreement with the previous data on shielded metal arc welds.

6.3.3 Advantages of Stud Welding and Its Underwater Applications

Advantages of Stud Welding. Stud welding is a vast improvement over

the traditional method of attaching fastener by drilling and tapping a
hole into which the stud is screwed. It also competes with, and

sometimes replaces, other methods of attaching studs including manual
arc welding, resistance welding and brazing. The stud welding process

offers many advantages as follows:

(1} All the work is done from one side. Nothing needs to be done

on the reverse side.
(2) It eliminates drilling and tapping.

(3) It can attach a stud to a wall too thin to drill or where

leakage cannot be tolerated.
(4) 1t eliminates riverside marking in decorative applications.

(5) It presents a good appearance. There isno need for cleaning

or polishing after welding.
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(6) It is available in a variety of materials, including low-

carbon steel, stainless steel, aluminum, copper alloys, etc.

(7) It has a high production capability. It can be easily
automated.

(8) It causes very little distortion.

Some Underwater Applications of Stud Welding. Chiba studied

several cases in which underwater stud welding may be applied. He
studied the cases of (1) salvaging operations and (2) the burial of a

sunken barge.

Figures 6-24 and 6-25 show how underwater stud welding may be used
for lifting a sunken object from the bottom of a river or the sea.
According to the tensile test results discussed earlier, a 3/4~1inch
diameter stud can hold a load of at least 10 tons. A l-inch diameter
stud can support a load of 25 tons. It is possible to develop a padeye

as shown in Figure 6-25. The operation consists of the following steps:

(1) Attach a number of studs to a sunken object. The studs need

to be placed at certain pre-determined locatioms.

(2) Then attach the padeye with stud holes and tightly secure the

padeye to the sunken object by nuts.

(3) Connect the padeye and then lift ship by means of a number

of wire ropes.

(4) Lift the sunken object by pulling the ropes.

6.4 Study by Kataoka [T17]

Encouraged by the positive results obtained in an earlier study
by Chiba, Kataocka [T17] conducted a further study on underwater stud
welding during the 1977/78 academic year. Knowing that underwater stud
welding could be made successfully in shallow water, the major objective
of the study by Kataoka was to investigate the feasibility of using

stud welding in deep sea.
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To determine the feasibility of using arc stud welding process in
deep ocean the effect of water depth on weld quality was investigated
using the pressure tank described in Chapter 4. Welds were made at
pressures of 0, 25, 50, and 100 psig. After welding tensile tests,

metallographic tests, and hardness tests were made of the specimens.

Kataoka also conducted an economic analysis of several diving
systems by expanding the analysis by Moore [T7]. The results are

presented in Kataoka's thesis.

6.4.1 Experimental Conditions

Experimental conditions used by Kataoka were very similar to those
employed by Chiba except in Kataocka's study welds were made in the
pressure tank. Figure 6-26 shows the setup of the experiment by Kataoka.
A steel specimen was placed in a pan containing water. As no waterproof
arc stud welding system was available, only the stud, the base plate,
ferrule, and ferrule holder of the stud welding gun were in water. The

KSM stud welding gun and the power supply were used.

Since the welding gun had to be placed inside the pressure tank, it
was necessary to develop a device which could hold the gun upright
during the experiment., If the ferrule slopes to the base plate at an
angle, molten metal escapes the ferrule and an undercut occurs. For the
purpose of holding the gun upright, a 4-1/2 inch steel pipe, a spring,
and a jack were used. As shown in Figure 6-26, the gun was held upright
in the pipe which was kept vertically by the jack, and pressed down onﬁo
the base plate by the spring. The trigger switch was always turned on

with a tape, and a remote switch was attached outside the pressure tank.

Low-carbon steel studs 3/4 inch and 1/2 inch diameter were welded
on the low-carbon steel plates 1/2 inch thick. The surface of the base
plate was reasonably free of rust, paint, and 0il, though some mill scale
was on it. Previous study had indicated that little noticeable difference
was observed between stud welds made in salt water and those in tap water;

therefore, only tap water was used for all experiments.
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6.4.2 Experimental Results

When this study was initiated there had been no published record of
stud welding underwater under pressure. We did not even know whether arc
stud welding could be successfully made under these econditions. Major
purposes of this study were to find out whether stud welding could be made
under conditions which simulate deep sea and if so to determine optimum

welding conditions.

Figure 6-27 shows the arc stud weld quality in air as a function of
arc current and time for a 3/4-inch diameter stud. The data were
developed by Baeslack, et al. [C38]}. The data were used as a starting
point to determine optimum welding conditions underwater and under pressure.
In order to simplify ordinary stud welding operations in air the machine
has a pre-set arc time and a setting for welding current. For example,
we found that an arc current of 1.750 amperes could be obtained at the
machine scale of 85, We also found that the matching settings were not
accurate. Consequently we decided to measure welding parameters including

arc current, arc voltage, and arc time using an oscillograph.

Experimental Results on 3/4-inch Diameter Studs. First, an attempt

was made to determine optimum conditions for welding a 3/4~inch diameter
stud to a low-carben steel plate. Figure 6-28 shows how weld qualiry

changed when are time and arc length changed in one inch deep water. As
the best weld quality was obtained when the arc length was 0.13 inch and
the pre-set arc time dial was 85, the arc length was fixed at 0.13 inch

to reduce a variable for the experiments with 3/4-inch diameter studs.

Figure 6-32 shows the underwater weld quality as a function of arc
time and arc current, although the weld quality was determined by
investigating only the outside appearance of the weld metal. The real
arc time was measured with an oscillograph, instead of the pre-set arc
time dial, because the real arc time changes when arc current changes at
the same pre-set arc time dial setting. The arc length was 0.13 inch.

It was found by comparing Figures 6-27 and 6-29 that the combinations of
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welding current and arc time which result in the productiom of a
satisfactory weld underwater is less flexible than in air. Although the
stud weld made underwater had some porosity, the quality of the weld was
reasonably good. This is verified by Figures 6-30 and 6-31, oscillographic
traces of the arc voltage and welding current at 0 psig in air and water,
respectively., The presence of water caused little disturbance on arc

characteristics.

Chiba [T12] reported that the welding arc did not initiate at all
without using steel wool as an arc imnitiator. In the experiment conducted
by Katacka, however, the arc initiated almost always without using steel
wool. Kataoka concluded that the problem experienced by Chiba was probably

caused by a poor ground or poor connections.

Katacka encountered troubles when he started welding under pressure.
Experiments were performed in air under pressures of 25 and 50 psig, and
in water under pressures of 50 and 100 psig. The arc was bent by the
pressure, and the higher the pressure, the greater the bending. In
water, the arc was less affected than in air, but it was still significantly
bent at 100 psig. TFigures 6-32 through 6-35 show oscillographic traces
of the welding voltage and current of arc stud welds made in air and
underwater with the presence of pressure. The arc stability was seriously
disturbed by pressure, especially when welds were made in air. Qualities

of welds were very poor.

Experimental Results on 1/2-inch Diameter Studs. Kataoka decided

to conduct experiments using studs 1/2-inch in diameter. Table 6-2 shows
the quality of arc stud welds in air using 1/2-inch diameter studs when
arc length, arc time, and arc current changed. The weld quality was
determined by examining the appearance of the welds only. It was

decided from these results te¢ use an arc length of 0.09 inch, a power of

6 (about 900 amperes), and pre-set arc time dial setting 63 to 75.

To investigate the effect of pressure on the weld quality, experiments
with the same conditions were done under pressures of 0, 25, 50, and 100

psig in air and underwater. The results are summarized in Table 6-3.
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Table 6-2 UNDERWATER ARC STUD WELD QUALITY AS A FUNCTION
OF ARC LENGTH, CURRENT, AND TIME FOR 1/2 In. DIAMETER STUDS

Pre-set Arc
Pressure Arc length | Power Time Scale Weld Quality
0 psi 0.15 in. 7 65 undercut
0 pei 1 0.09 in. 7 65 undercut
0 psi 3 0.06 in. 6 65 good
0 psi | 0.06 in. 6 10 good
0 psi 0.06 in. 6 55 lack of fusicn
0 psi 0.09 in. 6 70 undercut
0 psi 0.09 in. 6 75 undercut
0 psi 0.09 in. 6 67 not enough fillet
0 psi 0.09 in. 6 65 better
0 psi 0.09 in. 6 63 better
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After making several welds using various combinations of welding parameters
the investigators were able to produce good welds underwater under pressure.
Table 6-3 presents short descriptions of the quality of the welds.
Detailed discussions of the test welds are given in Kataoka's thesis.
The experimental results can be summarized as follows:
(1) It was possible to obtain good welds in air up to 100 psig.
(2) It was possible to obtain good welds underwater under pressure
up to 50 psig. However, the investigators were not able to
produce a good weld underwater under 100 psig within the perioed
of research available to them.
(3) 1t was found that arc initiation was difficult when welds were
made underwater under pressure. Therefore, steel wool arc

initiator was used for underwater welds made under pressure.

Figures 6-36 and 6-37 show underwater stud welds made under 25 psig and
50 psi, respectively after bend testing. The figures show that welds
with good quality could be achleved underwater up to 50 psi pressure.

l Figure 6-38 shows the appearance of the bend test result of Specimen #15
made underwater under 100 psi. Figures 6-39 through 6-41 show oscilllo-
graphic traces of arc voltage and arc current of underwater stud welds
made 25, 50, and 100 psi. The arc voltage and current were reasonably
stable with welds made under 25 and 50 psi; however, arc characteristics

were less stable with welds made under 100 psi.

Microscopic examination was performed on each specimen and a number
of photographs were taken to show microstructures. Their results are
presented in Katacka's thesis. The specimens were also subjected to a
hardness survey to determine their hardness profiles. Measured were the
hardness at the stud, the heat affected zone in the stud, the weld
metal, the heat-affected zone in the base metal, and the base metal.
Table 6-4 shows hardness test results which were measured with a Rockwell

hardness tester 15-N and converted to Vicker's diamond pyramid hardness
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FIGURE 6-36 Appearance of bend test result
125 psi underwater)
Specimen No. 13

FIGURE 6-37 Appearance of bend test result
(50 psi underwater)
Specimen No. 14



-107-

FIGURE 6-38 Appearance of bend test result
(100 psi underwater)
Specimen No. 15
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(10kg). The table exhibits the average of hardness which was measured
at least on three locations in every region. The high hardness was in

the weld metal in all specimens.

6.4.3 Initial Design of a Prototype Tool

An effort was made to develop an initial design of a prototype tool
using stud welding for deep-sea applications. Figure 6-42 shows a
conceptual design of an integrated underwater stud welding unit. The unit
has four stud heads and can attach four studs to the work piece in a
consecutive order within two seconds. 1If 3/4-inch diameter.studs are used,
for example, each stud can hold a load of 8 tons thus a 32-ton capacity
can be achieved with the four-stud unit. In welding operation, stud
welding unit can be held in position by electrical magnets. The unit is
energized by pressing a button either by a diver on site or by remove
control switches. New studs can be fed automatically through a stud feeder
after each welding is completed. A water pump may be used to create a dry
welding enviromment in the arc zone to ensure weld quality in some

critical operations.

Details of the welding unit are as follows. The stud (8) to be welded
to the plate (10) is contained within a metal chuck {15). The chuck (15)
has two hooks (6) which hold the stud (8) with springs (14). The chuck
(15) is attached to the spindle (7). The spring {5) is mounted along
the spindle (7) and provides a compression force on the stud (8)
when the stud (8) is pressed against the surface of a work piece (10)
on which the stud is to be welded. A solenoid (4) provides the force
which lifts the stud to initiate the arc between the stud (8) and the
work piece (10). The bushing (1) is designed to include a circular
electromagnet (11) in order to provide magnetic attraction to the work
piece (10). The spring (14) is strong enough for the hook {(6) to lift
the stud (8), but weak enough that we can remove the welding unit from
the welded studs. The ferrule (9) should last until all of the studs
which are in the stud feeder (12) have been welded. The water pump (13)
provides the water pressure to feed the studs from the stud feeder

(12) to the chuck (15) through the flexible feeding pipe (3) and
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the stud distributor (2) which distributes the studs to each chuck. The

welding process is as follows:

First, the studs are fed from the stud feeder (12) with the water
pressure of the water pump (13) and stop at each chuck (15). The switch
of the electromagnet (11) is operated and the weld unit is attached to the

workpiece (10) to which studs are to be welded.

Thén the welding switch is operated, and welding process is
accomplished as with the conventional arc stud welding gun. The solenoid
(4) is energized to lift the spindle (7) up to a pre-set arc length. Thus,
the stud (8) is withdrawn from the workpiece (10) drawing a pilot arc.
After a pre-set time interval of arc, the power to the arc and solenoid

(4) is cut, the spring (5) plunges the stud (8) into the molten area of

the workpiece {(10).

The welding process is repeated for each head with relays. After all
of the welding processes are over, the switch of the electromagnet (11)

is turned off. The welding unit is removed from the welded studs.

New studs are fed into each chuck and the unit is ready to work at

the next site.

One example of many possible uses of the integrated stud welding unit
ig to lift a sunken ship in ocean salvage operations. Figure 6-43 shows
an imaginary case of a salvage operatiom. An unmanned remotely operated
vehicle carrying an underwater stud welding unit dives down to a
destination on the sunken object, for instance, a disabled submarine. Stud
welding is accomplished by remote control from the surface support ship.
After welding is completed, 1lift ropes are attached to the unit. The
vehicle moves to another location and repeats the operation., Finally,

the support ship gathers the 1ift ropes and lifts the sunken object.
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UNMANNED REMOTELY OPERATED
VEHICLE WITH WELDING UNIT

-

FIGURE 6-43 Application of integrated welding system
for ocean salvage operation

6.5 Improvement of Design and Testing

Efforts were made to improve the initial design developed by Kataoka
of an integrated underwater arc stud welding system. The efforts made
primarily by Schechter and Schloerb included construction and testing of

gome important components of the stud welding system.

Figure 6~44 is an improved design of the integrated underwater stud
welding system. A key to the successful operation of stud welding in
deep sea is to be able to position the welding system in such a way that
the stud is placed exaectly vertically to the workpiece. The system must

be held in that position until welding is completed. The foot support



- TO REMOTE CONTROL
SWITCH

B > —»TO POWER SOURCE
33 TO GROUND CONNECTION
=

ARC LENGTH CONTROLLER

SOLENOID

FOOT SUPPORT ROD

MAGNETIC SUPPORT

GROUND TO BASE PLATE

STUD

ELECTROMAGNETIC ARC CONTROLLER
BASE PLATE

I o mMTmoOoOOoOm?>».

FIGURE 6.44 A prototype underwater stud welding unit



-117-

rods (C) and the magnetic supports (D) are used to position the unit

in a right location and in the right direction and securely hold the unit
until welding is completed. The ground (E) is to provide a good ground
connection necessary to make satisfactory welds. The electromagnetic
controller surrounding the arc (G) is used to prevent any distortion of

the arc under high environmental pressure. When the remote control trigger
is pressed, the unit is activated and the solenoid lifts the stud to create
a proper arc length and draws an arc between the tip of the stud and the

base plate. It takes a fraction of one second to weld one stud.

6.5.1 Study by Schechter [T19].

Although stud welding has been used for various applications for many
years, as described in 6.1, it has been used exclusively in air. Con-
sequently, there is no commercially available stud welding gun which can be
used in water. In the earlier experiments on underwater stud welding
performed by Chiba and Kataoka test plates were placed in water but the

stud welding gun was not immersed in water.

The first important task was to find ways to develop a stud welding
gun which can be immersed in water. An important consideration here is
how to make the gun safe to the operator. As shown in Figures 6-32
through 6-35, the arc voltage is about 50 volts but the welding current

is over 1,700 amperes.

Initial Effort. It was decided to modify the existing KSM Safeguard

Stud Welder, as shown in Figure 6-45. First, efforts were made to do the

following:
(1) Seal the housing of the KSM Safeguard Stud Welder.

(2) Provide an air recovery system to eliminate the need for an air

hose connected to the cylinder port.

(3) Provide remote control to eliminate the need for a diver.

The first two tasks were not designed with the deep sea applications in
mind, rather they were intended to merely demonstrate the feasibility of

the concept.
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FIGURE 6.45 The KSM Safeguard Stud Welder

The work was accomplished in the following manner. The control and
power cable comnections were removed to several feet up the cable by
adding in extra lengths of cable. The hole through which the control
wires passed and the other unsealed places of the machine body were plugged
and filled in with a resin plastic compound. For the air recovery system,
copper tube was cast in plastic onto the body. The tube led from the
cylinder port to the back side of the piston. This could provide a
storage space for the expelled air and eliminate the vacuum created

when the piston moved forward.

The welder was tested by making welds in a small tank of water.
Several welds were made in air to adjust the setting of the power source,

the KSM Powerhouse. Once this was done, ten studs were satisfactorily



-119-

welded to steel plates underwater. The stud welder then failed, due to
the presence of mew electrical connecting wire inside the case. To
protect the hardware, it was necessary to cast wires onto the empty case,
and to connect the solenoid after the plastic had set. The researchers

felt that the tests, though incomplete, were successful,

Rather than attempt to fix a difficult problem, the waterproofed
stud welder was aborted, A number of reasons contributed to this

decision;
(1) The new solencid wires could not be eliminated.

(2) Unbalanced pressures of water and air acting on the stud would

compress the mainspring, even when the solenoid was de-energized.

(3) Leaks could not be prevented at any appreciable pressure above

atmospheriec.

An entirely different approach to the problem was sought. The researcher
acknowledges Mr. Charles Parker of the M.I.T. Stroboescopic Laboratory
for his input to the solution. Simply stated, the working mechanism

should work immersed in water, not protected from it.

The Water Floodable Stud Welder. The main goal was to construct

a stud welder that need not be sealed from its environment in any way.
It was to be based on the components of the KSM Safeguard Stud Welder.

Translating this into specific criteria:

(1) Redesign the housing of the KSM Stud Welder to be an open

framework rather than a sealed case.

(2) Modify the working mechanism so that it may be mounted in

the new frame.
(3) Modify the piston-cylinder mechanism to operate in water.
(4) Modify the solenoid to operate in water,

In addition, a ferrule positioning device was designed and added to the
machine. Details of the work performed by Schechter were described

in his report [T19].
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When the machine was completely assembled, tests were made to
determine the sucecess of the work. Welds were made in air first. When
satisfactory welds were made, the water test was set up. Welds were
made with only the chuck in water until they were of reasonable quality.
Water was added to the tank to cover the flood part to the cylinder.

The weld cycle was triggered and the arc was drawn. However, the single
flood port did not allow the plunge to proceed quickly enough and the
molten pool of metal and the molten stud tip solidified before being
pressed together, Two more flood ports were made, Reasonable welds
were then made. More water was added to the tank to fill the working
mechanism behind the pisten, but not up to the solencid. Reasonable

welds were made in this condition. The testing went no further.

6.5.2 Study by Schloerdb

The work conducted by Schechter is being continued and expanded by
Schloerb who plans to prepare an M.S. thesis in May 1981. Since his
work has not been completed when %his report is written, we plan to
present details of his work in a later report covering the work conducted
under a new program entitled ""Development of Fully Automated and Integrated
("Instamatic") Welding Systems for Marine Applications”. The outline
of the work being performed by Schloerb is presented here. Figure 6-46
shows schematically an integrated stud welding system being developed.

Further details are as follows.

Stud Lifting Mechanism. This mechanism is the heart of the machine.

When activated, it lifts the stud a predetermined distance. This occurs
simultaneously with initiation of the electrie arc between the stud and
the work piece. The result 1s that welds are made with a unifeorm arc

length.

Both the 1ifting mechanism and the welding current are controlled
by an electronic controller, which may be placed away from the machine.
For example, the controller may be placed above water in case of under-

water welding. The control unit also controls the duratiom of the arc.
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After a predetermined time the welding current is stopped and the lifting
mechanism plunges the stud into a puddle of molten metal on the work

piece. The molten metal solidifies quickly and the weld is made.

The key components of the lifting mechanism are (1) a solenoid to
lift the stud, (2) a spring to plunge the stud into the molten metal
puddle, and (3) a lifting rod to transmit the force of the solenoid and
the spring to the stud. The lifting rod is supported by linear bearings
which prevent lateral motion of the stud. Also a clutch mechanism is
employed to insure that the stud is always lifted the same distance
regardless of how much the spring is compressed prior to activation of
thé solenoid. Note that initially the spring must be partially compressed,
because the end of the stud melts away during the arc process., This

makes the stud shorter so that it must plunge back further than it was

lifted.

Two key factors, electrical safety and corrosion resistance, were
taken into account in developing a stud lifting mechanism which could
be used underwater. The principal approach to dealing with these
factors was to redesign the mechanism so that much of it could be built
out of plastic. In addition, an effort was made to make the design as
simple as possible. One key factor of the design is that it is ''water
floodable" rather than water proof, thus making it inherently adaptable

to deep-sea applications.

Chuck Holder. The chuck holder serves as the hot electrical connection

to the stud. It is designed to adapt to conventional chucks presently
used with land stud welding equipment. The chuck holder is attached to
the lifting rod by a cheap "break-away" fitting which would prevent the
lifting mechanism from damage in the event that excessive torgue is

applied to the stud.

Side Clamp Release. The stud lifting mechanism is designed to slide

up and down on the support track. A spring clamp locks the mechanisms
at any point along the track which is desired. This clamp is released

by squeezing the handle at the top of the lifting mechanism., In normal
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operation the operator, who will be a diver in the case of underwater
welding, presses down on this handle to cock the main spring. Then he
will pull up on the handle in order to release the chuck from the stud

after it has been welded in place.

Ferrule Clamp. A disposable ceramic ferrule is clamped around the

base of the stud to prevent splatter of the molten metal during the
welding process. This is very important in the case of underwater
welding, but it is unrealistic to expect a diver to handle these small
ferrules. {Note: Divers frequently find themselves in situations where
they cannot see and they try to feel with numb hands through heavy

rubber gloves.) The ferrules are press-fit on the end of the studs,

This is done by wrapping the end of the stud with steel wool and then
forcing the stud over the steel wool. In addition to holding the ferrule
in place, the steel wool also serves as an arc initiator. While this
eliminates the problem of handling the ferrule underwater, it also poses
a new problem in clamping the ferrule in place during the welding
operation. The problem is that a conventional (rigid) ferrule clamp
tends to knock the ferrule off the end of the stud (causing it to be lost)
when the stud is loaded into the chuck. This happens because the main
spring is compressed as the stud is pressed into the chuck. One solution
to this problem is a ferrule clamp which is free to move up with the
forrule while the stud is being loaded, but which locks in place as the

mechanism is being cocked.

Magnetic Base. The concept of using a magnetic base was developed

originally for underwater applications of stud welding. This concept can
be used for many applications of instamatic stud welding. TFor example,
the magnetic base is useful for placing the stud in the vertical position
in welding a stud to a curved plate (see Figure 7b of the proposal).

By use of the magnetic base it is possible to securely hold the stud
welding gun in place so that the gun can be activated by a remote control

mechanism. The original concept for an underwater application is described

below.
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One major difference hetween a land stud welding machine and an
underwater machine is that the underwater machine needs to be activated
remotely from the surface. This does not mean that the diver leaves
the water when the machine is activated, only that he does not activate
it himself by pulling a trigger the way an operator on land would. This
is done for reasons of electrical safety and to make the system more
reliable. It creates a problem, however, in that the diver does not know
exactly when the machine will be activated. Without some means of
clamping the machine to the work plece, the diver would be forced to hold
the machine steady for a relatively long time while waiting for it to

be activated.

A magnetic base is a good solution to this problem. It alsc has an
added advantage due to the fact that divers frequently encounter situations
where they lack leverage. WNot only does the magnetic base make it
unnecessary for the diver to press the machine against the work piece, even
for a short time, but it can also provide a place for the diver to hold on.

In addition, it serves as an electrical ground connection to the work

piece.

The magnetic bhase is assembled from an alternating series of standard
ceramic magnets and steel plates. The assembly is clamped together in
normal operation by bolts and wing nuts. The wing nuts can be loosened so
that the base can conform to a curved surface such as a pipe. The magnets

are held in place by plastic retainers when the nuts are loose.

Support Track. Support track is constructed from two pieces of PVC

(polyvinyl chloride) pipe. The ready availability and low cost of PVC
makes replacement of this component relatively easy. This design has the
added advantage that the machine can be refitted to suit a particular job.
If extra long studs are to be welded, then the track can be made shorter
so that the diver only needs to carry along what is needed. The support

track alsc provides an ample lever arm for releasing the magnetic base.
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Handle and Electrical Lead Tmbilical. The main hand hold is

attached to the support track as near as possible to the magnetic base.
This is done to minimize the possibility that the diver will accidentally
cause the base to release from the work piece by pulling on the handle
too strongly. The electrical umbilical is attached near the base for

the same reason,

It is also desirable to have the handle near the umbilical attachment
point in order to minimize unwanted torques on the divers hand when he
is moving the machine from place to place. It should be noted that,
in some situations, simply tugging the umbilical from one point to another

may involve considerable effort.

6.6 Summary and Conclusions of the Work on Stud Welding

(1) The arc stud welding can be used successfully underwater. TFor
shallow-water applications, presently available welding systems appear
to work satisfactorily provided that they can be immersed in water., FYor
applications in deep-water (say, 100 feet or more), however, special
efforts should be made (a) to make sure that the arc initiate all the

time and (2) to protect the arc from disturbances caused by high pressure.

(2) 1In the mechanical and metallurgical examinations, including
tensile tests, bend tests, examinations of macreostructures and micro-~-
structures, and microhardness tests, underwater welded specimens exhibited
properties comparable to those of welds made in air. The major reason
for the good quality of underwater stud welding is that unlike underwater
"wet"” arc welding in which metal particles must travel in water the
surfaces to be joined in the stud welding are not directly exposed to
water. The application of pressure in a later stage of stud welding

helps to squeeze out some of the weld metal and reduce porosity and

other inperfections.
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(3) Underwater stud welding can be used not only for low-carbon
steel but also high-strength steels. Since the surfaces to be joined
are not directly exposed to water, metals near the weld are not subjected
to rapid cooling; therefore, it is possible to prevent the formation of

undesirable, brittle metallurgical structures inherent to 'wet' underwater

arc welding.

(4) 1t appears that no sophisticated systems, such as a dry chamber
for water evacuation from the welding site or gas shielding equipment
are needed in order to obtain welds with good quality. We believe that
it is possible to develop a relatively simple system which will work

satisfactorily in deep sea.

(5) An important step in the development of the abovementioned
system is to design and construct a stud welding gun which can be immersed
in water. Since there is no commercially available stud welding gun
which can be immersed in water, efforts have been made to develop such
a system. Since the current and voltage needed for welding a large stud
(say 3/4 inch in diameter) are quite large (approximately 1,800 amperes
and 50 volts), it 1s difficult to develop a gun which can be operated
safely in water. An initial effort was to develop a water-tight
system. Later efforts were directed toward developing a water floodable
gun. The work has not been completed within the period of this research.
The work is being continued and we hope to report the results of the work

in the future.
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CHAPTER 7

DEVELOPMENT AND TESTING OF FLUX-SHIELDED WELDING SYSTEMS

As described in Chapter 5 Erickson demonstrated that the flux—shielded
arc welding process could be used satisfactorily underwater under pressure.
Efforts were made (1) to develop a conceptual design of an automatic under-
water welding machine and (2) to construct some key components of the

machine. The efforts were made primarily by Lombardi [T18].

7.1 Development of a Conceptual Design

Figure 7-1 shows the general concept of the prototype unit. For deep-
sea applications the entire unit shown here probably needs to be installed
in a watertight, strong vessel. The machine consists of a motorized
carriage which simultaneously provides the consumable electrode wire feed
into two torches, and the travel of the wire. These electrodes are
connected to a surface power supply via cables. The cables are enclosed
by a larger cable which is fastened to the top of the machine's frame
using a waterproof coupling. A plate to be welded is placed securely be-
tween the torches parallel to the line of travel. Stainless steel foil
molded at the base of the plate holds the shielding flux and keeps it dry.
The mechanical parts of the machine are enclesed by a beottomless metal
frame. The rim of the open face of the frame is lined with a thick rubber

strip to provide a means of attachment to a steel surface.

Operation of the machine is simple (see Figure 7-2). The machine,
after being placed upon a steel object on which weldiang will take place,
is evacuated of all water creating a local dry environment. This is
done by forcing water from the surface down through a valve containing
a series of pivot tubes. The velocity of the water will cause the water
to be sucked out of the box through the valve. This in turn will force

the rubber gasket to form a tight seal on the steel workpiece.

The motor and torches are then activated simultaneously. The wire
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coming through the torches becomes electrically charged and an arc is
drawn between it and the workpiece. The arc, being of high amperage,
will hurn through the foil and be contained within the shielding flux.
As the terches pass along the intersections of the two plates, a double

fillet weld is produced,.

The carriage automatically stops after the full length of the plate
has been travelled., The frame can then be flooded and the machine re~
moved due to the loss of suction. The plate will be left welded to the

metal object.

7.2 Design, Construction, and Testing of a Prototype Machine

Efforts were made to design, construct, and test a prototype machine.
The automatic underwater welding machine being developed has two important

and unique features as follows:

(1) The machine is completely enclosed and welding is performed
by merely pressing a button. Although a trained person may be
needed to assemble the machine, no skill or training is needed

to operate the machine.

{2) The plate to be welded is contained in a "cassette' which is
attached to the machine, and when welding is completed and the
machine is removed the plate welded to the workpiece will be de-

tachaed from the machine.

These features are radically different from what is normally done in
welding today. Firstly, manual arc welding requires a specially trained
welder. Even automatic welding machines are operated by specially trained
people. Secondly, in the current practice of are welding, plates to be
welded are first assembled together and a welder or a welding machine

comes to the weld location to perform the necessary welding operation.

it was decided that a prototype machine be designed and constructed
to prove that these features could be achieved. Because of restrictions

of the parts commercially available the machine actually constructed was
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not a prototype of a machine to be used deep-sea but rather a machine
which proves that these features are achievable., Figure 7-3 shows a

sketch of the complete machine assembly, of which major components are:

1. The drive system which includes the moter, gears, sprockets,

and chain
2. The carriage
3. The wire feed mechanism
4. The torch manipulator
5. The frame
6. The carriage receptacle
7. The electrical system

Details of these components are described in Lombardi's thesis [T18].
Figures 7-4 a and b show a side view of the welding assembly and a close-up

of welding heads for fillet welding, respectively.

After the welding assembly was completed a series of tests were
made. Tables 7-1 and 7-2 show welding conditions used in the tests in-
cluding welding current, arc voltage, arc travel speed, and are length.
The test welds were examined by visual inspection as well as inspections
of macro and microstructures. Results of the examinations are presented
in Lombardi's thesis. Figures 7~5 through 7-8 show cross sections of
four welds. As shown in these figures {illet welds with good quality

were obtained with this pretotype machine.

Because of the limitations of time and funds available no further
study was conducted. Although we could not build a machine which could
be used for deep-sea underwater welding, we were able to build a com-
pletely automatic welding machine which could make a double fillet weld
by merely pressing a button. Such a machine could be further developed
to an automatic welding machine, as shown in Figure 7-1, which can be

operated underwater under pressure.
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a. WELDING
ASSEMBLY

b. CLOSE-UP OF WELDING HEADS
FOR FILLET WELDING

FIGURE 7-4 Photographs showing an assembly for fillet welding
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TABLE 7-1 Experimental data on flux-shielded process
ARC LENGTH 1/4-inch
TEST 1
SPEED 56-1/4-inch/min.
AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
- - 300 33
250 30 - -
300 30 300 31
TEST 2
SPEED 62-1/4-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
350 30 300 30
350 30 350 30
350 30 350 30

TEST 3
SPEED 69-3/4-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
400 27.5 350 27.5
350 30 350 30
400 27.5 380 29

TEST 4
SPEED 76-1/2-1nch/min.

AMPERAGE LEFT  VOLTAGE AMPERAGE RIGHT VOLTAGE
400 27.5 400 27.5
380 27.5 400 27.5
380 27.5 380 27.5

TEST 5
SPEED 8T-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
400 27.5 400 27
400 27.5 400 26.5
400 27.5 400 27
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TABLE 7-2 Experimental data on flux-shielded process.
ARC LENGTH 3/8-inch
TEST 6
SPEED 56-1/4-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
300 33 300 33
300 33 300 33
300 33 300 33

TEST 7
SPEED 62-T/4-inch/min.

AMPERAGE LEFT VOLTAGE - AMPERAGE RIGHT VOLTAGE
310 30 300 33
300 33 300 32.5
300 32 300 33

TEST 8
SPEED 69-3/4-Inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
340 30 320 3]

340 3 320 31
340 30 340 31
TEST 8
SPEED 76-1/2-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
360 29 360 30
360 30 350 30
360 30 360 30

TEST 10
SPEED 81-inch/min.

AMPERAGE LEFT VOLTAGE AMPERAGE RIGHT VOLTAGE
380 28 400 27.5
380 29 - -

400 27.5 400 28
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FIGURE 7-5 Micro and macro structures of fillet weid
arc Tength 3/8 in. speed 56 1/4 in./min.

FIGURE 7-6 Micro and macro structures of fillet weld
arc length 1/4 in. speed 62 1/4 in./min.
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FIGURE 7-7 Micro and macro structures of fillet weld
arc length 1/4 in. speed 761/2 in./min.

FIGURE 7-8 Micro and macro structures of fillet weld
arc length 3/8 in. speed 761/2 in./min.
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7.3 Continuing Efforts

Efforts are beilng continued at M.I.T. to further improve the push-
button automatic welding machine. The current efforts are aimed at
developing a series of fully automated and integrated welding systems,
which may be called "instamatic" welding machines. They can be used not

only for underwater welding but also many other applications.

During this research program for deep-sea underwater welding, M.I.T.
researchers studied various ways to develop fully automated and integrated
systems which can be operated by people with no welding skill. They
became convinced that similar systems can be developed for many applica-
tions other than deep-sea underwater welding. In fact, development of
welding systems in dry environment is much simpler than those which must
operate underwater, especially in deep-sea. As far as the number of
potential uses of welding systems is concerned, there will be far more
cases where instamatic welding systems are needed than deep-sea under-
water welding, which is a very specialized application. An interesting
concept developed during the current research is the idea of an enclosed
welding unit containing a piece to be welded in a "ecaggette'. This idea
is a rather radical departure from the current concept and practice.

Tn the current practice of arc welding, plates to be welded are first
assembled together and a welder or a welding machine comes to the weld

location to execute welding.

Over the years efforts have been made by many companies to develop
automatic welding machines which can be operated very easily. Efforts
also have been made to make small welding machines. As a result, M.I.T.
researchers were able to conduct welding experiments in the pressure tank
by remote control and develop automated and integrated welding units during
the current research program. What has been lacking in the welding in-
dustry is the concept of the "instamatic" welding system containing a
plece to be welded in a "cassette'. This is probably due to the fact

that welding companies always assume that skilled welders are available.
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Many small-size automatic welding machines which can be used as parts of
"instamatic" welding systems already exist; however, there is no indica-

tion of developing "instamatic” welding systems.

On the other hand, when one examines modern products other than
welding, such as cameras and tape recorders, the concept of "instant" and
"cassette" is very common. In the case of cameras, for example, "instant"
cameras were introduced rather recently (perhaps in the 1960's). During
the early years of instant cameras some expert photographers were not
impressed by instant cameras which could only produce photographs of
rather low quality. However, instant cameras have been improved con-
siderably during the last several years, and some recent models can
produce photographs of fairly high quality. An important development
which took place is the phenomenal increase in the number of cameras on

the market. Many families now have several cameras within one family.

Today there are a number of simple-to~operate products including
cassette tape recorders, electronie calculators, etc, A unique character—
istic of these simple-to-operate products is that they are the products
of careful engineering and the applications of sophisticated technologies.
As a result of careful engineering, simple-to-operate tools can be de-
veloped which can perform functions which normally require skilled persons.
A good example is the Polaroid SX-70 camera which produces colored photo=-
graphs instantly by merely pressing a button. This product has been

developed as a result of a large scale marketing as well as research and

development effort.

M.I.T. researchers are convinced that "instamatic" welding units far

various applications can be developed (see 8.2 for further discussions).

7.4 Summary and Conclusion of the Work on Flux-Shielded Welding

(I} A conceptual design of an automatic underwater welding machine

which could be used in deep-sea has been developed.
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(2) A simple automatic welding machine which can be operated by

merely pushing a button has been congtructed and tested.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

8.1 Conclusions

Since summaries of the work done under Tasks 1 through 7 are already

described at the end of the chapters discussing these tasks, overall

conclusions drawn in this research program are presented here.

Most of high quality welding jobs which must be performed in deep-

sea today are done by the dry chamber processes, as stated in 3.3.

However, they are extremely expensive due largely to the high cost of

using dry chambers in deep-sea, Wet manual shielded metal arc welding is

not suited for deep-sea applications because:

(a)

(b)

The qualities of welds made by the '"wet' process are not satis-
factory in the first place due to the direct exposure of the

weld to water.

The manual SMA requires skilled manipulation of the electrode.
As the depth increases it becomes increasingly difficult for
the diver/welder to perform the skilled manipulation of the

electrode,

Therefore, it is extremely important to develop integrated and automated

welding systems which satisfy the following requirements

(1)

(2}

Joining must be performed without having direct contacts be-

tween the metals being joined and the surrounding water.

The machine should be fully integrated. Skilled personnel may
be needed to assemble the machine on board the support ship.
However, no skill should be required for activating the machine.
In fact, the machine can be remotely controlled, and all the
diver must do are to place the machine and inform the personnel

on the suppert ship to activate the machine,.
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Efforts were made to develop integrated and fully-automated machines
using two welding process: stud welding and flux-shielded arc welding.
Since the stud welding is a simple, fully-automated process it was
possible to demonstrate that it can be successfully used underwater
under pressure, We believe that the best way is to design a water flood-
able stud welding gun. Some efforts have been made to develop a water

floodable stud welding gun.

Efforts also have been made to develop an integrated, fully-
automated welding machine using the flux-shielded process. A conceptual
design of an automatic underwater welding machine which could be used in
deep-sea has been developed. A simple automatic welding machine which

can be operated by merely pushing a button has been comstructed and tested.

8.2 Recommended Future Research

(1) Stud Welding. On the basis of results obtained in this research

program it appears to be quite possible to develop integrated
and fully-automated stud welding systems which can be used for
deep~sea applications. Tt is recommended that efforts be con-

tinued to design and construct actual hardwares,

(2) Development of "Instamatic"” Welding Systems. During this re-

search program studies were made of wvarious ways to develop
integrated and fully-automated systems which can be operated
by peopie with no welding skill, We believe similar systems,
which ﬁay be called "instamatic' welding systems, can be de-~
veloped for many applications other than deep~sea underwater
welding. In fact, development of welding systems in a dry
enviromnment is much easier than those which must operate under-
water, especially in deep-sea, These systems which need to be
developed through careful engineering will be able to perform
certain prescribed welding jobs by a person with no welding
skill. 1In many cases welding will be performed in a completely

enclosed system so that no spark and very little fume will be
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generated from the welding system. These welding systems can
be successfully used for varlous applications, some of which

are listed as follows:

(a) Certain repair jobs on board a ship and salvaging jobs
which must be performed when no skilled welder is avail-

able.

(b) Certain welding jobs which must be performed in a compart-
ment where sparks from the welding may cause fire or

explosion,

(¢} Certain welding jobs which must be performed in hazardous
environment making it difficult or impossible for them

to be performed by human welders.

The current research program that started on July 1, 1980

is aimed at developing these "instamatic' welding systems.
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A.1: TU.S. Patent #3,989,920 "Underwater Stud Welding Gun"

A.2: U.S. Patent #4,069,408 "Method and Apparatus for Underwater Sub-
merged Arc Welding"
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(57} ABSTRACT

A conventional stud-welding gun has been modified to
allow it to be used for weiding under water. The stud
is contained within a water-tight enclosure formed at
the end of the gun by pressing the seal at the end
against the object to which the stud is to be welded. A
water pump evacuates the enclosure and a stream of
inert gas is provided to expel water and dry the region
where the weld is to occur.

3 Claims, 1 Drawing Figure
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1
UNDERWATER STUD WELDING GUN

The Government has rights in this invention pursuant
to Sea Grant No. 04-4-158 awarded by the National
Oceanic and Atmospheric Administration in the US.
Department of Commerce.

‘The gencral purpose of this invention is to provide a
stud-welding device which can be used quickly and
safely under water to join metals by means of a local
pumping system with appropriate sealing materials and
& clamping magnet.

The former underwater joining processes are classi-
fied as dry chamber underwater arc welding processes
and wet underwater arc welding processes. These
methods, however, cannot be used to join metals in the
deep sea. Furthermore, the properties of welds ob-
tained in shallow sea are not always sound. For in-
stance, in wet underwater welding processes used at the
depth that a diver can go down, the moisture surround-
ing the arc goes into the weld to stay and a brittieness
of weldments occur.

On the other hand, in the prior-art dry chamber un-
derwater welding processes, a large chamber is sunk;
and high pressure argon or helium gas is used to obtain
a dry space under the water. In this way a good weld-
ment is obtained because the water near the point to be
welded is removed. However, this facility is not feasible
for use in the deep sea, because a man must dive into
the dry chamber to weld. Moreover, there is no satis-
factory sealing system.

It is therefore an object of the present invention to
provide a new, small underwater stud-welding pun as
shown in the FIGURE. By means of this gun, the inven-
iurs have made it pussible to pump out the water near
the welded point and to dry up the welded surface by
fitting a gas nozzle near the welding chip.

With the invention of the new underwater stud-weld-
ing gun, a ncw technigue for welding a bolt within one
minute has been developed for use at deep sea levels
(up to a depih of approximately 5,000 feet). This new
underwater stud-welding gun can be affixed to the
manipulator of very deep marine vehicles thus making
possible the welding of metals at deep sea level.

The FIGURE shows a crosssectional view of the
welding gun of this invention,

DETAILED DESCRIPTION OF THE INVENTION

The preferred embodiment of the invention utilizes a
modified form of a conventional stud-welding gun, as
fer ex:.mple, a “Nelson” stud-welder. The conventional
stud-w clder comprises a housing 14 of plastic or similar
electrivally-insulating, impact-resistant material having
at one end a hollow, metallic cylinder 15. The stud 6 to
be welded to a plate (not shown) is slidably coatained
within metallic tip 5. The tip 5 is mounted in metailic
tip holder 7 which is attached to guide rod 16. Spring 8
mounted along rod 16 provides a compression force on
stud & when the stud 6 is pressed against the surface to
which 1t 15 to be weided.

The cvlindrical end 15 has been modified to include
a cylindrical magnet 2 attached to it in order to provide
a magnetic attraction force to the metal 1o which the
stud 6 is to be welded. A resilient sealing material, such
as rubber, synthetic rubber or deformable plastic, is
mserted in a cylindrical groove in the magnet 2. The
stud 6 extends out of the enclosure or cavity 17 formed
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by magnet 2 and end 15 before spring 8 is compressed
The FIGURE shows stud 6 in the position that it wiil be
in when welding takes place. The mechanical contact
of magnet 2 with the sheet to be welded provides a stop
which determines the maximum movement of the stud
6 and thereby the maximum compression of spring 8.
The seal 1 is compressed ta provide a watertight cham-
ber 17 when the stud 6 is pressed against the sheet.

A nozzle 3 contained in chamber 17 drains water
from the sealed enclosure 17 through the action of
water pump 18 to which it is connected by tube 11, A
nozzie 4 has its open end located in proximity to the
end of stud 6, when stud 6 is in the position shown in
the FIGURE. A shielding gas, of argon or similar inert
gas, provided by source 19, flows through tube 50 and
nozzle 4 to expel any water from the space between the
welding surface of stud 6 and the sheet to which it s to
be welded and to dry this space.

Welding is accomplished as in the conventional stud-
welding gun by closing switch 9 of wire 13. This switch
9 activates a controf circuit, shown as relay 20, by
enerpizing the coil of the relay 20 through an electrical
power source 21. The high-current-capacity contacts
of relay 20 provide the weiding current from source 21
through wire 12 to stud 6. The sheet to which the stud
is to be welded is connected to the ground terminal of
power source 21, Switch 9, as shown, is connected to
the metallic cylindrical end 15 and magnet 4 by wire
23. Therefore, the magnet 2 must be in electrical
contact with the sheet to be welded before the relay 20
can be activated and thus provides a safety feature.

Although the preferred embodiment of the invention
has employed a magnet 2 1o assist the operator in hold-
ing the end of the gun in contact with the sheet to be
welded, it is apparent that the magnet 2 is not abso-
lutely necessary. If magnet 2 is not used, the cylinder
15 would be longitudinally extended so that it occupied
the region of the magnet 2. Other variations of this
invention will be apparent to those skilled in the art
without departing from the scope of this invention.

What is claimed is:

1. An underwater stud-welding gun comprising

a stud-welding gun having a cylindrical end enclosure
containing a stud-holding tip,

a resilient sealing member attached to the end of said
cylindrical enclosure and extending along the cir-
cumference of said ¢ylindrical enclosure,

means for removing water from said cylindrical en-
closure when said sealing member is pressed
against a welding surface thereby forming a water-
tight sealed cylindrical enclosure,

means for providing a flow of inert gas in the space
between the end of the stud-holding tip and said
surface to remove any remaining water from said
space.

2. The stud-welding gun of claim 1, comprising, in

addition,

a magnetic member attached to the end of said cylin-
drical enclosure to provide an attraction force be-
tween said cylindrical enclosure and said welding
surface, said force acting to compress said sealing
member and thereby assist in providing the sealing
of said cylindrical enclosure.

3. The apparatus of claim 1 wherein said inert gus s

argon.
* * * * *
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[57] ABSTRACT

According to the method and apparatus of this inven-
tion, water is kept away from the arc in underwater arc
welding by means of material contained in a water-tight
enclosure. The water-tight enclosure is formed by
pressing the scal at the bottom of the enclosure against
the object to be welded and by closing the opening for
the electrode on top of the enclosure by using the fluid
nature of a viscous polymer. Gas generated in the enclo-
sure during welding is expelled through check valves
located along two longitudinal sides of the enclosure.

The enciosure is prepared above the water surface and
then delivered to the welding site. No inert gas is
needed.

12 Claims, 1 Drawing Figure
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1

METHOD AND APPARATUS FOR UNDERWATER
SUBMERGED ARC WELDING

BACKGROUND AND SUMMARY OF THE
INVENTION

The Government has rights in this invention pursuant
1o Grant No. 04-6-158-44007 awarded by the National
Oceanographic  Atmospheric  Administration, Sea
Grant and has reserved rights as set forth in Section 1(/f)
and 1(g) of the Oct. 10, 1963, Presidential Statement of
Government Patent Policy.

The invention relates to underwater submerged arc
welding, which is an electric welding process in which
a consumable electrode is fed into a weld zone at a
controlled rate while a continuous blanket of molten
flux shields the weld zone from contamination. More
particularly, this invention has as an object the provi-
sion of a device and method which enables the utiliza-
tion of a submerged arc welding process underwater.
More particularly, the invention provides a device
which eliminates water contact in the arc area during
underwater welding and hence reduces greatly the
rapid cooling experienced in the conventional underwa.
ter welding processes. This feature together with other
objects and features such as the absence of the need for
water-displacing gases, the absence of water-current
effect, and minimum hydrogen content in the arc area
will become apparent from the detailed description of
the invention.

The quality of welds made with conventional under-
water wet welding processes is usually not sound. The
mwoisture surrounding the arc goes into the weld and
embrittles the weld. The rapid cooling due to water
bubbling because of concentrated arc heat induces mar-
tensitic structure in heat affected zone of the weid.
Code quality cannot be achieved. On the other hand,
dry chamber quality underwater welding process is not
economically feasible, although a sound weld can be
produced with this technique.

It is therefore a general object of the present inven-
tion to provide an improved underwater welding
method and apparatus. By means of the method and
apparatus of this invention, the inventors have made it
possible to keep water away from the weld area and
maintain a continuous slag covering on the weld head
throughout the welding period. Code quality can there-
fore be achieved.

The FIGURE shows a partial cross section of the
apparatus of this invention.

DETAILED DESCRIPTION OF THE
INVENTION

A flux-stuffed enclosure 6 is prepared with three
layers of chemicals. At the bottom of the enclosure,
layer 8 is conventional welding flux which provides a
continuous protective environment during welding. A
iayer of powder insulation material 3 above layer 8§,
such as limestone powder, is able to withstand high
temperature, is an electrical insulator, and provides a
drying agent which absorbs any water moisture which
penetrates through sealing layer 3 because of electrode
1 motion during welding. The thermally insulating ma-
terial 2 also retains heat in the enclosure 6 to give a
temperating effect on the bead behind the arc produced
during welding. The top sealing laver 2 is uscd to pre-
vent water from penetrating into the layers 3, 8. It has
been found that a water insoluble, high viscosity paly-
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mer such as Polybutene No. 24 by Chevron having a
viscosity of 1000 SFU at 210° F, functions well as a
water seal for the moving electrode when welding is
Occurring.

The bottom sheet 5 of the enclosure 6 comprises a
sheet of metal or plastic which is attached to the side
walls of the enclosure. The bottom sheet 5 holds the
layers, 2, 3 and 8 in the enclosure and prevents water
from wetting the flux 8 which is contiguous to the bot-
tom sheet 5. The bottom sheet 5 may he made of very
thin steel, aluminum foil or other electrically conduc-
tive materiat of sufficient strength to contain the con-
tents of the enclosure. Its thickness should also be such
that when electrode 1 which has peretrated layers 2, 3
and 8 and is electrically energized by source 14 touches
sheet & the arc produced melts the sheet § and also the
electrode 1, the basc metal 11, and the flux 8 into a
common pool. The molten flux acts as a cleaning agent
and floats 1o the top of the weld to form a protective
slag while the weld solidifies as in conventional weld-
ing.

Alternatively, a thin plastic or other electrical non-
conductor which is easily penetrated by the welding
electrode may be used as the botiom sheet 5, in which
case the arc occurs between clectrode 1 and metal 11 as
in conventional welding.

Gases formed by chemical reaction of the flux due to
welding heat are expelled through check valves 7 lo-
cated along two longitudinal sides when pressure is
higher than the ambient pressure. Welding is therefore
performed under a completely protected environment.

After the layer-filled enclosure 8 is delivered to the
welding sile by a driver or other means, the slot 16 of
the enclosure is aligned with the joint 12 of the plates 11
to be welded by means of alignment guides 9. The bot-
tom sheet 5§ of enclosure 6 is pressed against plates 11 to
displace most or alt of the water between sheet 5 and
plates 11. A slight outward bulge in sheet 3 before press-
ing is desirable for this purpose. A resilient sealing mem-
ber 4 of rubber, plastic or other suitable material, on the
bottom sheet 5 preferably near its periphery, provides a
water seal when the enclosure 6 is in place. A suitable
clamping device such as electromagnet 13 may hold
enclosure 6 in place during the welding process. Other
mechanical means or manual pressure could be used for
holding enclosure 6 in place.

The enclosure 6 has a slidable cover 19 which retains
the contents of the enclosure 6 after it has been prepared
with its layers of material and during the period that it
is underwater and being delivered to the welding site.
The cover 10 is removed before welding is to take
place, after the enclosure has been placed over the joint
with the slot. Alternatively, the cover 10 may be pushed
along by the electrode 1 during the weldig process.
Also. another alternative is to have the cover 10 made
of a thin tearable material, such as plastic, which is
perforated by electrode 1 at the commencement of
welding and is further torn as the electrode is moved
along the slot 16. The cover 10 may be dispensed with
if the filled enclosure 6 is maintained relatively level for
ali but short periods of time, which are insufficient for
significant flow of sealing layer 2 material out of encio-
sure 6.

The process of welding after the enclosure 6 has been
clamped to the metal to be welded is simple. The encr-
gized electrode is inserted into the enclosure & through
the layers 2, 3 and 8 at one end of the slot 16. After the
welding arc occurs, the electrode is moved along the
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slot at the proper rate to achieve 2 good weld bead. The
viscous fluid layer 2 at the top of the enclosure closes
around the electrode 1 moving in direction 17 suffi-
ciently rapidly to prevent substantial amounts of water
from penetrating layer 2 to be absorbed by layer 3. The
electrode 1 and enclosure 6 are removed at the comple-
tion of the weld.

While the particular embodiment of the invention
specifically discussed sbove seems preferable at the
present lime, modification thereto may occur to those
skilled in the art without departing from the spirit and
scope of the invention. Hence, the invention is not to be
construed 8s limited to the particular embodiment
shown and described herein, except as defined by the
appended claims.

What is claimed is:

1. Apparatus for underwater arc welding comprising:

an enclosure having a perforable bottom,

said enclosure containing layers of welding flux, an

insulating powder and a water-insoluble, high-vis-
cosity Hquid in that order on said bottom,

a longitudinal slot in the top of said enclosure

whereby an electrode may enter said enclosure

through said slot to penetrate said layers to perfo-
rate said bottom. .
2. The apparatus of claim 1 comprising in addition

15

20

25

a resilient sealing member attached to the bottom of 30

said enclosure.

3. The apparatus of claim 1 wherein said perforable
hottom is 2 thin metallic sheet capable of being perfo-
rated by the arc produced by electrode when energized.

4. The apparatus of claim 1 wherein said perforable
bottom is a thin non-metallic sheet capable of being
perforated by contact with the electrode.

5. The apparatus of claim 1 wherein said liquid is a

polymer.
6. The apparatus of claim 1 comprising in addition

35
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a slidable cover to cover the slot in the enclosure and
capable of sliding along said slot in response to
movement of the electrode.

7. The apparatus of claim I comprising in addition

a cover for said slot capable of being perforated by
said electrode and being torn by said clectrode as it
moves glong the slot.

8. The apparatus of claim 1 comprising in addition

means for expelling gas from said enclosure gener-
ated during the welding process.

9. The apparatus of claim 8 where said means com-

prises

check valves located along the longitudinal side of
the enclosure.

10. The apparatus of claim 1 comprising in addition
means for holding the bottom of the enclosure in
mechanical contact with the metal to be welded.
11. The apparatus of claim 18 wherein said holding

means Is an electromagnet.

12. A method for underwater arc welding joints in

metal pieces comprising

preparing out of water an enclosure having a perfora-
ble bottom,

said enclosure containing layers of welding flux, an
insulating powder and a water-insoluble, high-vis-
cosity liguid in that order on said bottom,

a longitudinal slot in the top of said enclosure to
allow an electrode to enter said enclosure through
said slol to penetrate said layers (o perforate said
bottom,

placing said enclosure in contact with the metal to be
welded with its slot over and along the joint to be
welded,

inserting an energized electrode through said slot to
make elecirical contact with said metal to form an
arc,

moving said electrode along said slot while maintain-
ing said arc to produce a weld along said joint,

said enclosure and metal being underwater during

said welding.
O A
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APPENDIX B

SURVEY ON DEPTH-RELATED TECHNICAL PROBLEMS
OF CURRENT JOINTNG PROCESSES

Chapter 4 Depth-Related Technical Preblems of A.P. Moore's Thesis

Entitled "Metals Joining in Deep Ocean".
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As operating depths are increased, the effects of pressure on joining
processes become of far greater importance. Although a certain amount of
work on this topic has been done, a great deal more must be completed if
greater joining depths are to be achieved. In this chapter, technical
problems anticipated in extending the depth capacity of those techniques
outlined in Table B-1 is reviewed. An assessment of possible corrective
measures as well as an identification of practical future developmental

work is made.

Many of the arc~welding processes which appear in Table B~1 are
subject to the same depth-related problems due to the characteristics of
the underwater arc itself. These common problems will be dealt with first.
Following this, the other processes noted in Table B-1 will be examined
in order to define technical problems which must be solved in expanding

operational depth limits.

B.1 Electric Arc Processes

A welding arc is a sustained electrical discharge through a high
temperature, high conductivity column of plasma. It is produced by a
relatively large current, in the neighborhood of 200 amperes, and a low
voltage of from 35 to 50 volts. The plasma, through which electrical
conduction takes place, contains a radiating mixture of free electrous,
positive ions and some highly excited neutral atoms. The electrons drift
toward the anode and the ions toward the cathodes. Electromagnetic forces
constricting the arc determine this drift velocity. Since the majority of
the arc power (75 to 90 percent) is delivered to the anode, the workpiece
is most often made the anode and the electrode the cathode in underwater
welding. Termed straight polarity, this arrangement takes advantage of
the high density, high velocity, electron bombardment of the anode for
heating [54].

In addition to electromagnetic forces, an underwater arc column is

compressed by hydrostatic forces and cooling effects. These hydrostatic

forces are, of course, a function of depth. Cooling effects are caused
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Table B-1

Joining processes with potential for deep ocean application

Process

Possible Deep Ocean Application

I. Processes Suitable for General Repair and Fabrication

Wet shielded metal arc
single-pass
multi-~pass

hyperbaric chamber

(enclosing diver and work)

small fixed or movable chamber
(enclosing only work)

shrouded metal arc
wet plasma arc
wet gas metal arc

mechanical jeinimg techniques

temporary repair; padeye attachment

platform, habitat, pipeline repair
possible underwater fabrication

pipeline repair and hot-tap work
fabrication of deep pipelines

platform and other repair work

presently under development

platform, submerged production
system, pipeline repair

II. Processes Suitable Primarily for

Establishing Attachment Points

exothermic welding/brazing

explosive welding

velocity power tool

attachment point: possible
pipeline repair

attachment point

attachment point
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by the surrounding water as well as by hydrogen dissociated from the

steam in the welding bubble. Further, the arc may be geometrically con-
stricted by the cathode spot or electrode in straight polarity welding
[10]. All of these forces combine to Increase the rate of collision among
electrons, ions, and neutral particles, causing a high pressure regiom.
Also, in order to continue the mechanism of current transfer, the con-
duction cross section must be maintained. Therefore, if conducting forces
restrict the arc area, the core temperature must increase to maintain

the current. Core temperatures can range from 5000 to 50,000°K depending

on the degree of ionization and arc comstriction {54].

The special characteristics of an underwater arc create a number of
depth-related effects which must be considered in the development of any
electric arc joining process for the deep sea. These effects are discussed

in the following sections.

B.1.1 Penetration and Weld Bead Shape

The very high arc core temperatures found at greater depths greatly
increase arc penetration; This can have both beneficial and detrimental
effects. Increased penetration, accompanied by more rapid metal transfer,
can lead to higher, more efficient deposition rates. On the other hand,
at the high pressures found on the deep ocean floor, increased penetration

can lead to burnthrough [54].

In laboratory research, Madatov reported an increase in penetration
with depth for shielded metal arc (SMA) welds, as well as widening of the
penetration shape factor (W/P) from 5 to 3 [40], De Saw et al. found that
reverse polarity SMA welds were shallower, wider and less porous than
straight polarity welds [18]. This reversal of arc characteristics at
depth was not explained. However, during extensilve commercial repair work
at sea, Grubbs has noted that excessive penetration is not a problem in

multipass SMA welding, even at depths in excess of 200 feet [26].

SMA weld bead characteristics have been found to be quite satisfac-~
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tory in actual service when the sophisticated multipass technigue is
emploved. Developmental work in extending the depth capability of this
process centers around electrode coatings and has resulted in the dewvelop-
ment of satisfactory electrodes for low carbon steel (carbon equivalent
less than 0.4) welding in depths exceeding 200 feet. At present, austeni-
tic electrodes may be satisfactorily employed for steels with higher carbon
equivalents in depths up to 800 feet and werk is underway to extend this

capacity to over 300 feet [25].

A number of investigators have studied the effects of pressure on
the gas metal arc (GMA) welding process., Pilia found that welds made at
60 feet were peaked and thin and that burnthrough was a problem at 80-100
feet because of excessive penetration [10]. In dry welds made under
pressure on aluminum, Brandon noted that the weld cross sectional area,
the weld depth to width ratio and penetration all increased with increased
pressure. Careful control of filler metal feed speed was the single most
important factor available to offset or control these effects. Arc voltage
and welding travel speed were less influential in their effects on weld
penetration and shape {9]. In underwater chamber welding, the diver-
welder must manipulate the are differently than in surface welding in order
to offset the more narrowly concentrated heat of the constricted arc. It
is more difficult to initiate the arec, to maintain a stable arc and to
obtain good fusion across the width of the weld joint. The welding arc
becomes more intense and the electrode wire melts at a faster rate as the
pressure increases. This causes a larger weld pool and control difficul-

ties, and can lead to such weld defects as overlap and improper fusion

[45].

As welding pressure increases, the only significant change in the
characteristics of a gas tungsten arc (GTA) 1s a constriction of the arc
column leading to an increase in arc voltage. This causes an effect not
unlike that of a plasma arc weld and results in greater weld bead penetra-

tion, often as much as 50 percent at 20 bar [36].
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B.1.2 Current and Voltage

Compressive forces acting on the underwater arc make voltage-amperage
curves concave or rising, Thus, though the voltage needed to strike the
arc is higher than the voltage needed to maintain 1t, the amperage grows
as the voltage decreases once the arc has been established. As depths
increase and greater constriction due to water pressure is experienced,
the current density continues to increase [10]. At great depths, Madatov
found the large concentration of heat from the increased current density

acted to limit welding currents to 180-240 amps [407.

Although, at one time, apparent increases in current requirements for
SMA welding were attributed to heat losses through thermal conduction [30],
it is now believed by some researchers that increased current dewands are
primarily due to the constriction of the arc and increased resistance
heating of the rod as greater pressures are encountered [54]. Arc length
must also be considered, since longer arc lengths result in greater hydro-
gen cooling and hydrostatic effects, which combine to cause greater con-—
striction and current density. To compensate for these factors, it has
been suggested that the welding current be increased by 10 percent per
atmosphere of additional pressure in order to maintain similar arc condi-
tions [7]. This suggestion has not been confirmed by practical experience,
however. During multipass SMA repair welding at wvarious depths up to and
exceeding 200 feer, Grubbs has found no need to increase current dras-
tically with depth. He has found that it is necessary to increase current
approximately 10 percent over that required for air welds and to increase
current as cable length is increased but has noted that there is no need

for a current increase with depth [25].

Several reports have been issued on the effects of pressure on the
GMA welding process [8,9,12,48,51]. From them, much information concerning

the effects of depth upon current and voltage can be gained.

Arc power consumption is a meaningful measure of welding performance

which complements voltage and heat input data. An idea of the arc power
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consumed in any region can be gained by measuring the voltage consumed and
remembering that the same current flows through all elements in a welding
¢ireuit. These distinct voltages, which are shown in Figure B-1, are

the IR drop in the electrode stickout, the anode voltage, the positive
column voltage and the cathode voltage. Since total arc voltage will be
divided differently among these regions depending on welding conditions,
these distinct voltages must be considered. ¥Figure B-2 illustrates arc
length vs. voltage. The IR voltage drop can be expected to remain con-
stant and not vary with minor current variations. Extrapolating the curves
to zero length eliminates the contribution to total voltage of the columm
voltage. These zero arc length voltages, which represent the sum of

anode and cathode voltages, increase with pressure by differing amounts

as shown by the varying slopes of the constant pressure curves [48].
Similar results were reported for underwater arcs by Avilov in earlier

work [7]1.

This increase is probably due to anode voltage, as can be explained
by using the following formula for direct current reverse polarity melting

rate [48]:

M=al + bL12

where: a is a constant dependent upon anode size and material

b is a constant dependent on electrode diameter and

'resistivity
L is the electrode stickout distance

The first term on the right represents the anode melting contribution

and the second, resistance melting. In this equation, the electrode volt-
age drop is independent of the temperature at the end of the electrode.
Experimentally, more current is required to maintain the melting rate than
would be predicted by the melting rate equation. Since no change can be
expected in the resistance heating term, the anocde melting term must in-

crease. This conclusion 1s supported by Maecker's analysis of plasma jets.
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Entrained cold gas has to flow over the electrode to be heated and accel-

erated. This energy requirement should result in an increase in the anode

voltage drop with pressure [48].

Figure B-3 presents voltage and pressure data for the same arc
length values in a different manner. Figure B-4 is the power vs pressure

relation calculated from measurements of arc voltage [48].

Branden, in his report, noted that increased pressure is detrimental
to arc stability, but that increased voltage promotes stability., At low
pressures, near atmospheric, arce stability is relatively insemsitive to
voltage, but at high pressures, increased voltage greatly increased
stability. This acts to reinforce previous work which suggests that

increasing voltage when ambient pressure rises may be a useful technique[9].

Several experimentors discovered that constant potential power sources
were neot adequate for work at higher pressures, Drooping power sources
were used at pressures greater than about 8 bar to provide the necessary

open circuit voltage for high pressure welds [12,48].

In summarizing current and voltage relations found 1In welding under

pressure, the following points should be noted:

1. A4s hydrostatic pressure adds to electromagnetic and cooling
constricting forces, the current density increases and a

higher voltage is required to maintain a constant arc length.
2. Power requirements increase with depth.

3. Current requirements may increase somewhat with depth but the

magnitude of this increase is in question.

Further work is needed to clear up areas where confusion exists as
well as to verify previcus work. Whenever possible, such work should be
undertaken in an actual ocean environment, over a wide ramge of actual
undersea projects. Results which appear tc be significant im laboratory
tests conducted under carefully controlled conditions are often not impor-

tant factors in actual marine work.
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B.1.3 Metal Transfer

There are three basic modes by which metal from the electrode
can be transferrved across to the weld pool. The one which occurs at the
lowest current level is dip or short circuit transfer. In this mode,
electrode feed rate, current, and power source dynamics are such that the
metal transfers- across during the short circuit and, in the remainder of
the cycle, the arc is maintained without metal transfer. As the current
is increased, other parameters remaining the same, the transfer mode shifts
to globular or drop transfer and the metal is transferred in large drops
that travel slowly to the workpiece. This shift occurs because the ohmic
heating of the electrode and the anodic heat developed at the tip generate
enough heat to permit large globules of metal to detach without short
circuiting. As current is increased further, rapid melting of the elee-
trode occurs and droplets are ejected as a fine stream or spray by the
action of plasma jets. In globular transfer, gravity is the dominant
force, in spray transfer, the strength of the plasma jets is dominant.
These modes may undergo transformations from one to another as parameters

are altered or may occur in combination [12].

Maecker's plasma jet theory 1s useful in explaining the effects of
pressure upon transfer in the spray mode. A4s the arc is constricted,
radial pressures increase. Pressure equalization causes a flow along
the axis toward larger cross sections and lower current demsities. This
flow draws cold gases into the arc and further constricts the discharge
cross-section at the electrode, increasing the pumping action. This pro-
cess continues until the temperature gradient becomes steep enough for a
steady state to exist. The steady plasma jet attracts current paths by
its good conductivity. These paths supply enough joule heat to offset

the conductive cooling of the plasma jet and the balance is maintained[48].

As ambient pressure rises, the thermal conductivity of the gases
increases. This increased conductivity causes a constriction of the arc
and a new, higher velocity steady state is attained. This results in an

increased drop transfer rate and deeper penetration, up to a certain level.
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At sufficiently high pressure levels the combined effects of the reflected
vapor jet from the workpiece and a pressure induced squeeze effect on the
bottom of the arc column begin te retard the plasma flow rate. This causes
an eventual reversion to globular transfer [48]. Figure B-5 illustrates

the balance between arc plasma and hydrostatic foreces [10].

In studies of the effects of pressure on the GMA process, Billy and
Parlman et al. found that a reversion from spray to globular transfer
occurred at sufficiently high temperatures. The are also became unstable
resulting in an excessive amount of metal wvapor and spatter as well as an
uncontrollably large weld puddle. Poor, highly crowned weld beads were
also formed after reversion to globular transfer [10,36,48]., Burrill and
Levin also found that there was a marked trend toward decreased metal
depositicon efficiency due to metal vapor formation and spatter. However,
they could not cenfirm a change in the mode of transfer to globular. This

may have been due to their use of a higher voltage power source [12,36],

Figure B-6 illustrates the increase of spray transition current and

voltage with rising pressure for a GMA process [48].

With the GTA process, arc instability does not arise since the wire
is not part of the arc system but is fed and melted directly in the weld
peol. The only significant change in the GTA arc with increased pressure
is a comstriction of the arc column which leads tc an increase in are
voltage and penetratiom. At higher pressures the GTA weld is similar to
one made by the plasma-arc process. The increased penetration may make
it possible to increase welding speed slightly thus improving this pro-

cess' chief shortcoming [36,45].

The normal metal transfer mode for SMA welding using the drag or
touch method is small droplets, except for an occasional arc short circuit
due to the formation of a large drop. Silva found that, even at shallow
depths, SMA welding underwater resulted in gleobular rather than spray
transfer[10]. Madatov found that the time taken to form a drop on the

electrode and the time thatr the drop spends in the arc bubble atmosphere
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FIGURE B-6 Spray transition with changing pressure

were about the same for the SMA process. This is in contrast to thin
wire welding processes in which the time spent in the bubble atmosphere
often exceeds the time spent in drop formation. Madatov found that SMA

drops transferred at a rate of 44 per second during his experiments [10].

In summary, increased pressure on the welding arc results im arc
instability and a tendency to revert from spray to globular transfer.
Increasing the voltage acts to prevent the revision to globular transfer,
but does not prevent arc instability and the resultant loss of depositiecn
efficiency due to spatter and vaporization. One suggested solution to
this quandary is to employ lower heat input versions of the GMA process
such as dip-transfer and the pulsed-arc technique [45]. Imn the dip or

short circuit mode, the filler wire first shorts out to the molten weld
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pool. Next, the current surges and the filler wire is melted off and the
arc reestablished. These shorts occur 50-70 times a second with metal
transfer taking place during each short. In pulsed-arc welding, the
reverse effect occurs. The filler wire melted by the arc is projected
across the arc by the current which is pulsed at 60 times per second.
Both of these processes involve heat inputs 20-30 percent lower than

conventional GMA welding [45].

A great deal of work has been done studying the mechanism of metal
transfer in arc processes under pressure. It appears that many of the
original questions in this field have been answered and the major problems
isolated. Much work remains to be done, however, in selving these prob-

lems.

B.1.4 Bubble Dynamics and Shielding Gas

No results have been reported on the effects of depth on gas evolu-
tion rates. It has been suggested that this is an area that requires

work in the future [55].

The effects of increased pressure upon the weld bubble are fairly
easy to determine by assuming that the bubble atmosphere is an ideal gas.
Since the bubble atmosphere 1s predominantly hydrogen this assumption 1is
acceptable for pressures and temperatures of practical significance. The
volume of a gas bubble containing a given mass 1s directly proportional to

gas temperature and inversely proportional to pressure:

Voo

o=

As water depth increases, the pressure term increases. Increasing hydro-
static pressure also causes greater constriction of the arc resulting in
higher current densities and greater arc temperature. This raises the
temperature of the gas generated. Arc temperature does not increase as
steeply as pressure, however, so the pressure term dominates and the volume

of the bubble decreases as greater operating depths are reached. This
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means that the protection afforded a SMA weld made without supplenentary

gas shielding will decrease.

Silva has develbped relations which link the velocity and diameter

of a rising bubble to its depth [55]:

_ 2
v 4ghd  (p_ - p,) + 0.532d
2p,d + 3CQb
d= p +o_8D d3
- %y

p + p_gh

where V = upward velocity (ft/sec)

= acceleration due to gravity (ft/secz)
= depth of bubble being considered (ft)
depth of are (ft)

= gtmospheric pressure (lb/ftz)

[ L= N wr N = e <}
Il

= coefficient of drag for a sphere (dimensionless)
d,dD = diameter of bubbles at h or D (ft)

P2 Db = mass density of water or bubble (slug/ftB)

Increased pressure also affects shielding gas behavior. The density
of the gas is increased and high flow rates are required. Figure B-7
illustrates the increase required by Burrill and Levin in their experi-—
ments [12]. Flow rates as great as ten times those used for surface
welding have been required. Arc behavior may also change with depth and

influence the selection of the shielding gas and the gas flow rate [45].

Liquification of shielding gases places a depth limit on their use,
since the torch would cease to function [36]. Of the gases suitable for
shielding, argon and hydrogen remain gaseocus al the greatest pressures.

At 0°C, argon liquifies at 3570 meters and nitrogen at 5090 meters.
Heating of a gas may extend its range slightly, but practical considera-

tions limit this action [541.
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B.1.5 Porogity and Chemical Composition

Porosity is caused by small gas bubbles becoming trapped in the
weld metal. The small hole, or pore, in the welded joint is a mechanical
defect and is not as serious as the chemical problem associated with the
presence of the gas. Having oxygen or nitrogen present is harmful because
oxides and nitrides formed from these gases cause embrittlement of the
metal. The presence of hydrogen is even more critical but its effects will

be considered separately in the next section [10].

Two possible causes of porosity in SMA welds made underwater have
been suggested. The first, not a depth-related effect, is that porosity
is associated with wet electrode coatings. Chicago Bridge and Iron welders
have found that keeping electrodes dry in a special underwater case until
they are actually placed in the holder reswlts in high quality, porosity
free welds [25]. Better coatings, which resist moisture penetration, also
help to overcome this problem. There has been speculation that increased
perosity found in SMA welds made at greater depths is related to the
shrinking of the protective gas bubble under high pressures. It is
thought that protection of the arc and molten weld metal normally provided

by the gas bubble breaks down [45]. This problem might be solved by using
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a shroud to trap shielding gases generated or by the use of supplementary

shielding gas.

In GMA welding tests made under pressure, porosity was found to
be reduced when pressure was increased. This is believed to be due to
the fact that the gas pressure in the bubbles was lower than the sum of
the hydrostatic pressure of the molten metal, the surface temsion of the
molten metal, and the ambient pressure of the chamber [8,48]. If this is
the case, chemical problems will remain unchanged since the amount of gas
in the weld is not changed {51]. Brandon noted a correlation between pore
size and shape and turbulent arc and puddle action in GMA pressure welding.
This might become a significant problem if pressures are sufficiently great
to cause the welding arc to become unstable. 1In his tests, Brandon found
that filler metal speed rate was the only parameter which affected weld
soundness. Low filler metal feed rates with low levels of arc turbulence
gave completely sound welds. High feed rates with a large amount of

turbulence resulted in large voids [9].

In underwater welding-there are many hydrogen and oxygen ions
present and the pOSsibility of substantial numbers of sodium, chlorine,
magnesium, sulfur, potassium and calcium ions from the dissociation of
sea water, In addition, {1f nitrogen gas shielding is used, care must be
taken to avoid welding steels containing aluminum, chromium, vanadium,

or molybdenum since a brittle nitrided structure could result [54].

The presence of oxygen in a weld will reduce strength, hardness and
notch toughness, especially if dissolved in quantities greater than 0.1
percent. Since oxygen from dissociated water is so prevalent in underwater
welding, deoxidants in electrode coatings become of critical importance
{10]. As Table B~2 indicates, a notlceable reduction in carbon, manganese
and silicon is observed as welding is carried out at progressively greater
depths. It is apparent that pressure increases the rate at which these
deoxidants combine with the oxygen generated from the dissociation of
water. This leads to their proportionate removal from the weld metal[36].

It has also been reported that the chemical activity of silicon and
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manganese deoxidants increases with an increase in pressure. In welds

made in aluminum under pressure, Rabkin et al. found that the concentration
of the easily wvaporized alloying elements, maganesium and zine, increased
as pressure was increased. This was due to the elevatlion of their boiling
points and to a corresponding decrease in their rates of vaporization from
the weld pool. An increase in zinc and magnesium concentration resulted in
the elimination of defects caused by oxide inclusions and in a reduction in

porosity [511].

B.1.6 Hydrogen Embrittlement

The severe quenching effect of the underwater environment and the
presence of hydrogen in the weld area cause the most severe problems en-
countered in wet underwater arc welding. Although the quenching problem
can be solved for certain applications by removing the water through the
use of dry chambers and shrouds, the remaining moist atmosphere is still
high in hydrogen. Shielding gases are used to overcome this difficulty in
chamber welding, but it remains a problem in shrouded SMA welding as well
as in all wet techniques. The combined effects of hydrcgen and the
quenching action result in a severe cracking problem in the heat affected

zone (HAZ) and in a loss of ductility and tensile strength [11,36,45].

The quenching of the weld due to the large heat sink of the water
is not a depth-related problem, but there are Indirect depth effects.
In the deep ocean the water is likely to be much colder than at the
surface and the quenching effect is more severe [54]. Hydrogen embrittie-
ment, which is depth-related, results in serious cracking only in hardened

regions, such as those martensitic areas caused by quenching [16].

An underwater arc operates in a bubble atmosphere resulting largely
from dissociation of the water by the extreme heat of the arc. This
paseous atmosphere may be up to 93 percent hydrogen [11]). The hydrogen
dissociated from water in the bubble dissolves into the weld puddle and
the rapid quenching action which enhances the formation of brittle

martensite by a precipitation process also acts to prevent the hydrogen's
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escape. As the temperature cools down, the solubility of hydrogen is
reduced and the hydfogen begins to diffuse out of the weld metal into the
surreunding water and into the HAZ. The presence of both hydrogen and

a hard martensitic structure in the same region, the HAZ, is an impertant
point since hydrogen will not induce cracking unless the region is hardened
and contains residual stress concentrations. Faster cooling rates and
resultant higher hardnesses give the HAZ a higher susceptibility to hydro-

gen cracking [52].

TABLEE -2 Changes in weld composition with depth [36]

Depth Carbon Manganese 8ilicon
(m) (wt %) (wt %) {(wt 2)
20 0.26 0.63 0.16
40 0.19 0.21 0.08
60 0.09 0.12 0.03

Hydrogen embrittlement is most apparent at temperatures just above
those of the ductile to brittle transition of the hydrogen-free metal.
Below the transition temperature, the metal i1s brittle regardless of the
presence of hydrogen and above this temperature it is difficult for micro

cracks to form and propagate before plastic deformation can occur [16].

Although many theories have been developed to explain the mechanism
of hydrogen embrittlement, the one advanced by Morlett, Johnson and
Troiano seems to be generally accepted today [16]. This theory is based
on diffused hydrogen localized at lattice imperfections known as voids.
The severity of the embrittlement effect depends both upon the established
stress system and the diffused hydrogen. The voids are regarded as micro

notches about which a multiaxial stress system will be established when
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stress is applied to the steel, According to this theory, the stress sys-—
tem will be triazial in nature in a region within the metal lattice near
each void. It 1s suggested that it is the hydrogen concentration within

the void alone that determines the degree of embrittlement [16].

During diffusion, hydrogen concentrates in those regions of the
lattice that are highly stressed. This creates a hydrogen concentration
gradient which corresponds to the multiazial stress gradient of the region.
However, once within the stressed region, equilibrium requirements cause
the hydrogen to move from the lattice into the voids. The size of the
hydrogen concentration gradient depends upon the original hydrogen concen-
tration, the hydrogen diffusion rate and the time available for the
diffusion of the hydrogen. One necessary condition for the diffusion of
hydrogen through a metal is the dissociation of the hydrogen molecule to

atomic hydrogen at the surface [52].

The diffusivity of hydrogen in metal can be expressed as an equation

of the form:

D = D, \/P exp (-Q/2RT)

D = Diffusivity of hydrogen Q = Heat of soluticn
Dy = Constant = (Gas constant
P = Pressure of hydrogen T = Absolute temperature

This equation, known ag Sievert's Law, also governs the solubility of

hydrogen in the weld metal [54].

It can be seen that diffusivity increases with temperature in accord-
ance with the exponential law governing rate processes, and that diffusiv-
ity is also proportional to the square root of the hydrogen pressure. The
hydrogen partial pressure in the arc bubble must be nearly as great as
hydrostatic pressure since the bubble is more than 90 percemt hydrogen and

must have a total pressure equal to hydrostatic pressure. Thus, as
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Figure B -8 illustrates, for a given temperature, the percentage of hydro-

gen in the HAZ increases as the pressure at which the weld is made is

increased.

Tt has been suggested that the total amount of hydrogen which originally
goes into solutlion in the weld metal must correspond to the maximum solu-
bility of the metal. Since liquid metal has a greater gas solublility than
solid, this results in greater initial absorption than would be expected
using Sievert's Law. As a result, the diffusivity to the HAZ will increase
over the values predicted by Sievert's Law., The rate controlling process
for gas absorption proposed to replace Sievert's Law 1s the rate of gas
ion supply to the metal surface [54]. Additional study to determine which
of these two diffusivity relations is most useful in predicting the extent

of hydrogen embrittlement should be undertaken.

Once embrittlement has occurred, a brittle micro crack may initiate in
the region of high triazial stress. The exact manner by which the hydro-
gen concentration causes crack initiation is unknown. In fact, it is
not certain whether the initiation occurs prior to, or after, the introduc-
tion of hydrogen [11]. Once the micro crack has been Initiated, its prop-
agation depends upon the hydrogen concentration, the triazial stress field
and the plastic flow at the crack tip. The initiation enlarges to the
size of a small crack which induces further stress on the crack tip,
causing it to propagate. This crack may then grow in steps to critieal
size which can lead to brittle fracture and the resultant failure of the

structure [52].

In most cases, of course, hydrogen-induced cracking does not lead to
catastrophic failure. However, offshore structures made of higher
strength steel have often suffered less dramatic cracking problems when
repairs were attempted using single-pass wet welding techniques. It was
not uncommon to be able to actually lift fillet welds made using wet

processes out of the joint due to the severity of underbead cracking [45].

Porosity, due to hydrogen coming out of solution and forming small
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voids in the weld area, can also oceccur. It is not a major problem in
reducing the quality of welds made underwater. It has been found in ex-
perimental studies that increased pressure acts to retard the formation
of pores in welds [8,51]. It is uncertain, however, whether this effect
is due to the increased heat allowing the weld metal to remain molten
longer, giving hydrogen additional time to escape, or to the increase in

hydrogen solubility which results from increased pressure [8].

Two approaches have been tried to lessen the effects of hydrogen
embrittlement. In steels having a high carbon equivalent (greater than
0.4 but less than 0.6) the use of austenitic electrodes has resulted in
the elimlnation of underbead cracking during multi-pass underwater welding.
This technique has proven reliable down to a depth of 80 feet and research
to extend this depth to the 300 feet mark is underway [25]. An austenitic
weld metal microstructure is capable of storing large quantities of hydro-
gen which, it appears, keeps the hydrogen away from the crack sensitive
HAZ, avoiding underbead cracking [27]. A certain degree of success has
been noted using post heat treatments for underwater welds. Some welds
showed significant improvement after two or three hours at 250°C but others
required much higher temperatures {36]. In another case, aging at ambient
temperature for two days produced an improvement in ductility which was
attributed to the escape of hydrogen from the weld area [27]. Another
form of post heat treatment, tempering previous passes with later passes
using multipass techniques has resulted in CBI being able to consistently
produce high quality welds underwater [27]. It has also been suggested
that preheating or insulating the work surface may help to reduce hydro-
gen relared problems, Other possibilities include increasing the heat
input to the weld arc without increasing weld size through the use of

a wet GMA technique[l0].

B.2 Exothermic Welding and Brazing

Exothermic processes exhibit several advantages which make them ideal

candidates for application in the deep sea. Exothermic devices can be made
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which are small, inexpenslve and contain their own power source. They can
be placed either by submersibles, remotely controlled vehicles, or by
divers and can be activated remotely. Several studies have been conducted
on the feasibility of employing these devices for the placement of padeyes
on objects prior to salvage [5,42,44]. In additiom, it 1s possible that
several other practical applications may arise since the mold in which the
reacted thermit is cast is not strictly size or shape limited. One such
possible application is the attachment of repailr sleeves to damaged subsea

pipelines,

An exothermic reaction is one in which metal oxides having low heats
of formation are reacted with reducing agents which, when oxidized, have
high heats of formation. Although there are many possible thermit re-

actions, the following is by far the most common:
3Fe304, + 8A1 9Fe = &A1203 + 719.3 Kcal

This reaction theoretically achieves a temperature of 5590°F but radiant
heat losses and losses to the reaction wvessel reduce this temperature to
about 4600°F. Additions and impurities further reduce the temperature of
the filler metal to around 3800°F. A temperature of about 2200°F is needed
to initiate the reaction and is usually provided by an ignition powder

which is ignited by a spark or an electric device [44].

The basic thermit reaction may be employed in one of several ways for
joining. In fusion welding, the most common method, the thermit is reacted
in a chamber and tapped into a mold only after the reaction is complete
and slag separation has occurred. A portion of the molten metal flows
completely through the mold and into an overflow chamber in order to pro-
vide for surface cleaning and preheating. The remainder is held between
the surfaces to be joined by the mold and forms the actual weld. By em—
ploying appropriate molds, welds of various sizes and configurations can

be accomplished [5].

Pressure thermit welding utilizes the molten metal and slag to provide
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the necessary heat to join the surfaces, but not to add material to the
weld. The heat content of the thermit products is used to bring tempera-
tures up to the forging level, at which time pressure is applied to form

a bond [5].

Thermit brazing also uses the thermit mixture strictly for its heat
content. After the parts to be joined are heated, a flux is used to
clean the surface and a brazing material flows between the parts by

capillary action [45].

Just as in the more common arc technique, cooling rates have a signifi-
cant influence on the resulting hardness of a thermit fusion weld.
Rockwell "B" hardness climbed considerably as the cooling rate was increas-

ed [5].

The underwater environment has other effects on thermit processes.
Water must be removed from the weld area prior to tapping any molten metal
into the area if a sound weld is to be achieved. This may be accomplished
by removing the water through displacement by a pressurized gas or by pre-
heating the area through the use of a separate thermit reaction timed to
ignite just prior to the primary reaction. It has been found that the
flow of molten metal through the mold can effectively remove minor oxida-
tion and dirt from the surfaces to be joined. Surface preparation may then

be kept to a minimum [44].

One major depth-related problem, offsetting the pressure differential
between reacting chamber and mold in order to provide for the flow of
molten metal, must be solved before thermit processes can be considered
practical alternatives for deep ocean application. Surface thermit welding
devices rely on gravity induced flow of the molten metal from the reaction
chamber into the mold, .In a confusing and crowded underwater emvironmeut,
such as that found in many salvage situations, proper oriemtation of the
device for gravity flow cannot always be assured. In addition, the mold is
subjected to ambient pressures while the reacting chamber must be kept dry.

The thermit reaction itself cannot be used to help offset this pressure
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differential since none of the products of reaction are gaseous. As a
solution to this probleﬁ, pressurizing the thermit reaction chamber to

a level slightly higher than ambient pressure, prior to leaving the sur-
face, has been suggested {5]. It is hoped that the slightly greater
pressure in the reaction chamber will then be sufficient to overcome the
ambient pressure and to induce flow of the molten metal intec the mold. In
order for this method to work properly, however, the level of pressuriza-
tion will have to be calculated rather precisely. If chamber pressure is
too low, no flow will occur; if too high, the mold may be damaged or
forced off the surface. Measuring the exact depth at which an attachment

point is required also adds complexity and expense to a salvage situation.

B.3 Explosive Welding

Developmental work is now being conducted to develop an explosive
welding technique suitable for the deep ocean. It is believed that this
process may be useful 1n attaching padeyes to sunken objects to aid in
salvage efforts, If development is succegsful, this device has several
advantages which may be exploited for deep application. First little
manipulative ability is demandeds in fact, only emplacement and remote
denotation are required., Next, the power source for this device is small

and self-contained. Finally, the process is simple and inexpensive.

The principle of explosive welding is simple. It has been found that
twe pieces of metal impacted together at sufficient velocity can form a
weld at the interface. An explosive charge provides enough velocity to
ensure bonding. Figure B-9 depicts the basic arrangement required. The
upper or flyer plate is projected against the stationary lower plate or
target by the force of an explosion, forming a weld in microseconds with
a noticeable lack of overall deformation., There must be a slight angle
between flyer plate and target, usually less than five degress, and the
tlyer plate may be supported a small distance away from the target. The
flyer plate is protected by a rubber or P.V.C. plate, known as an attenu-

ator, which is placed between it and the explosive. A stand-off distance
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is required for a single explosive charge. Sheet or plastic explosives
used for larger area bonding are placed in contact with the attenuator and
ignited from the end where clearance between flyer and target is the least.
Surface preparation is not critical but deeply pitted, scaly, corroded or

roughened surfaces should be avoided [31].

There is considerable plastic deformation in the immediate region of
the faying surface and the hardness of the deformed interface is usually
greater than that of the unwelded material. This interface assumes a wavy
form with wave amplitudes of from 0.005 to 3/16 inch and wavelengths of
from 0.01 to 1/4 inch, depending on welding conditions. Satisfactory
welds seem to require the formation of waves. 4 small jet of metal, known
as a surface jet, is often ejected from between the plates as they fold
together., The ripples and jet are caused by the high pressures and in-
stantaneous temperatures of the explosive impact, which results in the
metal near the bonding front becoming sufficiently plastic to act as a

fluid. Under these conditions, the flyer plate acts as a jet traveling
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FIGURE B8-9 Arrangement for explosive weldirg
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across the target plate. Humps are raised in the target region ahead of
the jet, then are passed over while new humps form. This causes the
rippled or wavy weld interface. Division of the jet as 1t strikes the
surface results in surface jetting and also in stripping the surface of

the contacting plates, exposing metal for bonding [31].

In the particular technique employed underwater, a second charge,
which is timed to detonate a small fraction of a second prior to the main
charge, is placed in such a manner as to evacuate the water between the
plates. However, as welding depths are increased, progressively larger
secondary charges will be needed to evacuate the water since larger
pressure forces will be acting to resist evacuation. This presents a real
problem since the nearly incompressible water will transmit larger and
larger shock waves to the plates as the size of the secondary charge is

increased.

In making attachments to highly corroded objects some form of surface
preparation must be considered. It is possible that still another charge,

properly applied, might achieve this.

One final disadvantage common to both surface and underwater explosive
welds should be noted. Welds with good bonding characteristics are diffi-
cult to produce consistently. This process appears to be highly sensitive
to variations in welding conditions such as the plate separation distance
and angle, the explosive standoff distance and the balance between the
magnitude of the explosive force and the surrounding environment. Diffi-
cult to control precisely in laboratory conditions, these factors may

become prohibitive in actual deep sea work [43].

B.4 Velocity Power Tools

Several velocity power tools have been fully developed for use under-
water in salvage and emergency repair work. These devices may be used to
attach studs or lifting points, to provide fittings for gas or liquid

transfer and to punch holes. Velocity power tools are small, inexpensive,



-188-

flexible and have a self-contained energy scurce. Several models have
been developed. Of these, two have been designed strictly as diver tools
while a third has been designed for remote operation in conjunction

with the navy's LOSS program. These tools can be used on wood, concrete

and sheet metal in addition to steel plate.

Each velocity power tool is essentially a pun. As Figure B-10 illus-
trates, a stud or other device acts as the projectile. It is attached to
a piston which is propelled by thé detonation of gumpowder within a stand-
ard cartridge. The tool itself uses a trigger and firing pin assembly to
detonate the cartridge and propel the piston and projectile down the barrel.
Several safety devices are incorporated into each diver operated tool to
ensure that premature firing cannot occur. The diver must, before firing,
align the barrel assembly in a certain manner and push the barrel against
the work with a force of at least five pounds and at an angle of between

82 and 90 degrees [37].

There are several types of ammunition available for each tool. These
include several types of solid studs used for fastening, hollow studs used
to transfer a gas or liquid threough a bulkhead and a hole punch projectile
used to punch a hole through a plate. Each type has a number of powder

loads to accommodate plates of variocus thicknesses [37].

The light-duty diver tool operates with a flooded barrel and can be
used at depths up to 300 feet. It can be reloaded simply underwater by
placing a new projectile-cartridge assembly in the breech. The heavy duty
diver tool and the remotely operated tecol both operate with sealed barrels
in order to accelerate the projectile sufficiently to achieve the required
penetration. The heavy duty diver tecol can only be reloaded underwater by
replacing the entire sealed barrel unit [37]. The present depth capability
of sealed barrel units is 1000 feet but it should be possible to extend

this limit if the need arises.

Velocity power tools are ideal for attaching temporary patches. One

of two methods may be employed. Using the first method, a patch can be
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essentially nailed to a structure by firing a stud entirely through the
patch into the structure, The second method consists of firing studs
through predrilled heoles in the patch and into the underlying structure.
The patch can then be bolted on. Centering plugs on the muzzle of the
barrel ensure stud alignment with the hole. Patches and other fittings
applied using these tools are capable of withstanding large forces.
Average extraction forces for heavy and light weight studs and various
plate thicknesses are tabulated in Table B-3. Loading these studs in
shear, rather than tension, increases their load-bearing capacity since

pull~out cannot occur. This is done in the Navy's L0OSS system.

The primary disadvantage of the velocity power tool is its basically
destructive nature. The projectile literally rips its way into the parent
structure. Careful matching of powder loads for intended use minimizes
the damage, but a stud or other fitting attached in this manner cannot be
considered a permanent part of the structure. Crevices and discontinuities
are created which serve as sites for corrosion. This technique is thus

limited to salvage and temporary repair. Even in certain salvage situations,
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the destructive nature of this tool is a disadvantage. 1f this device
were used to providé an attachment point on a watertight compartment of
a sunken submarine or submersible, it could cause leakage or even collapse

of that compartment. This danger increases as salvage depth is increased.

B.5 Other Processes

There are several processes, other than those outlined above, which are
being considered or may in the future be considered for deep ocean use.
However, little technical information dealing with the effects of pressure
on these techniques is available so only a rather cursory summary will be

presented.

TABLE B-3 [37] Velocity power tool stud extraction forces
for structural steel plate

Heavy Duty Solid Studs

Plate Thickness : Average Extraction Force

3/8 in. 8,000 1bs.

1/2 14,000

5/8 16,000

3/4 19,000

7/8 22,000
1 26,000

11/8 29,000

Light Duty Sclid Studs

1/4 in. 3,000 1bs.
3/8 3,500
1/2 4,000
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B.5.1 Mechanical Joining

Mechanical joining techniques form the heart of several repair sys-
tems being developed for the deep sea. These systems, which will be used
in the repair of submerged production equipment and pipelines, were dis-
cussed in Chapter 2. Mechanical joining methods possess several advantages
over other techniques for deep ocean application. First, they are well
within the state of the art, requiring little or no developmental effort.
Some of these methods are also simple enough to be easily employed by re-
motely operated manipulator systems. Finally, these methods are reliable
and their results consistent. They can be especially designed for the

repair of particular subsea structures.

Mechanical connectors may find their greatest undersea use in the

repair of pipelines. Many pipe repair devices have been developed over

the years to meet surface requirements for repair techniques in locations
where welds could not be made. These devices include mechanical sleeves
for bolting and sealing two pipe ends together, split sleeves for the re-
pair of ruptured pipelines, clamps for fixing small leaks and mechanically
connected hot tapping saddles. Many present devices rely on multiple bolts
and are therefore more compatible with divers than with remotely operated
maniuplators. However, new connectors which smap together, yet are capable

of containing high pressure flow, are being developed [29].

Mechanical joining devices are alsc suitable for use in conjunction
with other techniques. For example, a sleeve may be mechanically connected
and sealed around a pipeline so that flow may be restored. A reinforcing
seal weld can then be made between sleeve and pipeline without the danger

of explosicn which is present when gases cannot be vented from an enclosed

space.

B.5.2 Gas Welding

Attempts which have been made to use gas welding processes underwater

have met with little success, even though such gases as oxygen-acetylene,
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propane, methane, ethane, and ethyleme have all been tried, Acetylene,
in fact, becomes unstable at depths greater than 5 to 10 meters due to
increased pressure and can be considered safe only at pressures less than

10 decibars [54].

Hydrogen is the only gas which may be useful for deep ocean use since
all other fuel gases liquify under ambient pressures at shallow depths.
A hydrogen—oxygen combination may prove useful for some applications down
to around 1500 meters. Below this depth, even heating units are no longer
a feasible means of keeping the hydrogen in a gaseous state and liquifieca-

tion occurs [54].

B.5.3 Adhesive Bonding

Adhesive bonded joints have been used for many structural applications
especially in the aerospace industry [50]. This technique is amenable to
remote operation and requires no exterrnal power source. In addition,

it may be accomplished with little or no external heat curing [45].

Adhesive bonding occurs primarily as a result of the molecular
attraction exerted between the surface to be bonded and the adhesive.
Primary chemical and electrostatic forces of attraction form most adhesive
bonds, thus suggesting that the strongest bonds are cobtainable between
highly polar materials. Metal surfaces, although not highly polar by
themselves, mirror the forces in a highly polar adhesive placed on them,

resulting in a stromg bond [50].

There are a number of adhesives that offer promise for underwater
joining. These include butyl rubber-gquinoid cure, nitrile rubber-epoxy,
polysulfide-epoxy and epoxy-polyamide. Most of these cure at or near
70°F so, in practice, they must either be placed in a heated enclosure or
limited to warm water applications. Additional problems which must be

overcome include:

1. Rigorous surface preparation of joints
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Jeint fitup

Joint design

Methods of introducing adhesive to the joint
Curing techniques

Strength of joints produced
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APPENDIX C

Mechanisms of Rapid Cooling and Their
Design Considerations in Underwater Welding

C.L. Tsai, Ohio State U.
K. Masubuchi, Massachusetts Inst. of Technology

Introduction

During the last several years, systematic research
efforts on underwater welding have been made at the
Dept. of Ocean Engineering of the Massachusetts
Inst. of Technology. Most of the research programs
were funded by the National Sea Grant Office of the
National Oceanic and Atmospheric Admin. Some of
the reports, theses, and papers have been
published.!2 The research programs have covered
various subjects including basic research on
mechanisms of underwater welding as well as
development of new, improved processes. This paper
discusses one subject: rapid cooling during un-
derwater wet arc welding.* This paper has been
prepared primarily from results obiained in research
by Tsai.*

The major portion of Tsai’s research is composed
of extensive mathematical analyses of heat flow
during underwater wet arc welding. A series of
mathematical equations has been developed to
analyze all pertinent phenomena involved: dynamics
of bubble formation, heat-loss mechanisms, etc,
Experiments were made to examine the validity of the
analyses. Studies were made to investigate effects of
various parameters (welding conditions, plate

*Hydrogen-induced cracking is another imporian problem associated with
underwater wet welding and is discussed in a separate papar.

0149-2136/0010-8527300.25
Copyright 1879 Otfshore Technology Contarence

thickness, etc.) on cooling rates in weldments,
especially in the heat-affected zone (HAZ). Studies
also were made to evaluate the effectiveness of
various methods of reducing the cooling rate.

Since details of analytical and experimental results
are included in Ref. 4, this paper presents a brief
summary of the analysis and some experimental
results, The emphasis of this paper is placed on
information of practical importance.

Brief Summary of Cooling Mechanisms
in Underwater Welding

The mode of heat transfer in underwater welding is
quite different from that in air welding. The existence
of dynamic bubbles during underwater welding
induces a flow field around the welding arc. This
water flow along with the agitation of bubbles carries
the heat away quickly from the base material and
causes the rapid cooling phenomenon. In this sec-
tion, buble dynamics and heat-loss mechanisms are
discussed.

Underwater Bubble Dynamics

Bubble generation due to the high concentration of
heat in the arc and its departure and final collapse
during the underwater arc welding process in the wet
condition was investigated by a high-speed
cinematogra;iahy study at the Massachusetts Inst. of
Technology.' The arc energy is intense, and water

3

various parameters on the cooling rate.

Rapid cooling is an inherent problem in underwater welding. This paper discusses the
basic understanding of cooling mechanisms during underwater welding and the effec-
tiveness of various methods of reducing the cooling rate. Numerical results obtained
from a computer analysis are used to discuss the design criteria and the effect of

OCTOBER 1980
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Fig. 1 — Underwater arc-bubble growth.

surrounding the arc is vaporized immediately and
forms a relatively stable bubble void. Gases
decomposed from the flux coating or vaporized from
the surrounding water cause the bubble to grow. The
bubble grows and rises continuously until its radius
becomes tangent to the initial void, at which time the
bubble breaks away and a new bubble begins to
form. The welding arc always is protected by the
bubble during welding. The shape of the bubble,
especially late in its growth, may be assumed to be
spherical.

To predict bubble phenomena mathematically, an
idealized bubble-growth model with bubble for-
mation from an orifice can be simulated." It assumes
that the bubble growth begins at a point on or just
above the plate and that the gas behaves ideally. Only
the balance of buoyant and inertial forces need to be
considered. Large flow rates make it possible to
neglect surface tension. Fig. 1| shows the actual
bubble growth and defines the terms of bubble
geometry.

The characteristics of a dynamic bubble can be
defined by the following three equations.

Rising velocity of a bubble:

de 8

i l—lgt. ........................... (1}
Bubble growth rate:

dr q

ST AT e 2)
Height of a departing bubble:

Binax = max FFge srevreesornrres oo, 3

#max is the radius of a departing bubble, and r, is the
radius of a stable gas void.
The volume flow rate of vapor, g, is directly
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proportional to the heat input rate from the arc and
its environmental conditions (water temperature and
waler pressure). In mathematical expression,

4 =G vapor T Qgas
R, T

R, T
=QU v +mf__g__’ .................. (4)
L,P P

where ¢, is the heat input ratc used to vaporize
water, R, and R, are gas constanis of water vapor
and decomposed gas, respectively, and s is the mass
of supplied shiclding gases.

Direct measurement of g is very difficult. gg,, is
the only substance which can be measured by ex-
perimental collection of gases filtered through the
liquid above the water surface. Water vapor even-
tually is condensed before the bubble rises to the
water surface, but it is very active during the rapid
bubble-growth process and augments the apparent
flow rate.

The volume rate can be written explicity in terms
of bubble frequency:

ar

=3 Fraan Soubbles << v e 5)

The maximum bubble radius, 7, , and the radius of
stable void, r,, can be measured by a high-speed
photographic technique. The maximum height of a
bubble can be determined using Eq. 3, and the period
of a dynmamic bubble (bubble frequency) can be
obtained from Eq. 1. Volume flow rate, thereforg, is
determined by Eq. 5. Table 1 shows good agreement
of bubble growth between measured data using high-
speed photographic technique and the theoretical
predictions using Egs. 1 through 5.

Heat-Loss Mechanisms
Keeping track of all the energy emitted by the
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TABLE 1 - BUBBLE GROWTH CHARACTERISTICS
{E7014 electrode}

Measured* Caiculated
Iy Q.6cm 0.5 cm (measured)
Period 0.076 seconds 0.071 seconds
Frequency 13 bubbles/s 14 bubbles/s
q 60 cm?/s**( = 134 ¢cm3/s by calculation) 134 cmi/s
Tmanx 1.3tcm 131 cem
Srmax 1.83cm 1.81cm

“Measuremant was done by a high-speed motlen picture study conducted by A, Brown al the Massachusells Inst. ol

Technology in 1973,

**Measuremant was done by collection of gases which have filtered through the Nouid. Water vapor generated at the arc
eventually was condensed, leaving only hydrogen and organic by-preduelts filtered through the liquid.

welding arc is a difficult task. The encrgy acts to
preheat, melt, and postheat the weld metal and
eventually is dissipated in a number of ways.

The energy balance in the molten pool area is .

discussed in Ref. 4. In air welding, the heat losses
from Lhe molten surface outside the heat input circle
are basically due to radiation. Heat losses from the
surface some distance from the arc are due to natural
convection. This was proved experimentally,

In underwater welding, very fast cooling in the
weldment usually is experienced. According to the
observation of the high-speed cinematography, heat
losses during underwater welding are mainly due to
heat conduction, which transports heat from the
plate surface into the moving water environment, the
motion of which is created by the rising gas-bubble
column in the arc area. No boiling phenomena were
observed anywhere except in the arc-bubble zone.
Accordingly, the heat-loss mechanism is basically
dependent on the water flow field, which is a Func-
tion of gas formed in the arc and its flow rate.

The boundary heat losses in underwater welding
can be correlated using a semiempirical technique.
When considering two-dimensional solutions for
welding heat fMow in thin plate, the general equation
to be solved 1s

P*T T v ar  hgy T
arZ + a3 + -
o @t o 8¢ knd

(T_ TO)ZO,

where k, and « are temperature-dependent thermal
properties. 4 is the heat-loss coefficient, which is
temperature and/or location dependent. Expanding
Eq. 6 into difference approximation and regrouping
the terms, A can be written as

Ty, =27+ T,
(at)?

Tijo1 =27 ;+T,;

(ay)?

+( V )Ti-ti,j_Ti,—i.j:I
20, At

. K4 .
(Ti,_,«'_T(,_), .................. {7}

h(E,y,T)=[
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where 7,7,y ;,Ti-1,, €lc., are measured tem-
peratures at points (i,/), (i+ L), (/—1,j), respec-
tively. Thermal properties are taken at the tem-
perature T; ;.

After careful examinations of existing data from
various sources, it has been decided that the
following formula be used te express the average
heat-loss coefficient, A .

Hp=675(T, —T )V oo (8)

where T, T; ;T etc., are measured tem-
peratures at points (7, ')J, (i+1.7y, {i—1,/), respec-
tively. Thermal properties are taken at the tem-
perature T ;.

After careful examinations of existing data from
various sources, it has been decided that the
following formula be used to express the average
heat-loss coefficient, A .

Rr=675(T,, =T oo (8)

It has been found that the conductive heat losses
due 1o water motion are much higher than that due to
natural convection with boiling.

The heat-loss mechanism in the dynamic arc-
bubble is not understood fully. Mathematical
analysis for this region is very difficutt. Therefore, it
is assumed that there is no heat loss inside the heat-
input circle. Outside this circle, Eq. 8 can be applied,

Parametric Study of Cooling Phenomena

in Underwater Welding

According to the study conducted by Tsai,? welding
variables influencing the thermal responses of the
material can be related indirectly to the cooling rate
in the HAZ through three weld geometrical
parameters: bead width, bead penetration, and bead
ripple length. In this section, effects of four variables
on cooling rate in the HAZ of a bead-on-plate
weldment are studied using Tsai’s numerical ap-
proach.4 The four variables are welding arc power,
welding speed, thickness of base plate, and water
temperature,

The weld geometrical parameters are determined
experimentally with respect to a specific variable
change and used as the input information in the
numerical analysis. According to limited available
data generated in Ref. 4, experimental correlations of
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arc power, welding speed, and plate thickness are
summarized in this section.

At low welding speed, the weld penetration and
ripple length do not change with arc power. Since the
material below the molten pool surface and the
material in the pool of solidification are not exposed
directly to the arc heat, the heat required to melt the
material in these regions is transferred by conduction
and convection in the pool. A change of arc power at
low welding speed does not deepen penetration or
increase melting at the trailing edge of the molten
pool.

However, at high welding speed, a higher arc
power would increase the penetration relatively
because it is easier for heat to reach the material to be
melted due to high convective heat-transfer rate
(caused by fast arc motion) in the pool. The arc
power change has little effect on the ripple length at
high welding speed.

The bead width increases with an increase of the
arc power. The point of maximum width in the
molten pool usually is exposed under the welding arc.
For example, the radius of heat-input circle is 0.7 cm
and the distance to the point of maximum width
from the origin {center of the electrode) is 0.64 cm in
an underwater shielded metal-arc welding pI’OCCSS4
(E7014 electrode, 4.76-mm wire diameter, 200 A).
Therefore, melting of the material inside the heat-
input circle is a strong function of the arc power and
its distribution.

Effect of Arc Power

Fig. 2 shows the effect of arc power on the size of the
HAZ and the bead width. Size of the HAZ is the
width of the zone measured on the direction of plate
thickness. The bead width is increased by 2.5 mm and
the size of the HAZ is increased by 0.25 mm when the
arc power is increased from 4000 10 6500 J/s.

Fig. 3 shows the effect of arc power on the peak
temperature and cooling rate from 800 to 500°C at a
point 1 mm from the weld fusion line on the plate
surface. The peak temperature increases with the
increase of arc power. The cooling rate decreases by a
small amount (0.05 seconds). A change of arc power
alone would not reduce the cooling rate in the HAZ
effectively.

Effect of Welding Speed

Fig. 4 shows the effect of welding speed {5000 J/s arc
power) on size of the HAZ and the peak temperature
at a point 1 mm from the fusion line on the plate
surface. Welding speed higher than 4.23 mm/s seems
to cause unreasonably low temperature and to result
in a small bead,

The cooling rate from 800 to 500°C at the same
point (1 mm from the fusion line on the plate surface)
is 0.72 seconds when the welding speed is 3.81 mm/s.
It becomes 1.23 seconds when the welding speed is
2.54 mm/s. A small decrease in welding speed in
underwater welding could reduce the cooling rate in
the HAZ to some extent.

Effect of Plate Thickness
Fig. 5 shows the cooling time and peak temperature
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at a point 2 mm from the fusion line in the weld
center plane vs. plate thickness. For thin plates,
increasing the arc power does not affect the cooling
rate, However, it reduces the cooling rate when the
plates become thicker. A similar result obtained
experimentally by The Welding Inst, is shown in the
same figure.s Good agreement is shown,

Fffect of Water Temperature

The water temperature on the working site in the
North Sea is 6 to 7°C on the average. It was reported
that higher arc voltage and stronger arc force existed
during welding in cooler water.2

If the molten pool remains invariable with the
change of water temperature, numerical analysis
shows minor change in cooling rate and peak tem-
perature in the HAZ, Fig. 6 shows the effect of water
temperature on peak temperature and cooling rate at
a point 1 mm from the fusion line on the plate
surface.

The direct effect of water temperature on the
cooling rate in underwater welding is imposed on the
boundary heat loss, but it is small. Any indirect
connections through the change of the molten pool
require further study.

Study of Cooling Rate in the HAZ

Fig. 7 shows the numerically predicted iso-cooling
lines (800 to 500°C) in the HAZ of an underwater
weld, High cooling rates appear in the areas near the
plate surface. This phenomenon indicates the
dominant effect of heat transfer due to dynamic
buhbles. Heat exchange between the water/plate
interface is more significant than heat transmission
due to thermal conductivity in the base metal in
determining the cooling rate in the HAZ.

Fig. 8 shows the peak temperatures and cooling
rates along the thickness direction in the weld center
plane for welding a 6.35-mm thick plate. Peak
temperature decreases as the distance from the fusion
line increases. Cooling rate decreases in a similar
way.

Methods of Reducing Cooling Effect
in Underwater Welding

Two methods can be used to control the ¢ooling rate
in underwater welding: (1) adjusting the welding
conditions and (2) insulating or removing water from
the joint material. An increase of arc power in the
normal operating range in underwater welding does
not reduce the cooling rate effectively, If the arc
power used is beyond the normal operating range,
unsatisfactory weld bead may result from excessive
melting and too much spattering.

A more efficient way to reduce cooling rate in
underwater welding is to use slower welding speed. A
small decrease in welding speed can reduce the
cooling in the HAZ to some extent. However, 10 slow
the welding speed would increase the production time
tremendously,

Insulating or removing water from the joint
material is probably the only effective and practical
way to reduce the rapid cooling effect in underwater
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welding. The newly developed underwater welding
processes, including water-jet and hydro-weld
processes, are based on the same principle. However,
it was found experimentally that most of the heat loss
during underwater welding was from the face of the
plate in downhand welding. Insulating the bottom of
the plate produced marginally improved results over
the face-insulated plate.

Three methods of insulation were studied by
computer analyses conducted by Tsai® (see Ap-
pendix): {1} full insulation over the plate except the
weld bead, (2) local dry spot (water-jet simulation),
and (3) insulation over the weld bead and its vicinity
(flux-shielded and hydro-weld simulation).

Fig. 9 shows the cooling curves of different ap-
proaches. The first method (Curve 5) shows little
improvement in changing the temperature profile.
The local dry-spot method appears to have a
minimum size of water-removing area. Fig. 10 shows
that the critical radius of the water-removing area is 2
cm. Any attempt to remove water to create a dry spot
smaller than the critical size will result in an even
higher cooling rate. This phenomenon can be ex-
plained by Figs. 9 and 10, The peak temperature is
increased drastically due to the small dry spot. This
temperature is observed in a time delay of about 0.5
second. (The time for this point to reach the peak
temperature shifts to the right on the time scale.) The
point of 500°C is located 1.15 cm after the arc (3
seconds) in a normal wet welding, If the dry spot is
too small to cover the point of 500°C effectively, the
time required to reach this temperature shifts to the
left on the time scale. Consequently, the cooling rate
is increased.

The size of the water-jet nozzle is restricted by its
partial sealing function. Within a 5-cm radius range,
the cooling rate can be reduced only up to less than t
second. Instead of reducing the cooling rate, weld
hardness sometimes is found to be even higher due to
the postcooling effect resulting from the impinging
water.

Fig. 9 also shows that insulation over the weld
bead (along the weld center line) can raise the cooling
time in the HAZ up to more than 4 seconds (Curve
6). This result validates the speculation that in-
sulation of the weld bead effectively can improve the
cooling rate in underwater welding,

Shown in Fig. 11 are the cooling characteristics of
all three insulation techniques on a continuous-
cooling-transformation (CCT} diagram. Full
martensitic structure would form in the HAZ in
normal underwater wet welding.

Design Considerations and Conclusions
Arcin Underwater Environment

According to the experimental observation, the
underwater welding arc can be maintained only when
the arc is surrounded completely by a dry gaseous
environment. This dry environment may be formed
by the decomposed or supplied shielding gas and the
water vapor. Heat losses to the water environment
directly from the column are not as great as thought,
The ar¢ efficiency is about 0.8.
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Mechanisms of Rapid Cooling

The rapid cooling phenomena in underwater welding
is the result of surface heat losses in the weld area
behind the arc. Heat is conducted into the
surrounding water, which is carried up by the shear
force along the interface between the water and the
rising pas column. A linear correlation on a log-log
scale obtained by semiempirical method explains the
physical phenomena,

Use of the Arc Process in Underwater Welding

1. A change of arc power in the normal welding
condition in underwater welding would not reduce
the cooling problem effectively in welding a thin
plate. However, the highest possible welding current
is recommended for weiding a thick plate,

2. Welding speed greatly affects the cooling rate in
the HAZ. Siow welding speed can reduce the cooling
rate effectively. Welding as slow as possible under
water within the economic feasibility limit would
reduce the cooling problem to some extent.

3. For thin plates, increasing the arc power does
not affect the cooling rate. However, it reduces the
cooling rate when the plates become thicker. High
current condition is recommended when welding a
-thick plate underwater.

4. The direct effect of water temperature on the
cooling rate in underwater welding is not dominant.
Any indirect connections through the change of the
molten pool require further study.

Modifications by Gases and Slags
in Underwater Arc Welding

Water-Jet Process. If local water removal is
necessary, the minimum radius of this dry spot must
be greater than 2 cm. [f a water jet is used, the
postcooling effect may result in a higher hardness in
the HAZ.

Hydro-Weld Process. The hydro-weld process
performs the same function of removing water from
the weld area. The size of the hydro-box should be
kept as small as possible, but large enough to cover
the entire bead and its vicinity, to ensure mobility of
welding operation.

Flux-Shielded Process. A thick flux covering over
the weld beagd area can reduce the cooling in the HAZ
effectively. Use of high-slag-formation electrodes for
underwater wet welding is recommended. An ad-
dition of a flux blanket is one way to provide a heavy
flux covering over the bead during underwater
welding. Slag-removing tools are necessary Lo remove
the slag compleiely before laying the subsequent
layer in multipass welding.

Nomenclature
A = unit area
b = width of the weld bead
d = plate thickness
¢ = bubble height
E = arcvoltage
Soubble = bubble-growth frequency
g = acceleration of gravity
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h = average boundary heat-loss coefficient
height of a departing bubble
hr = heat-transfer coefficient
{ = welding current
kp = average thermal conductivity
L, = latent heat of vaporization of water
My = mass decomposition rate of the flux
D = pressure
g = volume flow rate of bubble mixture
Q, = heat-input rate used to vaporize water
r = bubble radius
r. = bubble contact radius on the plate surface

:..
]

raax = radius of a departing bubble
r, = radius of stable bubble void on the plate
surface
R, = gasconstant of decomposed gas
R, = gasconstant of water vapor
8§ = size of weld HAZ
¢t = time
T = temperature
T, = waler temperature
T.. = plate-surface temperature

W
v = welding travel speed
w = heat-input density
X,y = horizontal dimensions in physical plane
« = average thermal diffusivity
E = moving coordinate in the welding
direction
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APPENDIX

New Trend in Underwater Welding Process

The commen approach to solve the rapid cooling
problems in underwater welding is to remove water
from the arc and its vicinity. Three underwater
welding processes (hydro-weld, double-shielding,
and flux-shielding techniques) adopt the same
principle of water removal, They either are being
used or are in the final stages of development.

Hydro-Weld Techniques

The hydro-weld process uses a highly developed gas
metal-arc welding unit and a smalil hydro-box tailor-
made to fit over the weld and the diver’s hand
holding the welding gun. Water is displaced from the
box with inert gas, usually argon, during welding.
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According to the water-removing theory, it I»
conceivable that hydro-weld process can provide no
more rapid quenching of the weld than in air. The
disadvantages of such a process are geometric
restrictions and economic feasibility. However, 1t
appears to be an attractive alternative as it combines
better flexibility of operation with better quality
results than those obtained in a dry hyperbaric
welding. '

Double-Shielding Technique

The principle of this dual shielding technique is to use
the partial sealing effect of an annular water jet
impinged on a flat solid surface. This technique
consists of a circular shielding nozzle, which provides
a stable gaseous zone around the arc by shielding the
inner gas and improves the gas shielding effect
underwater.

[t is apparent that the size of the focalized dry spot
along with the joint geometry will influence the
cooling behavior of the weldment greatly. The cir-
cular water jet should be large enough to include the
critical area around the molten pool and to minimize
the adverse effect of impinging water. On the other
hand, the jet nozzle itself should be small enough to
allow flexible manipulation of the welding torch.
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FHlux-Shielded Technigune

Submerged arc welding has been used wideiy for
surtace welding to improve the quality, consistency,
and welding speed. When this technigue is applied
for underwater, different concerns may be noted. To
shield the arc and its vicinity by liquid flux, instead of
the conventional gas shielding, a satistactory welding
may result if water can be prevented completely from
contacting the arc and the molten puddie.

In this process a consumable electrode is fed onio
the weld zone at a controlled rate while a continuous
blanket of molten flux shields the weld zone from
contamination, enabling the use of this process
underwater. Because water is eliminated from the arc
area during welding, the water-quenching rate is
reduced.

S1 Metric Conversion Factors

Btu x 1.055 056 LE+03 = J
F (°F-32)/1.8 = °C
in. x 2.54* E+00 = cm
*Conversion Factor is 2xact. JPT
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receivad Aug. 18, 1380, Paper (SPE BS27, OTC 3469) first presanted at the 111h
Offshore Technology Conference, held in Houslon, April 30-May 3, 1979
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