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Abstract

This thesis explores the concept of welding in a space environment with
the use of automation. Since the amount of time astronauts can work outside a
spacecraft is limited, future construction and repair tasks will likely be assisted
by automation. It is also likely that remote space welding will be needed for the
construction of large-scale space structures in earth orbit as well as for lunar
and martian ground-based structures. Due to the complex nature of the tasks
to be accomplished, the equipment will probably not be fully autonomous but
instead supervised by a human operator.

The welding fabrication problem in space is examined in a broad sense,
including some of the considerations for designing a human supervisory remote
welding system. The history of space welding processes is examined, as well
as current research in the field. A task definition and functional analysis is
provided to assist future designers in outlining typical operational sequences for
such a remote welding system. Such analysis is important when deciding
whether the human operator should perform certain tasks or if the operator
should supervise the automated system while it performs the tasks.

An experiment was performed to test the ability of a remote operator to
recognize surface weld defects using a video image from a CCTV camera
located at the inspection site. Variables studied include camera field of view,
lighting conditions, and video viewing vs. direct viewing. Several defect types
were used to determine how the variables affected recognition success rates.

Thesis Supervisor: Koichi Masubuchi
Professor of Ocean Engineering and Material Science
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Chapter 1: Thesis Overview

This thesis will examine several design considerations associated with

automated welding fabrication in remote locations. Although this thesis

primarily focuses on welding in space, many of the same concepts can be

extended to welding underwater, in high radiation areas, and in other

environments considered hostile to humans.

In order to encompass the scope of this problem, the first portion of this

thesis examines welding in the remote environment of space, defines the

welding fabrication problem, and introduces the use of automation for welding in

space. These three subjects are discussed in Chapters 3, 4, and 5

respectively. Chapter 3 introduces the history of welding in space, examines

similar forms of remote welding, and gives several examples of how automated

welding may be used in space. Chapter 4 defines the welding fabrication

problem in space. Welding fabrication is not limited to the welding process

itself, but also includes pre-weld joint preparation and post-weld inspection and

evaluation. Chapter 5 examines the use of automation for space welding. The

automation of welding in space is likely to combine several technologies,

possibly those used in space manipulators and industrial welding robots.

Computerized control schemes based on intelligent machine control and



knowledge-based systems may be required to replace or supplement the

human skills ordinarily needed for welding.

One goal of this thesis is to help define the probable tasks needed for

space welding fabrication and to determine which of the tasks can be best

performed using either manual control, supervisory control, or fully automated

control. Chapter 6 addresses task definition and analysis for space welding

fabrication. By examining the details of the process through task analysis,

conclusions and recommendations are made for the design of space welding

fabrication systems.

A visual weld monitoring experiment was performed to test the ability of

a remote operator to recognize weld defects by observing a video image from a

CCTV camera. The use of CCTV cameras is an inexpensive, yet effective way

for a remote operator to ensure the finished weld is free from major surface

defects. Inspections are not only important immediately after the welding is

complete, but also as routine periodic maintenance checks, to help isolate and

correct defects that may develop over the life of the structure.

Experiment subjects were used to simulate a remote operator whose job

it is to view welded joints and identify the presence of defects and evaluate the

type of defect. The subjects viewed several weld specimens on a pre-recorded

video tape. The viewing conditions were changed by varying the camera

distance from the weld, and the direction of the lighting. The subjects were

then asked to physically hold and examine the specimens. The results were



studied to determine if changing the viewing conditions would affect defect

recognition. The video viewing portion of the experiment was compared to the

direct viewing portion to evaluate the utility of using remote cameras to perform

weld inspections. Chapter 7 describes the experimental equipment, procedure,

and results.

Conclusions derived from the experiments are summarized in the final

chapter.



Chapter 2: Background

2.1 Current Space Programs

2.1.1 Space Station Freedom

A Space Station Task Force was formed by The National Aeronautics

and Space Administration (NASA) in 1982 to conceive a permanently manned

station to be constructed in low Earth orbit (LEO). In a speech conducted on

January 5, 1984, President Ronald Reagan committed the nation to develop a

permanently manned Space Station and to do it within a decade. Later,

Canada, the European Space Agency (ESA), and Japan agreed to become

partners. On July 18, 1988, President Reagan named the international Space

Station "Freedom."

NASA's space station is the next logical step for advancing the human

exploration of space. Space exploration requires a permanently manned space

station in order to study human adaption, testing of life support systems, and to

gain experience in the construction, maintenance, and operation of a large

manned space system. The station will also be used as an Earth-orbiting

laboratory for research in the microgravity environment of space for extended



periods of time.

The program objectives for the Space Station are as follows:

- Establish a permanently manned, multipurpose facility in LEO in the

1990s;

- Enhance and evolve mankind's ability to live and work safely in space;

- Stimulate technologies of national importance by using them to provide

Space Station Freedom capabilities;

- Provide long-term, cost-effective operation and utilization of continually

improving facilities for scientific, technological, commercial, and operational

activities enabled of enhanced by the presence of man in space;

- Promote substantial international cooperation in space;

- Create and expand opportunities for private-sector activity in space;

- Provide for the evolution of Space Station Freedom to meet future needs

and challenges;



- Foster public knowledge and understanding of the role of habitable

space system capabilities in the evolution of human experience outside Earth's

atmosphere. [13]

Current plans show that the station should be completed by the year

2000. The first element launch is scheduled for the first quarter of 1996 using

the space shuttle. After five more assembly flights, the station will have Man-

Tended Capability (MTC) with the arrival of the first of four pressurized

modules. At the MTC stage, the station will allow for experiments to be

conducted and remain unattended between assembly flights. After eleven more

assembly flights the station will reach the Permanently Manned Capability

(PMC) stage in which the station can become permanently manned with an

emergency escape capability. Figures 2.1a and 2.1b show the configuration of

the station at MTC and PMC respectively. The four primary modules that

includes the crew Habitation Module, the U. S. Laboratory Module, the

Japanese Experiment Module (JEM), and the ESA Module, Colombus, are

situated in the center of the station. These primary modules are connected to

each other by using two slightly smaller Resource Node structures. The

Resource Nodes are a center for command, control and operations, and they

are used as a docking point for the space shuttle. A hexagonal truss frame

runs along the axis of the station, providing a backbone for the connection of all

other system modules. Among the most prominent modules are the three



Figure 2.1a Space Station Freedom: configuration shown at Man-Tended Capability (MTC) [13]

353.3 ft. (107.7 m.)

Figure 2.1b Space Station Freedom: configuration shown at Permanent Manned Capability (PMC) [13]



photovoltaic array (PV) modules, which supply solar power to the station. A

fourth PV module is planned to be added after PMC to extend the power

capability to 75 kW. Table 2.1 displays the configuration capabilities for both

the MTC and PMC stages. Table 2.2 gives the general physical specifications

of the station at the PMC stage.

Once the station has reached MTC, research can begin on board the

station. Freedom will be an unprecedented facility for first-class basic and

applied research dedicated towards expansion of scientific knowledge,

improvement of the quality of life on Earth, and the national goal of world

leadership in space exploration. Current areas of research are planned in the

following areas: life sciences; microgravity materials, fluids, combustion and

biotechnology; technology development. These are by no means the only

areas of research since no one can predict the exciting knowledge and benefits

that will be realized in the next 30 years.

At the 1992 Space Station Freedom Utilization Conference conducted in

Huntsville, Alabama, NASA offered researchers from academia and commercial

industry the opportunity to conduct their research on board the space station.

The research to be conducted will be selected on the basis of technical merit,

compatibility with NASA's program objectives, and the availability of space

station resources. Such opportunities open the door for on-orbit research in the

area of automated space welding. Although welding in space is not currently

mission critical for the space station, to effectively achieve the goal of space



Configutation Capabilities:
Man Tended Capability Permanently Manned Capability

1997 2000

SPower, 18.7 W 1 Pmodule 56.25 kW' 3 PVm odules
Module length 27 ft. - 1 microgravlty lab 27 ft. -1 lab, 1 hab
U.S, lob user racks (SPRs) 12 12
User research power 11 kW 30 kW
Logistic module capacity -MPLM 8 racks PLM -20 racks i''

Command upllnk 70 kbps 70 kbps
Data downlink ,43 Mbps 43 Mbp$
Gravity level Ipg 1 pg
Attached payload accommodafo 2 ports 4port$
U.S. assembly and logistics flights 6 17

maent dcwsiex ble to
Dedicated crew for research 4 (while on station) 2 (continuous)

Truss 4 segments built and checked out on ground 7 segments built and checked out on ground

Pressurized resource nodes 1 2
International hardwae, .S Mobile Servicing System

Japan none JEM - 10 ISPRs
a EuropeQ noAPM 20ISPRs

Life Support Shuttle supported regenerative water loop

Propulsion I downsIzed modules 4 modules
Pressurized docking adapter 1 2
Airlock 0,,,- . ... .

Assured Crew Return Vehicle 0 - use Shuttle 1

Space Station Freedom configuration capabilities [13]Table 2.1



Specificatlons of Space Station Freedom (PMC)
Element Shape Length (ft/m) Width/Diameter (ft/m) Weight (Tons/Kg)
Truss Assembly & Equipment Hexagon 216.0 / 65.9 12 x 16 / 3.7 x 4.9 160.6 / 146,000
U.S. Laboratory Module , Cylinder 27.4 : 84' 14.5 /: 44 17 /
Habitation Module Cylinder 27.4 / 8.4 14.5 / 4.4 17.8 / 16,182
Columbus APM .. . Cylinder ' 38 / 1.8 : 147::: :i:. i ....... 8
Japanese Module Cylinder 56.0 / 17.0 13.8 / 4.2 36.1 / 32,818
Resource Node . Cylinder ../95.2 14.5 ./4.4 25.9 / 236546
Solar Panels" Rectangle 112.0 / 34.0 39.0 /11.9 8.7 / 7,909
Other (aldock presuized doking adapters 247 / 22431
Approx. Total Weight and Length of Station 353.0 / 107.6 309.6 / 281,430

-Columbus Free-Flyer ,~. :. Cylinder ~:; 39.4 12.0 14.7 /'4. 20.1 / 18 0

All specifications are pproxmate and subject to change and generally i li ide user a 0loc fio .
Includes Exposed Facility and Experiment Logistics Module
Dimensions are for one resource node; weight is total of two resource. nodes and cu pola.
Shape and dimensions are for the Solar Array Wings; weight Includes six of the Array Wings but not the truss.

Specifications of Space Station Freedom at PMC [13]Table 2.2



exploration, welding in the environment of space will need consideration.

At the time of this writing, there has been a push by President Clinton's

administration to take an additional look at redesigning the space station.

Therefore, the configuration of the space station and its scheduled completion

date as described above is likely to change. [82]

2.1.2 Space Exploration Initiative

On July 20, 1989, the 20th anniversary of the first manned landing on

the Moon, President George Bush put forth a challenge and a long-term goal

for the US space program: "...First, for the coming decade - for the 1990's -

Space Station Freedom, our critical next step in all our future endeavors. And

for the next century, back to the Moon. Back to the future. And this time, back

to stay. And then, a journey into tomorrow, a journey to another planet, a

manned mission to Mars." [64] It was this visionary commitment that launched

the Space Exploration Initiative (SEI). In the Augustine Report, written in

December, 1990, the commitment to explore the vast frontier of space was

further recommended and cited as one of the two long-term goals of the space

program. The Stafford Synthesis Group Report of May 1991 then outlined a

plan and options for achieving the goals of the SEI.

After the space station is completed, space exploration begins with a

25



human-tended base on the Moon and is followed by the human exploration of

Mars. Figure 2.2 shows a rough timeline of the plan for future space activities.

The establishment of a lunar outpost and the construction of a permanent base

is expected to commence by 2001. The first human exploration of Mars is

expected to be launched by 2011, followed by construction of a permanent

base. Unfortunately, at the time of this writing, President Clinton's new

administration has shown little interest in investing heavily in exploration. [82]

Therefore, it is unlikely that the ambitious timeline of the SEI as shown in figure

2.2 will be accomplished.

It is difficult to imagine the construction of extraterrestrial bases without

joining metal through welding. The space station was designed to not need any

welding in orbit. Pressurized modules are constructed on Earth prior to launch

and connected to the rest of the station mechanically. The design of the

modules is limited by the physical dimensions of the space shuttle's payload

bay. If larger pressurized chambers are required for an outpost, either the size

of the launch vehicle must be larger, or an alternative form of construction, such

as welding in space, will be needed. Further advantages of welding in space

are addressed in later chapters.
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Chapter 3: Introduction

Although current plans for the Space Station Freedom call for

mechanically connected joints, welding does have its place in space fabrication.

There is bound to be accidental damage, ranging from meteor showers to

structural failure, that can best be repaired using welding techniques. But what

is the best way to apply these techniques? For a repair job that may be

needed in rare circumstances, an astronaut might be able to perform the task

adequately with a hand-held welding device. But can an astronaut perform a

reliable welding job with little or no experience? The constraints of a bulky

extra-vehicular activity (EVA) suit could make it difficult to perform good

welding, if not make it impossible. Welding while wearing an EVA suit is not

one of the safest tasks an astronaut might want to perform due to the chance of

damaging the suit. EVA in itself is a more hazardous evolution than most other

tasks that could be performed within a spacecraft.

Robotics may be a solution to such problems. Telerobotics in particular

can allow an astronaut or even welding experts on Earth to perform tasks that

are difficult or impossible using EVA alone. It is unlikely that fully autonomous

robotic systems will be developed for space construction efforts until telerobotic

supervisory systems have proven their reliability and utility.



3.1 A Short History of Welding in Space

The first welding experiment conducted in space was performed by the

USSR in 1969. They used automatic welding equipment called "Vulcan" to

show that melting, welding, and cutting using an electron beam was stable and

the conditions in space were adequate for good weld formation and cutting.

The Vulcan welding unit is shown in Figure 3.1. From 1970 to 1974, scientists

in the USSR studied welding methods, materials, and metallurgical processes in

flying laboratories and thermal vacuum chambers. Compared to other welding

methods, they selected electron beam (EB) welding as the most suitable form

of welding in the space environment [28].

In 1979 on board the Soviet orbital station Salyut-6, processes for

coating deposition on different material substrates were investigated. In 1984

outside of Salyut-7, a manual electron beam tool, URI, was used by

cosmonauts to perform welding, brazing, cutting, and spraying (Figures 3.2 and

3.3). This was the first time cosmonauts had performed manual welding in

space. Multipurpose electron beam tools from 1 kW to 3 kW have been

developed and can be used manually or in automatic systems.

From 1985 to 1990, several experiments with the "Yantar" unit were

performed on coatings, brazing alloys, and welding of metals inside the Soviet

space station, Mir. An open space experiment deployed a 12-meter truss
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Figure 3.1 Vulcan welding unit [28]

1 - unpressurized bay;
2 - pressurized bay;
3 - rotatable table with
specimens;
4 - remote control panel
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Figure 3.2 Versatile EB hand tool system (URI) [28]

1 -wire-mesh container; 2 - work tool;
3 - pressurized instrument bay; 4 - cont-
rol panel; 5 - cable communications; 6 -
board with specimens
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Figure 3.3 Versatile work tool [28]

1 - electron beam gun for welding, cutting
and brazing; 2 - electron beam gun with a
crucible for evaporation; 3 - high-voltage
supply unit; 4 - connecting cable; 5 - heat-
protective screen; 6 - handle
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structure using welding and brazing with the help of the URI. Later in 1990,

two more truss structures (15 meters) were built to support solar cells for the

technology module Crystal, docked to Mir. [23]

In the U.S. space program, the only welding experiments performed in

space were conducted on Skylab. Of the 54 experiments conducted on Skylab,

only 3 of them were related to welding:

1. Metals melting experiment, M551

2. Brazing experiment, M552

3. Sphere forming experiment, M553

The first experiment melted three types of metal, aluminum alloy (22019),

stainless steel (321), and thoria dispersed nickel, using an electron beam. The

experiment demonstrated the feasibility of EB welding, cutting, and melting in

microgravity. The microstructure of the melted metals were later examined and

compared to similar samples welded on earth.

The second experiment demonstrated the feasibility of brazing as a

method of repair and maintenance. A thin-walled stainless steel tube with a slit

in the center was used to simulate an end-to-end joining exercise. A stainless

steel sleeve was placed over the slit and brazed using an alloy of 71% silver,

28% copper, and 0.2% lithium. The experiment results showed that gaps were

better filled due to superior wetting and spreading of the Skylab samples as
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compared to ground based samples. Also, the Skylab joints were of better

quality since they had less defects such as porosity. There appears to be no

limit to the size of the braze gap in space, so the tolerance of gaps between

two parts need not be too tight. Brazing can be used for some applications in

space that would normally be joined by welding on earth.

The third experiment produced metal balls using an electron beam as a

heat source. The purpose of the experiment was not to weld, but to produce

perfectly symmetric spheres in a microgravity environment. [57]

It is evident that the former USSR has had much more experience in

space welding than the United States. Also the majority of experiments have

been performed in simulated environments such as vacuum chambers and

parabolic flight on board aircraft.

3.2 Other Forms of Remote Welding

The following forms of welding are similar to space welding in that they

are in remote, hazardous, or constrained environments. Some of the

automated technological innovations developed for space welding may also be

applied to these forms of welding.
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3.2.1 Underwater Welding

Welding in a submerged environment has several similarities to space

welding, certainly from an operational aspect. Divers who perform the welding

must have breathing equipment. They typically wear a protective suit and

gloves, which reduces their dexterity and with that, the likelihood of producing a

high quality weld. As with EVA, the amount of time for welding underwater is

limited by human physiological factors.

The welding environment underwater is completely different than welding

in space. Instead of vacuum, there is seawater under high pressure, which

varies with water depth. Although gravity is present on earth, the underwater

equipment can float if made neutrally buoyant. Molten metal will cool faster

underwater since a conductive medium exists to quickly transfer the heat.

Loose metal globules will tend to sink deeper in the water rather than float as

they would under microgravity.

Underwater welding is remote since a trained diver is needed to travel to

a remote location and manually weld or an underwater vehicle (manned or

unmanned) is used for robotic welding. If the water is too deep, diving might

not be a viable alternative. This is quite analogous to welding in space. An

astronaut can weld manually or a telerobotic platform (or some automated

system) could be used for robotic welding. Of course, it is much less expensive

to weld underwater than it is to weld in space since oceans are much easier to



access than outer space.

Although there are many differences between underwater welding and

space welding, the basic principles developed for telerobotic human-supervisory

welding should be applicable to both forms of welding.

3.2.2 Welding Inside Nuclear Reactor Vessels

Although human welders can work in a radioactive environment with

some protection, they can do so only for a limited amount of time before there

is danger of serious health risks. Remotely operated welding has been used in

areas where there is danger of excessive radiation exposure to human

operators.

Robotic arms have been designed and constructed to reach and conduct

repair work inside reactor vessels. [43, 60] Typically the telerobots are custom

made for the task at hand. Several end effectors are designed to perform

various jobs, such as cutting, grinding, or welding. Video monitors are used

throughout the repair process, including for weld and quality inspections.

Mock-ups of the work site are usually created, simulating the work

conditions that are expected, such as higher pressure or an underwater

environment. Testing in the mock-ups ensures that the work will be done

properly without too many unforeseen problems when actual in-vessel



operations begin. The fabrication experience of remote nuclear reactor repair

can surely be used for the development of telerobotic welding in space.

3.2.3 Space Limited High-Rise Construction

In Japan, several companies have begun to incorporate construction

techniques using robotic welding devices for high-rise building construction. For

example, one technique uses vertical box beams that must be welded from the

inside. Since a human welder cannot do this task, a robot is used. A human

observer is always present to ensure the robot is functioning correctly. This

observer can be likened to a human supervisor who has overall control of the

process. Research is currently being done on the best way for a single

supervisor to monitor several of these welding robots.

Welding on a high-rise is considered hazardous duty for most welders.

A telerobotic human supervisory system can help to improve the safety of this

work.

There are also many more examples of the use of automation to extend

human control into confined spaces. One example is the use of the endoscope

for telesurgery to perform inspections, biopsies, and simple medical surgery.
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3.3 Automating Space Welding

This section describes a few methods of welding automation that have

been designed for use in space, and introduces the application of telerobotics

and human supervisory control to welding in space.

3.3.1 The "Instamatic" Welding Concept

In July 1982, researchers at the Massachusetts Institute of Technology

(MIT), under the direction of Professor K. Masubuchi, devised a way to package

fully automated welding systems that could perform several welding operations

such as electrode feeding and torch manipulation. Although the machines were

designed to create only specific weld types, they are unique because they can

be operated by persons with little or no welding skills. Joint types that were

welded include stud welding a bar to a flat plate, fillet welding of two

perpendicular plates, and lap welding a cover plate to a flat plate (see Figure

3.4).

Originally intended for remote deep-sea welding, the "instamatic" welding

system is ideally suited for welding in space. [57] This system could repeatedly

perform simple welding tasks after being positioned by a robotic device or by

astronaut EVA. For a telerobot, these systems can be used as end-effector



a. STUD WELDING A BAR b. STUD WELDING A BAR
TO A FLAT PLATE TO A PIPE

c. JOINING A PLATE TO A d. JOINING A PIPE TO A
PLATE BY FILLET WELDING

(1
e. LAP WELDING A COVER

PLATE TO A FLAT PLATE

PLATE BY FILLET WELDING

old Snew
Af

lold

f. REPLACING A SECTION
OF A PIPE

Figure 3.4 Some joint types for instamatic welding systems [57]
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tools attached to a manipulator arm, which needs only to position the tool in the

proper location and signal the welding to begin.

Such systems show that an automated welding device can be created to

replace manual welding with a tool in one hand and an electrode in the other.

Instamatic welding would certainly be faster and therefore more efficient than

an astronaut welding manually in an EVA suit (not to mention safer). But since

each machine can perform welds on only one geometric configuration, their

application is very limited. In space it is too expensive to carry the extra weight

of several welding machines. If a single telerobotic platform could be created

that could handle any geometric configuration, it would prove to be a much

more feasible solution.

3.3.2 Automated Welding Experiments in Space

Section 3.1 mentions the first welding system in space, the Vulcan

welding unit (Figure 3.1). This unit was automated by using a rotatable table

on which specimens were welded. The system can perform three welding

methods: electron beam, low-pressure constricted plasma jet, and consumable

electrode welding. The system was placed in the living bay of the Soyuz-6

spacecraft, which could be depressurized. The crew would operate the system

from the pressurized landing vehicle while the living bay was depressurized for



the experiment. The experiments were controlled by a remote control panel,

which was connected to the unit via electrical wire. [28]

The USSR space program performed several other experiments using

the automated systems known as the Isparitel, Isparitel M, and Yantar units.

These systems performed experiments in coating deposition, melting of spheres

for materials production, and welding of thin metal specimens. These systems

were automated and controlled remotely or by preprogramming. The systems

were designed and used primarily for experiments, not for practical use. One

exception is that the Isparitel M unit can be used for coating deposition on the

external surfaces of space vehicles. The URI (Figures 3.2 and 3.3) was

designed for practical welding in space, but only for manual welding.

Automated welding could be performed using a modified URI as an end effector

for a robotic manipulator.

3.3.3 Welding Planned for Space Station Freedom

The Space Station Freedom Program Definition and Requirements

baseline specifications for the logistic, laboratory, habitation, and node modules

are outlined as follows:

1. There will be no welding on-orbit for the assembly, maintenance, or
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integration of Space Station Freedom except in the standoffs and end cone

sections. [Note: all tubing and valves for the Environmental Control and Life

Support System (ECLSS) and distributive systems will be located in the

standoffs and end cone sections.]

2. The material specifications state that all tubing and valve assemblies for the

ECLSS and all distributive systems will be titanium or stainless steel.

3. All valves in the ECLSS and the distributive systems will be welded in place.

All valves and tubing will be fully installed and integrated prior to launch of each

module. [85]

As of now, there are no plans to perform welding in the on-orbit

assembly phases of Space Station Freedom. But plans are needed for

maintenance operations that will need to cut and join metal reliably.

Specifically, all the valves in the ECLSS and distributive systems are not

expected to last the 30-year design life of the space station.

For example, examining one of the systems at Permanent Manned

Capability (PMC) of the space station, such as the supply rack air control

valves, the system will have 45 valves. Each of these valves has an estimated

mean time between failure (MTBF) of 54,600 hours (6.23 years). Over a thirty-

year life of the space station, about 217 valve replacements will be needed for



this system alone.

One proposed solution to the valve replacement problem is to use an

electrostatic discharge machining (EDM) cutting method within a semirigid

bladder-like glove box, followed by welding using a self-contained gas tungsten

arc welding (GTAW) system. The purpose of the glove box is to contain and

dispose of cutting particles and welding fumes.

The EDM cutting method involves applying a voltage to an electrode in

the presence of a dielectric medium. The electrode is typically graphite and is

placed in contact with the pipe much like the way a wire cheese cutter is used.

Controlled arcing and localized heating occur as the electrode is energized

through ionization between the tube and the electrode. The cutting method is

slow but controlled and results in a surface that is properly prepared for butt

welding. [85]

Commercially available GTAW equipment can be used for automatic

welding of tubing, piping, and fittings. An orbital welding head is ideally suited

to perform this form of rotary welding. The welding process is computer

controlled, requiring the operator only to properly position the tool and input the

welding functions and parameters. Since only four welding functions and two

materials are planned for the space station valves, the settings can be pre-

programmed for ease of operation.
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3.3.4 Using Telerobotics for Space Welding

Unlike robotic welding on earth, it is important to remember that remote

welding does not only consist of welding itself but also requires other

manipulations such as prefabrication, joint preparation, proper positioning of the

pieces to be joined, post-weld inspection, and NDTs. Ordinarily, these

manipulations are performed by humans so most robotic welders are designed

just to weld.

The instamatic welding system described in Section 3.3.1 could be

incorporated into the design of a telerobot that has one or more manipulators

capable of performing several types of welding processes. Such welding

systems could be preprogrammed to perform automated welding sequences in

between modes of manual operation. For example, if 90% of the welding

processes can be programmed and performed autonomously, a human operator

will need to intervene for the remaining 10% of the processes when a situation

arises that is nonstandard. Among those processes that are nonstandard, they

can most likely be divided into sub-tasks, which can be preprogrammed and

executed on the operator's command. It is the human operator who must

ultimately perform higher level task planning, make decisions, weigh trade-offs,

and teach the telerobot skills when necessary. Therefore, a human supervisory

telerobot seems to be a suitable solution for the task of space welding.

Several obstacles must be overcome before telerobotic space welding



can become a reality. Before robotic welding is to be attempted in space,

fundamental experiments in space welding need to be accomplished.

Additionally, the use of telerobots in space to perform simple servicing and

construction related tasks needs to be established. And once we attempt to

weld in space using telerobotics, how can we best perform the task? What

feedback would the operator need to weld adequately? Which tasks should the

operator perform and which can the robot be allowed to handle autonomously?

If a robot is to perform a weld autonomously, which parameters need to be

sensed and with what sensors? These are some of the questions that will need

further research before telerobotic space welding can become reality.

When welding in a remote location, joint preparation will need to be

considered. When welding for new construction, the pieces may be cut to size

and shaped properly for welding prior to launch. For repair work, the size and

shape of the pieces required cannot be known in advance. Either a large stock

of materials with different dimensions is required, or pieces can be cut to size

from a stock of larger materials. Such prefabrication can be performed by

using telerobotic manipulation.

After the weld is complete, the quality of the weld joint needs to be

evaluated. On Earth, there are several methods to determine weld quality

known as non-destructive tests (NDTs). Therefore, in a remote location, the

telerobot may need to be equipped to perform one of these NDTs.
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Chapter 4: Defining the Welding Fabrication Problem

Before designing a telerobotic welding system that will be used in space,

it is important to examine current welding technology that will contribute to the

development of this system. Welding fabrication can be broken into sub-tasks

that include joint and surface preparation, manipulation of tools, process control,

evaluation of joint and weld quality, and higher level planning.

It should be recognized that the design of structures is affected by the

method in which it is to be joined. The design of mechanically connected

space structures can be much more complicated than the design of welded

structures. In many cases mechanical joints will cause the finished structure to

weigh significantly more. For welding tasks, the joint preparation may be just a

matter of using prefabricated parts and placing them in the proper position prior

to welding. The prefabricated parts can be created on earth, then launched into

orbit. Alternatively, welding offers the advantage of simpler joint design so that

parts may be cut from a standard supply of a material if an unforeseen repair

job is needed.

Surface preparation involves a degree of quality control prior to welding.

The surface may need grinding to ensure the joint fit-up is adequate. If a part

has been cut, it may be necessary to remove burrs or large bumps. If cold

welding is to be performed, a layer of oxidation and contaminates may need to
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be removed. [39]

It is necessary to manipulate tools in all portions of the fabrication

sequence. Tools need to be positioned at points in space in arbitrary

orientations. A frequent manipulation in welding and inspection is tracking of a

two- or three-dimensional path at a constant speed, distance, and orientation

from a surface.

Process control in welding involves sensing the weld characteristics,

comparing them to the desired characteristics, and making corrections to the

welding process parameters. [57] It is therefore essential to adequately sense

the parameters as well as the resulting weld quality. One important aspect in

welding control is that the ultimate output of the process (the solidified weld

bead) is known only after completion of welding, and the input conditions

cannot be changed before the weld solidifies. Therefore, it is very important to

have an accurate model of the welding process parameters and weld

characteristics to get the job right the first time.

The joint and weld quality needs to be monitored at each step of the

fabrication. During joint preparation, the joint geometry and gap sizes between

parts to be welded need to be verified. During welding, parameters can be

sensed to ensure a proper weld is being made. After the weld has solidified,

an NDT is usually performed to ensure it is within design specifications. Such

specifications include weld bead location and geometry, weld and base metal

microstructure and metallurgical properties, and structural integrity of the joint.
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The most popular NDTs for welds include visual, liquid penetrant,

magnetic particle, radiographic, and ultrasonic [16]. Visual inspections can

determine only the weld's surface characteristics, but they are very important

during the welding process itself. Weld bead dimensions and surface defects

can be determined visually. Small surface cracks can be found using liquid

penetrants, but this is not feasible in space since liquids can be difficult to

handle in a microgravity environment. A magnetic particle inspection helps to

find surface or near-surface discontinuities in magnetic materials but similarly, it

is not a good candidate for space. Radiographic and ultrasonic inspections are

used to find internal weld discontinuities. To use ultrasonic testing in space

outside the spacecraft, the equipment must be designed to firmly make contact

with the weld since no air is present to help the sound waves propagate.

After the weld is accepted, there is also the question of whether or not

the exposed weld is to be left uncovered and exposed to the environment. If

the surrounding area is coated or painted, there may be temperature

differences in the adjacent regions. The thermal variation is due to the different

absorptivity characteristics of the surfaces to the sun's radiation. Such thermal

differences could be significant enough to produce undesirable stresses if the

region is exposed to sunlight. [4]

Higher level planning involves selecting the type of process to be used,

and defining the joint preparation and welding parameters. The welding

parameters are the initial inputs that control the size, shape, and quality of the



welded joint. These process variables are of course dependent on the type of

welding (EBW, arc welding, etc.) and on the environmental conditions

(underwater, space, earth). Higher level planning is normally performed by a

welding engineer who interprets the designer's specifications and iteratively

adjusts the welding conditions based on his expertise. For remote fabrication,

this expertise is normally not present so parameters must either be preset for

particular tasks, adjusted by the experts through telepresence, or adjusted

locally using a computer-based expert system.

Many approaches to automatic selection of welding parameters require

modeling of the complicated heat transfer phenomena that take place during

welding to predict the shape and quality of the weld bead. [84] Empirical

models require much experimentation, and it is very difficult to generalize the

results. Analytical models tend to be too simplistic, making them impractical.

Another way to select welding parameters is by direct feedback of the weld

characteristics using real-time sensing techniques such as visual [3],

thermographic [21], or radiographic [70]. This data can be used to self-train the

system, just as welding engineers trains themselves, using a small database to

estimate the initial parameters and simple rules to make iterative adjustments.

Even if most simple welding processes can be automated, human interaction

remains vital for higher level planning and decision making tasks such as

sequencing of construction or unforeseen repair operations.
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4.1 Advantages of Welding

Although plans for the on-orbit assembly of Space Station Freedom do

not include welding, future space structural designers should consider this form

of joining. Welding has inherent advantages over mechanical joints for the

following reasons:

1. In general, welded joints weigh less than mechanical joints.

2. Air tightness can best be achieved with welded joints.

3. Welded structures have high rigidity.

4. Mechanical joints may become loose over the service life of the structure.

5. Welded joints have higher strength over a wide temperature range as

compared to mechanical joints.

When payloads are launched into space, it is only a small portion of the

original weight of the entire launch system. And since space flights are so

expensive, it pays to minimize the weight of that payload as much as possible.

A large proportion of the weight of spacecraft and space habitats consists of



structural weight. Of that weight, a significant portion is needed for joining the

structure. Welded joints can be designed to be lighter than mechanical joints

and therefore should be considered in order to reduce cost.

Mechanical seals can be used to preserve airtight integrity of a

spacecraft, but welded joints provide a much more reliable method of obtaining

a permanent seal. Mechanical seals have a tendency to wear out with time

and when the structure is placed in conditions of dynamic loading. In the event

of a collision, a welded joint is more likely to survive than a mechanical seal.

Rigidity is an inherent characteristic for welded joints, while mechanical

joints are less rigid. Lower rigidity means that the structure will have less ability

to maintain its exact shape, especially under various loading conditions.

Similarly, mechanical joints often become loose during the service life of the

structure. For structures exposed to the sun, thermal expansion cycles make

joints especially susceptible to this phenomenon.

Mechanical joint designs tend to have smaller effective cross-sectional

areas than the same joint welded. This is due to design details such as holes

and voids. These same details can introduce areas of high stress

concentration into the structure when it is placed under loading. Welded joints

therefore tend to have higher strength than mechanical joints with the same

scantlings.
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4.2 Requirements for Welding in the Space Environment

The space environment has unique characteristics that must be

considered prior to conducting welding operations. The three major effects on

the welding process are:

1. High vacuum

2. Microgravity

3. Sudden drastic temperature fluctuations

These conditions can be simulated using vacuum chambers in parabolic flight,

but only for short periods of time. If welding is performed inside the spacecraft,

then microgravity is normally the only major effect. Other environmental factors

that affect the design life of the weld is that of meteorite impingement and

damage from radiation and atomic oxygen. [44]

The presence of a vacuum can be beneficial to some welding processes

and detrimental to others. Cold welding is a phenomenon that occurs in a

vacuum when the thin layer of adsorbed gases and contaminants is removed

from metal surfaces. The vacuum prevents the contaminant layer from re-

forming and allows the outer electron shells of the metal atoms to interact.

When the metallic surfaces come in contact they are welded by electrostatic

surface forces as well as the application force. [26]

Electron beam welding (EBW) also requires a vacuum for the process to

work. In EBW a stream of high-velocity electrons bombard the workpiece,



creating heat by the transfer of kinetic energy of the particles. The process

requires no shielding gases and no application of pressure. Without a vacuum,

the process is much less effective because the electrons in the beam collide

with gas particles, thus reducing their kinetic energy.

When arc welding is conducted in a vacuum, there is often a problem

with arc stability. To maintain an arc, necessary electron flow is supplied by a

shielding gas or by the atmosphere itself. Shielding gas disperses more quickly

in a vacuum, making the arc welding much less effective. Although the

electrons can be obtained from the electrode itself through thermionic emission,

more power is required and arc stability is weakened. The former Soviet Union

has developed a method to overcome these difficulties known as hot hollow

cathode welding (HHCW). In this form of plasma arc welding, a multi-step

system is used that has an arc gap between an internal auxiliary electrode and

the hollow cathode. The gap arc heats the cathode walls and promotes

cathode transition to a thermoemissive mode of operation, thus creating the

main discharge [66]. With this design, a stable arc can be achieved in vacuum.

Vacuum also affects the rate of cooling on the weld. Since there is no

gas around the weld, heat transfer through convection is nonexistent and must

be accomplished through radiative and conductive processes. Radiation from

the sun is not absorbed by an atmosphere, leading to higher radiative heat

transfer to the structure. If welding is conducted in the shade, radiation losses

to deep space are much higher than if conducted on Earth. Cooling rate of the



weld strongly affects the microstructure and other physical properties of the final

weld.

Gravity also has an effect on convection, not outside the weld, but within

it. In microgravity, convection will not occur as it does on earth. Higher

temperature, less dense portions of the weld bead will not tend to rise to the

surface. Gravity also affects solidification of the weld through its effect on fluid

motion and hydrostatic forces [71]. In addition to convection, the force of

buoyancy also drives the formation of sedimentation. If there is no gravity

gradient, buoyancy will not bring gas bubbles and voids out of the weld,

resulting in high porosity. Since the weld pool is affected by fluid forces and

flow, its shape upon cooling will be different in microgravity than it is on earth.

In space, gravity is no longer a dominant force. Therefore, other forces

will tend to become more significant during weld formation such as:

1. Lorentz force: Electromagnetic force induced by

current flow through a specimen.

2. Electrostriction: Stresses caused by the change of the electrical

dielectric constant with density.

3. Magnetostriction: Stresses caused by the change of the magnetic

permeability with density.
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4. Electrostatic force: Force due to an excess static electrical charge.

5. Surface tension: Force created at the surface of a gas-liquid or liquid-

liquid interface due to the attraction of surface molecules.

6. Force induced by density differences during phase changes.

7. Beam force: As in EBW, electrons impacting the workpiece produce

forces by transferring their momentum.

8. Thermal Expansion Forces: Changes in temperature cause materials

to expand or contract and can create forces if physical boundary constraints

exist.

All of the above forces exist in a gravity field, but are much less dominant than

the gravitational force and are normally negligible. Of these forces, surface

tension will usually dominate in the absence of gravity. Therefore, in space, the

shape of weld beads, wetting, and spreading characteristics will be governed

for the most part by surface tension.

As mentioned above, heat transfer in space is very much influenced by

the presence of vacuum. More radiation reaches an object in space since the

energy is not filtered by an atmosphere. There is no atmospheric convection,
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so radiation is the only significant form of heat transfer for an isolated object in

space. For a weld bead on the exterior of a spacecraft, heat conducts via the

base plates as well. In addition, there can be sudden drastic temperature

fluctuations caused by the orbital trajectory of the structure when it becomes

shadowed by the Earth or rotated with respect to the sun to either expose or

shadow the welding area.

The skin of the space station is expected to range from + 250 to -250

degrees fahrenheit depending on whether or not the surface is exposed to the

sun. The same structural member may experience temperature variations,

resulting in thermal stress and possibly significant deformations. Welded joints

need to be designed to withstand constant thermal cycling when in orbit.

The temperature of the structure can be controlled by changing the

surface properties (absorptivity and emissivity) by using paint or coverings.

Bare metals act as solar absorbers, while painted surfaces have a higher

amount of reflectivity (even if painted black). [4] Although the surface

properties of the weld would be difficult to change, the base plates adjacent to

the weld could be covered to help control the temperature gradient near the

weld. All these factors will affect the cooling rate of the weld bead and thus the

microstructure and physical properties of the weld.

While the structure is in orbit for a prolonged period of time, there is the

possibility of meteorite and particle impingement on the weld joint, and radiation

degradation, which could lead to premature localized failure. The Long
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Duration Exposure Facility (LDEF) was retrieved from nearly a 6-year orbit on

January 12, 1990. The data gathered from LDEF and the experiments carried

on board can be used to help design structural members and joints of

spacecraft to withstand degradation from debris, radiation, and atomic oxygen.

[44]

4.2.1 Some Lessons Learned from the USSR Space Program

Weightlessness, vacuum, and the presence of sharp light-shade

temperature boundaries are the three main characteristics of space that

significantly affect welding processes. The typical range of atmospheric

pressure in low Earth orbit (LEO) is from 10-2 Pa to 104 Pa. When constricted

(plasma) low pressure arc welding is performed with a hollow cathode, the

presence of a vacuum drastically deteriorates the stability of arc discharge

excitement and arc constriction at low currents. In consumable electrode arc

welding, a low pressure makes it necessary to apply the forced methods of arc

discharge constriction. EBW, however, is not adversely affected when

performed in a vacuum.

All of these welding processes are greatly affected by weightlessness.

For example, for consumable electrode arc welding at low currents ( < 100 A),

the molten drops of metal can become undesirably large. More controllable



methods of melting and electrode metal transfer are therefore needed in a

space environment. Weightlessness does positively affect weld formation by

preventing undercuts. There is some increase in weld porosity, especially when

welding aluminum alloys using an electron beam and plasma cutting. For

liquids and gases, physical phenomena such as buoyancy and convection are

suppressed or absent. If there is a difference in density of materials or their

phases then such phenomena becomes less of a factor. When gravity is

absent, other physical phenomena become more dominant such as surface

tension, adhesion, wetting, and capillary pressure. [48]

There are always temperature fluctuations in earth orbit due to the

spacecraft's orientation and intermittent exposure to sunlight. Every time the

spacecraft goes through the sharp light-shade boundary of a sunrise or a

sunset, radiative heat is suddenly added or removed. Heat is transferred not by

convection, but through conduction and radiation, so objects tend to retain

applied heat for a longer period of time than if convection were present.

The "Vulcan" welding unit developed by the USSR was used to perform

tests in all of the above welding processes. The results of these tests

confirmed data gathered on earth: EBW is likely the optimum method for space

conditions. Not only can more versatile equipment be designed using EBW, but

energy effectiveness is much better than in other welding methods. A larger

percentage of the consumed energy in EBW is applied to the workpiece as

compared to plasma and arc welding, which lose more energy through heating
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the tool.

It has been found that joints brazed in space are practically

indistinguishable from those done on earth. There is no difference in strength

or tightness. Brazing is easier is space since surface tension and wetting are

more dominant than when welding on Earth.

When welding in space, the weld pool does not flow along a gravity

gradient as it does on earth. Even for thin plates in which the weld pool

extends through the thickness of the material, the weld pool stays together.

This characteristic is very useful for welding holes in plates and similar repairs.

Russian space experience has shown that for most materials, welding

technology and the quality of welded joints do not differ significantly between a

space and an earth environment. But when welding aluminum alloys or other

alloys with a high percentage of dissolved gases or volatile components, the

welds tend to have a high porosity. Figure 4.1 contrasts the degree of porosity

for electron beam welds made in weightlessness, on Earth, and in transition

from weightlessness to a gravity field (> 1.5 g). Methods do exist to prevent this

phenomenon using modulation of the electron beam. [48]

Cutting metals using an electron beam is well suited to the space

environment since it does not create loose spatters of molten metal, which

could easily damage a space suit. One difficulty occurs when the weld pool

clings together through surface tension. The cut edges have a tendency to flow

back together and reseal the opening. In such cases it is necessary to force
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the weld pool apart with a specially formed heat dissipation that makes one

side of the cut cooler than the other. The drops will then solidify more readily

on the cooler side without recombining. Figure 4.2 compares two zero-gravity

electron beam cuts with and without controlled cooling of one side of the cut.

Space welding is not well established in the U.S. space program, but we

can use the lessons learned by the Soviet space program. They have created

and used EBW technology for space applications. Their designs incorporated

safety, high reliability, and minimum mass and energy consumption. The power

consumption for such designs are rated at 1.5 to 3 kilowatts. [28] The URI is

one example of a hand-held versatile tool that could be easily adapted for use

by a telerobot. Figure 4.3 shows an example of a hand-held electron beam gun

design.

4.3 Possible Applications of Welding in Space

There are limitless applications to welding in space, and the majority are

yet to be imagined. Section 3.3.3 describes a possible welding application

involving valve replacement on Space Station Freedom. This section describes

a few possibilities for space welding as well as welding on the Moon and

planets other than Earth.
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4.3.1 Construction

4.3.1.1 On-Orbit Structures

One of the first applications of space structural welding took place on

board the Soviet orbital station Salyut-7 in 1986. An experiment was performed

on truss construction in space. Equipment was designed to automatically

deploy a folded truss, packaged in a compact cylindrical unit 0.7 meter in

diameter and 1.5 meters in length. Once unfolded, the truss extended to 12

meters in length. The members of the truss were thin-walled tubing 15 mm in

diameter. [23] Figure 4.4 shows the unit used for deploying the truss.

After unfolding the truss, two cosmonauts welded and brazed some of

the truss joints. The versatile electron beam hand tool, URI, was used. The

welded joints were later returned to Earth where they were examined for

strength and quality. The evaluation concluded that, even using an extremely

limited amount of power, good quality welded and brazed joints could be

obtained for thin-walled structures in space.

The U.S. space program has performed similar experiments of orbital

construction of trusses, but without using welding or brazing. Automated units

were not used to erect the structure. Assembly was performed by astronauts in

EVA. Two EVA space construction experiments were launched on the space

shuttle (STS 61B) on November 26, 1985. One experiment was called the



Figure 4.4 Unit for transformable truss unfolding/folding [23]
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Assembly Concept for Construction of Erectable Space Structure (ACCESS)

and the other was known as the Experimental Assembly of Structures in EVA

(EASE). For both experiments, the objective was to evaluate the performance

of astronauts in EVA while performing space construction tasks. [34]

To join the structural beams to node joints, mechanical connectors were

used to lock the beam in place. Figure 4.5 shows the structural connector used

for the EASE experiment. The two cylindrical ends interlock by using a

machined geometry. A sleeve is pushed over the joint to keep the ends mated,

then it is held in place using a spring lock. The joints are constructed with

about one degree of rotational tolerance to allow the joint to be assembled

more easily and to prevent cold welding the pieces together.

One possible solution to ensure rigidity and structural integrity of the

joint, is to weld the sleeve in place after mechanical fastening has been

completed. Figure 4.6 shows how the connector might look after welding both

ends of the sleeve to achieve a permanently rigid joint. Such a configuration

still allows for ease of construction while ensuring the joint is rigid. Welding

joints in space also allows the structural designer more flexibility to achieve

simple and lightweight joints.

Welding may enable larger structural designs to be produced than are

now attainable given the size of current launch vehicles. For example, flights

for space-based manned lunar transfer vehicles (LTV) or martian transfer

vehicles may require some on-orbit assembly and checkout due to mass and
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volume limitations of the launch vehicles. This will be possible by using Space

Station Freedom as a transportation node in Earth orbit. Although designs can

involve no on-orbit welding, the ability to weld during on-orbit assembly

operations may allow for alternative designs that are more cost effective.

The Space Transportation System's (STS) external tank has long been a

wasted commodity since this huge structure is brought to the edge of space.

The external tank is made of an aluminum alloy that weighs 29,964 kilograms

empty, and has an internal volume of over 2154 cubic meters. Current launch

costs are at least $4400 per kilogram, which is equivalent to $132 millon

wasted per launch. [20] There have been several proposals made to make use

of the external tank, but NASA has not been convinced that any of the ideas

are worth financial support. Private companies may be the first to take

advantage of this by-product of the U.S. space program.

The external tank could be reduced into construction materials. A study

by the Air Force Institute of Technology has examined the feasibility of creating

an Aluminum Salvage Station for the External Tank. This facility could process

the external tanks into 1,866 meters of I-beams and 451.6 square meters of

plate per external tank using welding and cutting techniques. [20] Future

generations of space structures could be built from this vast supply of scrap

aluminum.

An aerobrake is a large structure used to dissipate energy through

aerodynamic drag rather than using retro-rockets to help slow down a space



vehicle as it descends toward the surface of a planet. An aerobrake would be

especially helpful when landing on Mars due to the potential for significant

weight savings. Figure 4.7 shows the design created by the Mars Mission

Research Center. Typical of most aerobrake designs, a raked ellipsoid is used

to provide lift during the aerobrake's travel through the atmosphere. Such

structures are massive with dimensions on the order of 100 feet in diameter.

The size and shape most aerobrakes require them to be assembled on-orbit

rather than launched in one piece. Large pieces of the structure will need to be

joined using hundreds of bolts and mechanical latches, or by welding. Welding

has the advantage of providing joints with high rigidity that will not come loose

during transport and rigorous high temperature atmospheric descent. [35, 49]

4.3.1.2 Structures on the Moon and Mars

One day humans will return to the Moon. The first visits will have

scientific goals such as exploration, astronomy, Mars mission preparation, and

sustaining life for extended periods. If the space exploration initiative (SEI) is to

be successful, more permanent bases will later be created for both scientific

and commercial use.

Welding will undoubtedly play an important role in building such

structures. Creating an airtight environment will be essential for sustaining life



Top View

Side View

Figure 4.7 Top and side view of the MMRC aerobrake design [8]
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and operations on the Moon. Welding is the most reliable method of joining to

ensure that leaks are nonexistent. Moon's gravitational field make structural

rigidity and integrity more of an issue than if the structure was in orbit.

Structures may be buried beneath the lunar soil (regolith) to help stabilize

temperature and to provide some protection from meteorites and radiation. The

pressure produced by 10 feet of lunar soil is about 110 pounds per square foot.

[19] High-strength, rigid structures will be needed, and welding is the most

promising method for achieving this goal.

The effects of the Moon's environment on welding need to be considered

since they differ from those in orbit. Essentially the same conditions exist as

were outlined in Section 4.2 except for the presence of a gravity field about 1/6

of that found on Earth. Also there is the possibility of weld contamination by

lunar dust. Although the sunlight will not vary cyclically as it does when in

certain Earth orbits, there will still be a large temperature differential between

lighted and shaded areas. [36]

Once Mars has been visited by humans, a similar progression of

scientific expansion may occur. The experience of building remote permanent

structures on the Moon can be applied to Mars. And similarly, the unique

environment of Mars will need to be considered when designing welding

systems for martian construction.
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4.3.2 Repair and Maintenance

Over the design life of all space platforms, there is always the possibility

of mishaps which result in structural damage. Possible mishaps might include

meteorite penetration, satellite or vehicle collisions, or accidental overload of

structural members. There are also on-board components expected to need

replacement that are not orbital replacement units (ORUs), such as the Space

Station Freedom valves discussed in section 3.3.3. It is therefore essential to

have the capability to perform limited maintenance and repair jobs to ensure

that operational missions can be completed.

However, welding cannot be performed on some materials used in

space, such as composites and other non-metal materials. For example, many

space structures have composite panels composed of thin facesheets that

sandwich honeycomb material. Repairing such panels can be difficult or

impossible with welding alone.

Some possible weld repair jobs might include stud welding, patch

repairs, or replacement/reinforcement of portions of structural members. If

bolting or anchoring structural material together is necessary (due to material

limitations), stud welding can be performed to attach a threaded bolt or some

other form of secure mechanical anchoring device. Patch repairs might be

necessary if meteorites or space debris create a hole or divot in a structural

member or plate. Although meteor shields are designed to provide protection



against such mishaps, the damage from large enough objects can be more

extensive than allowed for by the design. The hole can be patched and

welding can be performed to ensure airtight integrity if there is a breech, or the

possibility of one, in the pressure hull. Figure 4.8 shows three typical methods

of patch repairs for a hole in a structural member.

Cutting may be required for repair jobs to replace or reinforce structural

members. When a portion of a structural member needs to be replaced,

removing the entire member may be difficult or impossible. The damaged

portion can be cut out and a new piece spliced in. When reinforcing structural

members the reinforcement piece may need to be custom cut, if the correct

shape cannot be found from the available selection of scrap materials.

Such repairs can be conducted on the space station, the space shuttle,

satellites, or any space platform if the proper tools are available. If the space

platform has a nuclear reactor on board and the area of repair has

unacceptably high radiation levels for EVA, telerobotic manipulation of the

repair task could prove to be one feasible solution.



a. Attach a patch by lap welding

b. Butt weld an insert plate

c. Stud weld bolts on the structure and
then securely fasten the cover plate
work holes by nuts

Figure 4.8 Three typical methods for placing a patch plate over a damaged
structural member of a space station [57]
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4.4 Joint and Surface Preparation

The first step of the welding fabrication process involves the preparation

of the joint and the surfaces to be welded. Preparation can be subdivided into:

1. Joint design, cutting, and forming

2. Surface preparation (if needed)

3. Joint alignment, fit-up, and assembly to hold the pieces in place for

welding

1. Joint design, cutting, and forming. The simplest solution to preparing

the joint is to prefabricate the pieces on Earth so that only assembly is needed

prior to welding. It would be inefficient to launch into space all the equipment

needed to adequately form some joints. On the other hand, it may be

necessary to cut and form the joints in space for repairs or for materials that

have been created in space, on the Moon, or on other planets.

For joint geometries created in space, the design should be simple and

the production of parts accurate. Simpler joints should require fewer

manipulations and therefore speed up the process. Accurate production of

components is one strength that automation has over human machinists. When

automation is used for joint production in space, the human operator ultimately

decides on the joint design. The operator will choose the design, or it may be



preselected by earth-bound engineers. The operator must then convey to the

machine how to achieve the goal of production.

To cut metallic materials in space, adequate tools are needed. For thin

materials, mechanical cutting could be performed by using a diamond/corundum

bladed rotary motorized tool. Thicker materials may require thermal cutting

devices such as welding torches, electron beams, or lasers. Ideally, a versatile

tool could be designed to cut various materials of different thicknesses. The

Soviet's URI electron beam welding tool is a good example.

After cutting, forming the correct joint geometry may be needed. After

making a straight orthogonal cut, no other adjustments of the geometry may be

needed. In fact, using such plates in a joint design will greatly simplify this step

of the fabrication process. If a bevel or some other alteration of the geometry is

required, then some form of machining tool will be needed to cut or grind the

edge to the desired geometry.

2. Surface preparation. After cutting the material, there may be rough or

uneven surfaces, especially if thermal devices were used. In microgravity,

drops of molten material tend to cling to the cut's edges rather than fall away,

causing a rippled edge as the metal cools. A machining tool can grind down

the undulations to provide an adequate surface for fit-up and welding. Even

after mechanical cuts, larger than desired burrs may remain that need to be

removed.

The welding cold welding process requires special surface preparation to



create effective joints. Impurities and contaminants should be removed from

the surfaces to be joined so that more molecular bonds can be created. On

earth, oxidation layers will form immediately due to the atmosphere. Once the

layers are removed in a vacuum, they will not reform and the metals will bond

together when adequate pressure is applied.

3. Joint alignment, fit-up, and assembly to hold the pieces in place for

welding. Regardless of how the pieces are formed and the surfaces prepared,

the joint must be assembled and the pieces aligned accurately to ensure that

the final desired geometry is obtained after welding. Mechanical devices, tack

welding, a robotic manipulator, or even a human could hold the pieces in place.

Structural assembly in space using EVA has been proven by the EASE

and ACCESS experiments performed on the space shuttle (STS-61B).

Although these experiments focused on evaluating astronaut EVA, some of the

lessons learned can be applied to automated or semi-automated assembly.

For the ACCESS experiment, an assembly fixture with guide rails provided a

frame on which the nine members of each structural bay could be assembled.

Up to ten bays were constructed to form a truss. Figure 4.9 depicts the

assembly fixture mounted on the support structure in the shuttle's payload bay.

The guide rails equaled the length of two structural bays, so after one bay was

built in the lower half of the assembly fixture, the truss could be slid to the top

half of the fixture to accommodate the construction of the next bay.

The ACCESS experiment's assembly fixture is one example of how a
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mechanical structure can be used to assist in the assembly of space structures.

Similar fixtures can be used to help in the assembly of multiple structures in an

assembly line fashion. To minimize the number of fixtures needed, joints

should be standardized as much as possible.

Another method of mechanical joint alignment is to design the structural

member with mechanical interlocks for ease of assembly and stability of the

joint during the welding process. Figure 4.6 shows an example of such a

connector design. To hold pieces together temporarily for welding, clamps

might be used. They should be designed to engage and release quickly and

easily. Clamps might also need harnesses to prevent them from floating away.

There is also the possibility of using a manipulator to hold the pieces in

place. This would imply having more than one manipulator or even more than

one robot at the same worksite. Astronaut EVA could also be used to position

pieces properly. The McDonnell Douglas Space Systems Company has

performed neutral buoyancy testing for space vehicle construction using both

astronaut EVA and telerobotic devices. In 1989, testing was performed on

simulated propellant tank farms and more recently on an aerobrake structure.

[8] Figure 4.10 shows an example of the cooperation that can be achieved

when both astronauts and telerobots are used for assembly tasks.

Tack welding is another method of temporarily holding pieces in place

and is commonly used during fabrication. Tack welding is a good method of

temporarily supporting heavy metal pieces and keeping the hands free during
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Figure 4.10 EVA and telerobotic cooperation during aerobrake assembly
testing in neutral buoyancy [8]



welding. There still exists the problem of properly positioning the pieces prior to

tack welding. Tack welding could be easily accomplished by astronauts in EVA

without having to worry about the quality of the weld. Then later, a telerobot

could finish the welding with a higher degree of quality.

4.5 Welding Processes

Of the many welding processes that exist, only a few have been

seriously studied for use in space. Most have been considered under

conditions simulating space, such as in vacuum, in parabolic flight, or both.

This section will briefly describe the welding processes most seriously

considered for use in space.

1. Arc Welding. (specifically, Gas Metal Arc Welding (GMAW), Plasma Arc

Welding (PAW), and Gas Tungsten Arc Welding (GTAW).) GMAW is a gas

shielded-arc welding process in which the weld is created by an electric arc

formed between a consumable electrode and the workpiece. The electrode is

in the form of a filler wire that is mechanically driven into the weld zone. The

shielding gas is usually argon or helium since they are inert. The metal is

transferred to the workpiece in globular drops or a spray of extremely fine

droplets, depending on the electrode current density. The amount of electrode
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current density depends on the electrode diameter and material. In the spray

transfer mode, the arc column is a well defined cone-shaped core within which

the metal transfers to the workpiece. The transfer of metal through this arc

column has a higher heat transfer rate than is obtained in the GTAW process,

resulting in faster welding rates. Short circuiting-type transfer can be achieved

by employing lower currents and voltages. This type of transfer results in a

very stable low-energy heat input ideal for welding light materials. Some of the

parameters typically adjusted on the equipment by the operator include the wire

speed feed, arc length, arc voltage and current, and gas and cooling water

rates. A clamp attached to the workpiece completes the circuit for the arc.

Some results of GMAW performed on the Soyuz-6 include:

- At low current, molten drops grew large and remained attached to the

electrode for a long period of time.

- Increasing the current increased the electromagnetic pinch effect

- Stable metal transfer was achieved when using the short circuit technique or

impressed current.

- Weld beads bulged slightly in the center due to surface tension, resulting in

decreased weld penetration.

- When welding in a vacuum, it was possible to achieve a stable arc in the

vapor of the electrode material.



The PAW process is valued for its ability to produce a hotter, more

concentrated, and more controllable arc. The "plasma" is a hot ionized

conducting gas that is turned into a jet when sent through a nozzle.

Advantages of the constricted arc nozzles over the gas shielded-arcs include

flame stability and more concentrated power, making the plasma jet very

effective at high speed cutting. Plasma arcs have been used for cutting,

coating, weld surfacing, and welding.

Some results of PAW performed on the Soyuz-6 include:

- Arc ignition, arc stability, and focus of anode spot was affected by the amount

of vacuum.

- On thin samples, weld formation was similar to those done on Earth, but in

space the formation was dominated by surface tension forces.

- Sound welded joints were obtained.

- Some porosity was found along the fusion line in the titanium alloy.

- Arc constriction was difficult when the chamber was vented into space.

The USSR conducted arc spot welding experiments in a vacuum with

simulated weightlessness using aircraft. They found that the simulated space

conditions had no effect on the process of arc spot welding.

GTAW is similar to GMAW in its use of an inert shielding gas, but the
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tungsten electrode is not consumed. If filler material is required, a welding rod

can be fed into the weld zone and melted. GTAW can be used on almost all

industrial materials and the process is widely used for welding dissimilar metals

together.

The robotic welding industry has vast and constantly increasing

experience in arc welding. Second only to resistance welding, robotic arc

welding has been performed for many years. The use of sensors for seam

tracking and adaptive control has created new opportunities for arc welding

applications. The GMAW process has been predominantly used for robotic

welding, although the GTAW process is now being used more often. Robotic

PAW has just recently come to the attention of the robotic industry for

integration. Precise control of the weld puddle at high traversing speeds with

precise joint fit-up is required for PAW to produce a good quality weld joint. For

these reasons, PAW has not been incorporated as quickly into the robotic

industry as GMAW and GTAW. [45]

Since there has been much experience with robotic arc welding, it is a

good candidate for developing automated welding systems in space. In the

robotic industry a vast amount of experience has been accumulated in the

areas of manipulator design, robot controllers and software, robotic welding

positioners (for part positioning), welding process equipment, and weld seam

tracking. Of course, research is needed for adapting such welding systems to

the space environment and optimizing the systems weight and cost for a
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required level of productivity.

The Soviet space program developed an arc welding process for space

use called the hot hollow cathode welding process. It produces a stable arc in

a wide range of vacuum with an arc gap from 2 to 25 millimeters. The process

is safer than EBW due to lower voltage (15 to 25 Volts), lack of x-rays, and

simplicity of the equipment. The welds formed are more similar to EB welds in

width and depth of penetration than they are to arc welds. The process is most

similar to GTAW since the nonconsumable cathode is made of tungsten or

tantalum. Figure 4.11 is a diagram of the welding process. To help stabilize

the arc, the electrode is separated into two pieces, an auxiliary electrode and

the hollow cathode. A gap between the two increases the discharge excitation.

[66] Figure 4.12 shows the prototype of the manual hollow cathode welding

torch and power supply yet to be tested in space.

2. Stud Welding. This is an application of the arc welding process that uses

an arc to heat the workpiece and the stud before joining them together under

pressure. Capacitor-discharge stud welding uses a capacitor to store energy

that supplies the arc power. It requires less power and is most applicable for

welding smaller diameter studs to thin sheets. [26] This is ideally suited for use

in space structures since they will largely be made of thin sheets of light metal.

Additionally, in low-gravity the loading conditions are much smaller than they

are on Earth. For heavier structures, regular stud welding with D.C. power
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Figure 4.11 Hot hollow cathode welding scheme [66]

1 - cathode; 2 - tip; 3 - insulator; 4 - body torch;

5 - subsidiary electrode; 6 - differential thermocouples;

K - test point.



Figure 4.12 Prototype of torch and power supply for manual hollow cathode welding in space [66]



sources similar to that of GMAW can be used.

The stud provides an anchor point for attaching other parts with

mechanical fasteners. Stud welding tools have been designed and successfully

tested for remote operation. They can easily be designed to be completely

automated. To operate such tools little welding skill is required beyond the

ability to properly position the tool and pull the trigger. All other operations

needed to ensure the quality of the weld can be performed automatically. Such

a tool can be used in space with minimal research and development. An

automated stud welding system could be developed that operates either by a

remote manipulator or by an astronaut with no welding skills. However, it is not

a versatile tool so it is not applicable to other welding tasks.

3. Electron Beam Weldinq. In electron beam welding (EBW), heat for the weld

is produced by a concentrated beam composed primarily of high-velocity

electrons. The process is conducted in a vacuum for the most efficient transfer

of the electrons' kinetic energy to the workpiece. The space environment

therefore provides a natural vacuum for this process. It would not be used for

welding inside the spacecraft since vacuum chambers would be needed, which

are expensive and incur a severe weight penalty.

An electron beam gun creates the accelerated electrons and is

composed of an emitter, called the filament or cathode, a grid cup, an anode,

and focusing and deflection coils. The emitter, usually made of tungsten,
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releases electrons when heated to a high temperature, causing thermionic

emission. The electrons are then attracted to the positive charge of the anode,

which has a hole in its center. The electrons that come through the anode hole

are then focused by the magnetic forces of the focusing coil. The beam can

then be deflected by the magnetic forces of the deflection coils. [26]

One major advantage of EBW over arc welding is its tremendous weld

penetration. The depth-to-width ratio can exceed 20:1. The electron beam's

heat input is controlled by beam current, accelerating voltage, beam diameter at

or within the workpiece, and the welding speed. The current and the voltage

may be adjustable if the equipment is so designed. The beam spot size is

determined by the beam focus and the distance between the gun and the

workpiece. The travel speed should be such that penetration is achieved for a

given thickness of material.

The beam's current is normally less than 1 Ampere, and the accelerating

voltage is on the order of thousands of volts. Power usually ranges from a few

kilowatts to 50 kilowatts. When such high voltages are used the astronaut's

safety is a real concern. Not only does the high voltage itself create danger,

but x-ray radiation is produced, which can be harmful in extreme doses and at

the very least decreases the astronaut's radiation exposure limit. Soft x-rays

are produced at accelerating voltages less than 20 kilovolts and hard x-rays are

produced with voltages greater than 20 kilovolts. This problem can be

eliminated by distancing the astronaut from the worksite and using automation



to perform the task. To reduce the radiation danger, shielding could be used,

which creates a sizable weight penalty.

On board Skylab, a metals melting experiment, known as M 551, used

an electron beam to melt samples of aluminum alloy (22019), stainless steel

(321), and thoria dispersed nickel. The samples were disk-shaped and

attached to an electric motor assembly. The samples were rotated while

keeping the 1.5 millimeter electron beam stationary. The beam current,

voltage, and traversing speed was 50 to 80 milliamperes, 20 kilovolts, and 58

meters per hour respectively. [57] Each sample had some regions of cutting,

partial and full penetration welds, and a large molten pool. Findings of the

experiment were as follows:

- The feasibility of performing electron beam welding, cutting, and melting in

microgravity conditions was proven.

- The Skylab samples showed that the grain shapes were larger and more

elongated than the ground-based specimens. This indicates a major difference

in heat convection during solidification of metals.

- The Skylab specimens had more symmetrical sub-grain patterns, while

ground-based specimens showed orientation with the solidification front.



- The Skylab samples had cracks or hot tears that were not observed in the

ground based samples.

The results of the Soyuz-6 EBW experiments on aluminum alloy, titanium

alloy, and stainless steel include:

- The weld shape and degree of penetration were similar to that of ground

based samples.

- Sound welded joints were achieved using all materials.

- There was a slight increase in the porosity of the aluminum alloy sample,

most likely because of the lack of a significant gravity gradient to produce

buoyancy forces.

- Electron beam cutting of all materials was proven. [57]

The Soviet space program has compared EBW, GMAW, and PAW and

has concluded that the electron beam should be used due primarily to its

versatility and inherent energy effectiveness. Electron beam equipment can be

designed to perform several processes: welding, cutting, heating, brazing, and

coating. These processes are illustrated in Figure 4.13. Figure 4.14 shows
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Figure 4.13 Electron beam welding processes [48]

(a - heating; b - brazing; c - welding; d - cut-
ting; e - coating).
I - electron gun; 2 - electron beam; 3 - work-
piece being treated; 4 - filler wire; 5 - cru-
cible with evaporating material; 6 - vapour
stream; 7 - substrate
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how the EBW's energy effectiveness exceeds that of GMAW and PAW. Energy

effectiveness here is defined as the proportion of the total energy transferred to

the workpiece rather than being dissipated in the tool, power source, or cables.

[48] For these reasons, versatile EBW tools have been developed and proven

for use in space. Such tools can be used by either astronauts, automated

machines, or teleoperated manipulators.

4. Laser Welding. This is the use of a tightly focused beam of electromagnetic

energy as a heat source to fuse materials together. Like EBW, laser welding

needs neither shielding gas nor the application of pressure. And like electron

beams, laser beams can be used for several processes such as welding,

cutting, heat treatment, brazing, soldering, drilling, and marking. Even higher

penetration ratios can be achieved with lasers than electron beams.

There are many different types of laser systems, classified as either

solid-state or gas, and having different modes of operation, either continuous or

pulsed. Laser welding systems need specialized equipment such as the beam

source power supply, cooling system, gas supply, and a control system.

Automatic control of the beam is normally required due to speed and

precision tolerance requirements. The accuracy of movement must be very

precise as compared to other forms of automated welding. Fiber optic cables

requiring a relatively low amount of power can be used to direct the beam.

Lasers can also be used to cut non-metal materials. The energy efficiency of



laser beam welding equipment is relatively low, ranging from 5 to 10 percent.

One difficulty is that not just power input but also the material's thermal

conductivity and metal vaporization on the workpiece's surface affect the speed

and weld penetration. Such vaporization can create a plasma above the

workpiece that absorbs energy and can block the beam and reduce melting.

[26]

5. Resistance Weldinq. This form of welding uses the electrical resistance of

the joint together with pressure to create a bond. Heat is produced by passing

a high current (up to 100,000 Amps) through the joint that provides a point of

maximum resistance. Low voltages are enough to heat the metal to a plastic

state. Mechanical pressure on both sides of the joint expels contaminants,

prevents shrinkage cavities, and refines the grain structure of the weld. This

form of welding is limited to joint geometries in which two pieces of metal

overlap, such as a lap joint. One of the most popular forms of resistance

welding is spot welding. The pressure contact points are the same points at

which the current is conducted, the electrode tips.

Resistance welding is the most predominant form of welding in the

robotic welding industry. The conventional resistance spot welding process is

most common. Therefore, a wealth of experience and information is available

on robotic spot welding. Many robotic arm configurations have been developed

that allow greater flexibility and accessibility in positioning the welding gun on
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the workpiece. New welding equipment is constantly being developed such as

automatic tool changing systems, welding guns with integrated transformers,

and microprocessor-based welding controls. [45]

6. Brazinq. To join metals using a molten filler with a liquidus above 840 F and

less than the solidus of the base metal defines a group of welding processes

known as brazing. (If the liquidus is less than or equal to 840 F, the process is

called soldering.) [26] There are many forms of brazing, each of them using a

different method of heat application. The filler metal is normally preplaced or

fed into the joint as it is heated. The joints are usually thin and have a large

surface contact area. Once the filler metal has been melted, it flows through

the joint clearances by capillary action. Since surface tension forces usually

dominate in the absence of gravity, the capillary action increases and becomes

more effective when brazing.

A brazing experiment, M552, was conducted on board Skylab. The

experiment used thermochemical brazing to demonstrate the feasibility of

brazing for repair and maintenance in space. Exothermic, or thermochemical,

brazing uses the heat of specific chemical reactions to melt the filler metal. The

M552 experiment brazed together a stainless steel tube and sleeve using a

filler alloy containing 71.8% Ag, 28% Cu, and 0.2% Li. The exothermic material

was covered by a layer of aluminum oxide to eliminate the need for gaseous

oxygen and to ensure that the reaction was contained. Four gaps were brazed,



ranging from 0 to 0.75 millimeters with one of the gaps being tapered. [57] The

following results were observed:

- The wetting and spreading characteristics of the brazed samples were

superior to those created on Earth, which resulted in better filling of the gaps.

- The Skylab joints had fewer defects and less porosity than ground-based

joints, showing that quality was increased.

- There seems to be no upper limit to the size of gaps that can be brazed in

space, therefore joints with large fit-up tolerances can be brazed.

- Brazing can compete with welding for many space applications where only

welding would normally be considered.

7. Solar Welding. This form of welding uses the direct energy of focused

sunlight to create heat for melting metal. It may be the most energy efficient

method of welding in space due to the availability of solar energy, resulting in a

high specific power for the process. Ground-based solar brazing experiments

were conducted by the Soviets Union in the early 1970s. Brazing conducted in

a vacuum chamber with solar reflectors provided some promising results.

Similar studies have been conducted in the United States on the feasibility of
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using solar concentrators for processing materials in space. [57] The solar

concentrators must be of sufficient dimensions to provide enough thermal

energy and a thermal environment that is conducive to the process. The

concentrators would have to track the sun during orbital transition and would

not be useable on the dark side of an orbit.

8. Friction Welding. In this process heat is produced by the mechanical friction

between two pieces of metal. The friction is usually produced by rotating one

piece and then forcing the joint together to provide adequate normal contact

force. Joint geometry is restricted to one flat piece and one piece that is a

body of revolution. One possible use for friction welding is to apply studs to

metal sheets. Automation of this process would be relatively simple compared

to other forms of welding. [39]

9. Ultrasonic Welding. Similar to friction welding in concept, this form of

welding joins materials by the local application of high-frequency vibratory

energy as the workpieces are held together under pressure. Instead of rotary

friction, linear friction is produced by an ultrasonic tip or electrode clamped

against the workpieces and made to oscillate parallel to the direction of the

weld. The process is restricted to extremely thin materials such as foil.

10. Diffusion Bonding. Here a bond is created by the application of pressure at
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elevated temperatures for an extended period of time. An extremely close

tolerance joint preparation is required, and a vacuum or an inert atmosphere is

used. A temperature one-half that of the material's melting point has produced

successful welds on some materials. To use this process for finished machine

parts, the applied pressure should be no more than enough to produce 5%

deformation of the material. This process is often used on materials or joint

geometries that are difficult or impossible to create by other methods. Since

joining time is usually an important factor, this process will probably not be used

extensively in space. Also, the bonding mechanism is not yet fully understood.

[57]

11. Explosion Weldinq. A controlled detonation creates a high relative velocity

between two materials that bonds them together when they collide. Heat is

created mostly by the explosive shock wave and by plastic deformation upon

collision. This process is useful for joining two dissimilar metals that are difficult

to weld using other processes. The most widely used application is the joining

of flat plates. Explosives are placed on opposite sides of the plates. The

explosion can be contained within an enclosure designed to direct the explosive

pressure toward the bond area. [57]

12. Cold Weldinq. In this form of bonding, high pressures at room temperature

form welds with substantial deformation of the materials. The interface between
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the materials are kept extremely clean in order to obtain good bonds between

the two pieces without an adverse strength reduction due to contamination. For

this reason it is preferred to conduct cold welding inside a vacuum. This

method is effective at joining dissimilar materials.

13. Ion Beam Welding. If ion thruster engines are used for spacecraft

propulsion, the ion beam sources could have potential applications for space

processing and fabrication. Such a heat source could possibly be useful for

welding in space. This form of welding is an unproven concept with no

experimental verification. [57]

4.6 Weld Quality Evaluation

For each step of welding fabrication, the quality of the final product must

be evaluated. During the joint preparation, the weld joint geometry and gap

sizes between the parts should be acceptable. During welding itself, weld

parameters can be sensed to ensure they are within acceptable limits. After

welding is completed, inspections are conducted to ensure the welded joint is

within design specifications.

Mechanical tests can be performed to qualify welding procedures,

welders, welding processes, and to determine if electrodes and filler metals
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meet the proper requirements. Such tests are called destructive tests because

the weld or joint is destroyed in making the test specimen. Destructive testing

is not likely to be conducted on-orbit but rather to qualify welding tests and

processes under simulated space conditions.

4.6.1 Non-Destructive Tests

Many non-destructive tests (NDTs) have been developed to detect flaws

or discontinuities in welded joints without decreasing their structural integrity.

The most widely used NDT methods include visual, dye penetrant, ultrasonic,

radiographic, and magnetic particle testing. Of these methods, dye penetrant

and magnetic particle testing would not be feasible in space due to the effect of

microgravity. Inspections are usually performed by qualified welding inspectors

but it is becoming possible to automate the inspection process with the current

state of the art technology.

Radiographic examination is a slow and expensive method using x-ray or

gamma ray radiation to record defects inside the weld rather than on its

surface. Access is necessary on both sides of the weld since a radioactive

source is placed on one side and the radiographic film on the other. This

method can be inherently used if real-time radiographic sensing is incorporated

into the process. For welding on-orbit, this method may not be very attractive
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due to the weight penalty imposed by the equipment.

Ultrasonic examination involves the use of mechanical vibrations similar

to sound waves but at a higher frequency. A transducer in contact with the weld

transmits and receives a beam of ultrasonic energy to find surface and

subsurface discontinuities. A thin film of fluid, usually oil, is present between

the transducer and the specimen to enhance the ultrasonic transmissions. The

electronic equipment for ultrasonic testing is usually small and portable. [26]

This method of testing is used on a completed weld and requires contact with it.

Two-dimensional holographic imaging of weld defects is also possible as a

visualization tool to help locate and determine their size. [47]

Other methods of NDT such as eddy current inspection and holographic

interferometry are not yet as popular as the methods described above. The

eddy current inspection method uses the A.C. magnetic field of a coil to induce

eddy currents in a weld specimen. Defects can be identified by analyzing the

eddy current field. Crack sizes can be determined by using a multifrequency

approach that helps to suppress signal disturbances. [18] Eddy current

inspection is not as effective with non-ferromagnetic materials, such as

aluminum, and therefore may have limited use on spacecraft.

Holographic interferometry involves visual observation of an interference

pattern on the specimen that can reveal defects and residual stresses. The

effectiveness of defect localization depends on the method of loading on the

structure. This method of NDT requires no contact. [51]
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4.6.1.1 Visual Inspection

Of all the methods described in the previous section, visual inspection is

by far the cheapest and the most widely used. Unlike most testing methods, it

can be used in all phases of the welding fabrication process, including

preparation, in-process, and post-process inspections. One special

consideration for monitoring welding in progress is the need to filter the bright

welding arc or light so that the viewing area can be seen more clearly. A real-

time image enhancing scheme might be employed to help decrease the

brightness of some portions of the image while increasing the intensity of darker

areas. [61]

For remote welding operations, a camera is normally used by the

operator to monitor the process. This camera can be used not only when

performing the required tasks, but also to ensure the quality of the final product

by visual inspection. The camera can also magnify portions of the weld to

inspect tiny cracks and discontinuities. With current fiber-optic technology,

cameras can be fit into a very compact volume. Small cameras can inspect

welds at very close distances, and can even be used to find microscopic cracks

if the proper lenses are used.

The video signal can be fed into multiple terminals, allowing several

inspectors to view the same remote welding operation from various locations.

In this way, relatively unskilled astronauts in space can be assisted by welding
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experts on Earth while welding progresses (give or take a few seconds for the

transmission time delay).

4.6.2 Quality Through Automation

Robotic welding has revolutionalized the manufacturing industry by vastly

improving the efficiency of mass production lines. Machines are generally

better than humans at performing repetitive tasks reliably and accurately. The

performance level of automation can be maintained over extended periods of

time in situations where humans would rapidly fatigue. For these reasons, once

properly established, automated welding has shown considerable quality

improvements over manual welding. As trained welders know, good quality

welding is a complicated skill that is difficult to learn. This difficulty can be

attributed to several reasons, including the simultaneous performance of

multiple skills such as joint tracking and welding speed control. Once such

skills are automated, the machines' consistency, accuracy and reliability provide

weld joints of high quality.
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4.7 Influence of Welding on Space Structural Design

If and when welding is to be used to join structural members in space,

the joints design needs to be considered. Only if the joints are designed

correctly will the benefits of welding over other joining processes be realized.

Joint designs may vary depending on whether the welding is to be performed

manually, semi-automatically, or fully automatically. And if welding is performed

automatically, the joint design can vary depending on the sensors employed, if

any are used.

It is not intended here to describe the fine details of weld joint design,

but to alert the reader to the fact that this must be addressed. For those

unfamiliar with the basic types of welds and joints, see Figures 4.15 and 4.16.

The fillet weld is the most popular since there is no preparation required and it

can be used for almost all types of joints. Groove welds are the second most

popular and, depending on the complexity of the groove, normally require

preparation to the groove edges. [26]

For automated welding the joints can be designed to minimize

manipulations and to allow easy access to the joints when welding. Such

design might be based on the size of the manipulator, sensors, and welding

tools to be used. Manipulations such as welding inside tight spaces should be

avoided. For more complex geometries, more complex manipulations are

required. The joints can be designed to increase the tolerance needed for tool

104



FILLET

Most popular of all welds
(may be single or double)

PLUG OR SLOT WELD

Used with prepared holes

SPOT OR PROJECTION WELD

Used without prepared holes
Use arc or resistance

SEAM WELD

Continuous-use arc or
resistance

GROOVE

Second most popular-may
be single or double-has
many variations
BACK OR BACKING WELD

Bead type back or backing
welds of single groove welds

SURFACING WELD

Surface built up by welding

FLANGE WELD

Used for light gage metal
joints

STUD WELD

Special application
welding process

-o

I 0 0 -,,

Seven
types

EZI

Edge

Corner

Stud

Figure 4.15 Eight basic types of welds [26]
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Figure 4.16 Filet weld used to make the five basic joints [26]
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positioning and fit-up variation so that there is less chance of missing the joint

and decreasing the weld quality.

Joints for space use should be designed to minimize the amount of mass

while ensuring adequate strength. To minimize the joint mass, filler material

should not be used if welding methods are available, such as GTAW or EBW,

which normally do not require filler material. Fillet welds would be preferable to

groove welds since little or no filler is needed for fillet welds, while groove welds

require one or more passes to fill the groove. The use of filler material also

makes the welding process more complicated since a wire feed mechanism or

hand-held consumable electrodes are required. [62]

It will be important to design joints in such a way that the pieces remain

stationary once assembled and don't float away prior to or during welding. If

the joint is simple, the pieces can be held with one hand (or manipulator) while

welding with the other. But a better design might use fasteners, guide pegs, or

bumps to ensure good alignment while helping to keep the joint fixed during

welding.
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Chapter 5: The Use of Automation for Space Welding

The use of automated welding operations has become common in

industry for several reasons. Productivity is increased through higher welding

speeds and deposition rates, and less operator fatigue. Consistent, predictable

welds have good quality and better appearance. Less operator skill is needed

while operator safety is increased.

The use of automation to assist in the task of welding in space should be

considered for the same reasons. Manual welding can be done in space, but

an astronaut performing EVA will be restricted by time limitations as well as the

bulky space suit and gloves. The productivity of the astronaut cannot match

that of automation. But for initial space welding jobs, productivity may not be

as important as the quality of the final product. Even if the astronaut is a

skilled welder on Earth, it is unlikely that he or she can achieve the same

performance and quality in a space suit in a space environment.

Separating the astronauts from the worksite increases their safety. If

molten slag were to come in contact with the space suit during welding, the

resulting holes could certainly be life threatening. The high voltage and x-ray

radiation created by EBW equipment can threaten the safety of the astronaut.

The evolution of EVA itself is considered to be one of the more hazardous

duties involving considerable time and expense.
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This chapter examines the possible levels of automation, operational

modes and scenarios, and potential use of manipulators for space welding.

5.1 Levels of Automated Control

The three broad levels of automated control are manual control,

supervisory control, and fully automatic control. For all three forms , the human

operator is assumed to have overall control, with the automated machinery

performing the actual remote tasks. Figure 5.1 shows the basic concept of

remote control in which two computers, remote and local, manage the form of

automated control desired by the operator.

Manual control is the direct control of the task by the operator. The

operator controls each movement of a manipulator and initiates each step of a

process. There may or may not be a computerized link between the operator

and the machine. The operator uses sensors to constantly monitor the

machine, to ensuring that he is properly controlling it. Even if there is a

computer controlled command link between the operator and the machine, the

computer can not assume any control of the machine.

In supervisory control, the operator is continually programming and

monitoring a computerized, automated system, which performs a task or

process. [76] The operator can have direct control but the control functions of
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some tasks or subtasks can be delegated to the computer. The computer may

assume closed-loop control of part of the system upon the operator's direction.

If the computer controls the entire system for any amount of time, this is called

fully automatic control. The operator can only observe the data from the

sensors and pull the plug if the automation does not perform properly.

Figure 5.2 shows this spectrum of control modes. A given system may

be capable of one or more of these modes at the discretion of the operator.

For space welding, the ability to shift between the control modes may prove

beneficial. For tasks that have not or cannot be programmed into the

computer, manual control may be the only way to accomplish the task. On the

other hand, if good quality cannot be achieved manually with certain welding

processes and/or materials, fully automatic control may be the answer. In

some cases, it might be necessary to fully automate the control of some

variables and manually control others. For example, the programming may not

have taken into account certain variables that the innovative human operator

can compensate for.

To illustrate how automation can be used in welding, Figure 5.3 shows a

spectrum of machine control methods for GMAW. Note that for remote welding,

the human hand would be substituted by the manipulator's gripper. The

spectrum of control methods varies from left to right as the machine controls

additional welding functions. The automatic (AU) and automated (AD) GMAW

methods are both considered to be fully automated, but AU uses open-loop pre-
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_________________________ _________________ 1

Method of
Application

Arc Welding
Elements/Function

MA Manual
(closed loop)

SA Semiautomatic
(closed loop)

ME Machine
(closed loop)

AU Automatic
(open loop)

I t I

0@ ~

AD Automated
(closed loop)

0

OD

Starts and maintains Machine
the arc Person Machine Machine Machine (with sensor)

Feeds the electrode Person Machine Machine Machine Machine
into the arc

Controls the heat for Person Person Machine
proper penetration (with sensor)

Moves the arc along Machine
thMove j oint (travels) Person Person Machine Machine (with sensor)

Guides the arc along Machine via Machine

the joint Person Person Person prearranged path (with sensor)

Manipulates the torch MachineManipulates the torch Person Person Person Machine (with sensor)
to direct the arc

Does not correct, Machine
Corrects the arc to Person Person Person hence potential (with sensor)overcome deviations weld imperfections

Figure 5.3 Levels of control for GMAW [26]



programmed control while AD uses closed-loop control with sensors. The

typical sensors used for automated welding methods are numerous and will be

discussed in Section 5.4.

5.2 Operational Control Modes for Space Welding

"Welding in space" is a generic term that could imply one of many

operational modes. Welding can be performed inside or outside a spacecraft.

The process control can be local or remote.

Manual welding could be performed by astronaut EVA for jobs outside

the spacecraft, but there may be considerable safety and quality disadvantages

as discussed at the beginning of this chapter. If an emergency occurs and

welding is necessary, quality and safety during welding are lesser concerns and

the job should be done any way possible if the welding equipment is available.

The astronaut may be delivered to the worksite by one of many methods

including the Manned Maneuvering Unit (MMU) or at the end of a general

purpose Remote Manipulator System (RMS). If the power needed for the

welding equipment is not self-contained, power leads will be needed near the

worksite.

It is likely that some repair and maintenance jobs requiring welding will

be necessary inside the spacecraft. For example, some of the life support
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system valves on Space Station Freedom will need replacing, possibly by

cutting them out and welding in new valves. Section 3.3.3 discusses this

scenario and Section 4.3.2 addresses welding for repair and maintenance in

general. Different welding processes can be used inside the spacecraft where

a gaseous atmosphere is present, as opposed to outside where there is none.

For example, EBW must have a vacuum and would not work inside the

spacecraft, unless it is for some reason evacuated. An enclosure may be

needed around the work area so that the spacecraft's atmosphere is not

contaminated by metal vapors and byproducts of the welding process.

Remote manipulation of space welding can be conducted with the

operator in space or on Earth. If the operator is in space, he or she is not likely

to be a skilled welding expert. In this case, there is the need to transport these

skills into space. This can be done using an automated welding system, an

expert system to assist the astronaut in making key decisions, or both. The

welding performed by the astronaut can also be visually monitored by welding

experts on Earth who can assist in the fabrication process.

Earth-based operators would most likely be welding experts.

Teleoperation from Earth would have to contend with transmission signal

delays, which can cause instability of control signal feedback (such as is

needed for conventional force feedback). For the space-ground communication

link used in the space station program, the round-trip time delay can be up to

three seconds. Figure 5.4 shows a schematic of the space-ground
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communication link. Most of the delay is due to signal processing rather than

transmission delay time. Signals travel through the Space Station Control

Center to the space station via the White Sands Ground Terminal and the

Tracking and Data Relay Satellite System. As shown in Figure 5.4, the

processing time on the ground and in the station takes about 2.42 seconds

whereas transmission time takes about 0.48 second. [75]

When time delays are present in teleoperated control, the operator can

try a "move-and-wait" control strategy, but this technique is less time efficient,

more prone to error, and fatiguing to the operator. Other strategies for dealing

with time delays include the use of predictor displays, predictive force reflection,

and supervisory control. Predictor displays show in real time what the

manipulator is going to do by superimposing an image on the viewing screen.

[76] Figure 5.5 shows a diagram of a predictor display system. Figure 5.6 is a

photo of what such a display might look like. The image in the center is

created with computer graphics, and the real arm is shown slightly to the right

of the image.

Predictive force reflection is similar to using predictor displays, except

that a force is felt by the operator when the manipulator collides with an object.

Successful use of predictive force reflection depends on a good world model of

the environment around the manipulator. [24] The model predicts when a

collision is imminent and creates a force to signal this information to the

operator before it actually happens.
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Figure 5.6 Photograph of stick figure superimposed on a video screen [76]
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Supervisory control, as discussed in Section 5.1, can be an aid to control

in the presence of time delay by delegating control to a local computer at the

worksite. Overall commands and goals can be given from the ground, while the

actual manipulations and process control are performed by the local computer.

Sensors allow the automated system to make corrections using local closed-

loop feedback, which is not subject to time delays.

5.3 The Use of Robotic Manipulators in Space

Robotics will be needed to perform servicing tasks in remote locations

such as in space. Robotic servicing is also ideal for circumstances that would

otherwise endanger astronauts. As the space station and other space

platforms are developed, robots will be indispensable for such servicing tasks

as inspection, repair, consumable resupply, routine maintenance, and even

assembly operations.

First-generation robots can be classified as manually slaved robots,

which perform tasks in the general proximity of the operator. The Space

Shuttle Remote Manipulator System is one example. Second-generation robots

have now been developed that are controlled by teleoperation with limited

autonomy. Second-generation robots can be placed into three general

categories: fixed base, truss mobile, and free flying. Fixed base robots perform
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relatively simple and routine tasks, allowing astronauts to perform the more

complex ones. Truss mobile robots are attached to structures of large

spacecraft and perform more complex servicing tasks, and also support EVA.

Free flying robots are capable of orbital transfers and maneuvering, making

them the most likely candidates for servicing multiple satellites. Third-

generation robots will incorporate artificial intelligence and will be completely

autonomous. Such futuristic robots may be used for construction, exploration,

and manufacturing, as well as a host of unimaginable missions. [38]

The Flight Telerobotic Servicer (FTS) project, initially formed in 1986,

was to become NASA's first operational robotic system. It was designed to

perform servicing, maintenance, assembly, and inspection operations from the

space station, the space shuttle, or an orbital maneuvering vehicle (OMV). Its

launch was planned on one of the early space station assembly flights. Two

test flights were planned on the space shuttle. The first flight was to test the

performance and control of the manipulators in zero gravity, and the human-

machine interface through a workstation environment. During the second test,

the FTS was to perform representative servicing tasks. These tasks were to be

performed on the aft flight deck of the space shuttle and use the RMS to bring

the FTS to the work site. [5] Unfortunately, the FTS's budget was cut a few

months before construction began.

The most visible equipment on the FTS includes two manipulators, a leg

for stabilizing and positioning, cameras and lights, and a set of tools and end
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effectors. At the end of each manipulator is an end effector changeout

mechanism that allows for selection of appropriate tools and end effectors.

Tools are stored in holsters when not in use. Figure 5.7 shows the design

proposed for the NASA FTS.

There are three modes of operation for the FTS: fixed-base dependent

operation, fixed-base independent operation, and transporter-attached

operation. In dependent operation, the FTS is attached to the workstation and

is plugged into a nearby port to get power and transfer data. For independent

operation the FTS is still attached to the work site but uses internal battery

power and transfers data via wireless link. In transporter-attached operation the

FTS is attached to some transporter device, such as the RMS or OMV, and

power and data are transferred via hardware connection to the transporter. [5]

More details on the FTS, also known as the "tinman", can be found from AIAA

papers N89-19870, N90-25537, N90-29821, and N90-29822. [5, 6, 7, 59]

As the technology evolves, more robotics research is being conducted,

especially in the field of telerobotics and supervisory control. The first

telerobots, such as the FTS, will be performing tasks similar to those now done

by astronauts in EVA. The telerobot must be flexible enough to accommodate

unexpected events. They will not be completely autonomous but will be

supervised by a human operator locally in space, or remotely on Earth. For

remote workstations, there may be a significant time delay of the transmission

signal that must be accounted for when designing human-interactive feedback
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control systems. Predictor displays are one solution to that problem. Several

telerobotic testbeds have been created for research and demonstration of

remote servicing capabilities. AIAA papers N90-22312, N90-25538, and N90-

29049 describe a few recent testbeds and demonstrations for the purpose of

remote servicing. [42, 58, 63]

An extra-vehicular robotics device is being designed for use on board

Space Station Freedom and is called the Special Purpose Dexterous

Manipulator (SPDM). The SPDM is part of the Mobile Servicing Center (MSC)

which is the Canadian contribution to the space station program. The MSC is

for assembly and external maintenance operations.

The SPDM's configuration consists of a base section, an articulated

body, two seven-degree-of-freedom manipulators, and a head with stereo

cameras and lighting systems. This configuration is shown in Figure 5.8. The

SPDM is designed to be compatible with the MSC as shown in Figure 5.9.

The base section consists of a latching end effector, a roll joint,

supporting yaw and pitch joints for the articulated body, a CCTV camera, and a

Power Data Grapple Fixture (PDGF). The PDGF provides a standard interface

for power, data, and video information, which can mate with other PDGFs

placed at strategic locations on the space station. The body sections of the

SPDM contain electronic processors, provide temporary storage for Orbital

Replacement Units and allow for storage of tools. The body sections unfold

from a small storage volume reach difficult work areas. [75] Another way to
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extend the workspace of the SPDM is to place it on the end of the Space

Station Remote Manipulator System, as shown in Figure 5.10.

Telerobotic space welding may first become a reality by using a robotic

platform similar to the FTS or SPDM. If the appropriate sensors are mounted,

an EBW gun is available in the form of an end effector tool, enough power is

provided, and the proper software and control system is created, space welding

should be adaptable to similar telerobots.

5.4 Welding Sensors

This section describes some of the sensors typically used with

automated welding systems. Some sensors are used for the welding process

itself, while others are used to perform NDTs. Vision sensors can be used for

both purposes.

5.4.1 Video Monitoring Sensors

Since vision is a vital instrument for expert welders, it is similarly

indispensable for remote monitoring and operational control. Visual sensing

can be used during all major fabrication steps. During the pre-weld preparation,
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the location and orientation of the parts can be sensed, and the joint type and

shape can be identified. If fit-up is required, visual guidance is crucial to ensure

proper positioning and to prevent interferences. The quality of the edge

preparation and the surfaces of the material to be welded can be inspected and

evaluated. If the gap size of the joint varies, the vision system can recognize

this and adjust the welding parameters as necessary to compensate. [1, 2, 3]

For the welding process execution and control, the position and

orientation of the welding torch can be sensed and controlled to track a welding

seam for both single and multi-pass welds. The weld pool or bead geometry

can be sensed in real-time to assist in automatic control. Thermal imaging can

sense the heat input to the weld. [21] To sense plate distortions during and

after welding, laser interferometry can be used.

After the welding is completed, the surface can be inspected for surface

defects and proper weld bead geometry. For inspection of internal defects,

other NDT methods must be used. Digital image processing and computer

vision can be used to automate these other NDT methods. [25]

Some functional requirements that should be considered when using

vision aids for welding include lighting, light filtration, placement of cameras,

and number of cameras. Neither the operator nor a computer can operate

successfully unless there is sufficient lighting. Lights can be placed to

illuminate the camera's field of view. Since lighting conditions vary, the ability

to adjust the lighting is important for both the operator and the computer based
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system. The computer will need to recognize insufficient lighting by scanning

the brightness of the video screen or by using some other form of light sensor.

Light filtration is needed for welding operations so that the brightest portions of

the image, such as an arc or a weld pool, do not cause the rest of the image to

appear too dark. One method of light filtration known as "regionalized filtration"

creates optimum filtration for any area within the field of view. [61]

Cameras should be placed to provide the maximum amount of

information to the welding system and the operator. The automated welding

system may only need a close-up view of the weld pool to perform the weld,

but a wider view of the joint may be needed if it performs complex joint

tracking. The human supervisor requires a much wider view of the entire

telerobot. In fact, the operator would probably prefer to switch between several

views and to zoom and pan onto specific details. Therefore, several cameras

would most likely be needed for a human-tended welding system. Multiple

monitors would also be useful to the operator.

5.4.2 Joint Tracking

In order for the telerobot to weld or inspect in a precise manner, a

method of tracking the joint is needed. Joint tracking falls into two basic

categories, contact and noncontact. Three major sensor classifications are

130



used in industry to perform this tracking: through-the-arc, preview, and direct-

arc.

Preview sensing generates information about the joint before it is welded.

This sensing can be performed with contact sensors, such as mechanical

probes, or noncontact sensors, such as solid-state camera and optical laser

combinations. Contact sensing is not adaptable to a variety of joint geometries.

The probes can lose contact, they are subject to wear, they can limit the

welding speed, and they cannot always follow complex contours.

Noncontact sensing does not have such limitations. It can provide

information on the relative position of the joint with respect to the sensor and a

geometric profile of the joint. Once the joint profile is known, welding

parameters can be adjusted to ensure a constant weld fill.

5.4.2.1 Vision Based Joint Tracking Systems

Vision software is currently capable of recognizing a wide variety of joint

and weld types, some of which are shown in Figure 5.11. The operator

provides information about the joint type (fillet, groove, etc.), defines the desired

tracking position (root, top left, etc.), and specifies the distance the robot is to

weld along the joint. Once the system recognizes the joint, software routines

can measure critical joint features used to position the welding tool. When
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Basic joint types

B-Butt C-Corner E-Edge L-Lap T-loint

There are only five basic types of joints. They can, however, be used in combinations.

Types of welds (trackable)

1. Square groove weld 2. Single-V-groove

weld

3. Double-V-groove
weld

4. Single-bevel groove 5. Double-bevel groove 6. Single-U groove weld
weld weld

7. Double-U groove weld 8. Single-J groove weld 9. Double-J groove weld

10. Single-fillet weld

12. Flare-V-groove weld 13. Edge flange weld

Other variations of welds are possible.

11. Double-fillet weld

14. Plug weld

5

Figure 5.11 Some joint and weld types trackable by vision systems [17]
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variations in joint features are sensed, such as in the root gap, welding

parameters can be adjusted in real-time to ensure the correct amount of heat

input, weld metal, and bead characteristics are obtained. This capability is

known as adaptive welding control, since the system can adapt the welding

process as the joint features are measured. Figure 5.12 shows a typical block

diagram for adaptive welding control.

To determine a weld's three-dimensional geometry, structured laser lighting

in combination with a solid-state camera can be used as shown in Figure 5.13.

Planes of laser light are projected on the joint to produce illuminated stripes,

which are viewed by the camera. If the position of the plane relative to the

optical camera axis is known, then the three-dimensional coordinates of each

point on the stripe can be determined. [1, 2, 3] When this system is run along

the joint for some distance, a three-dimensional contour can be generated, as

shown in Figure 5.14. The cross-section of this contour at a point in front of or

behind the weld bead can be monitored by the human supervisor. The

operator can view the oncoming joint track to ensure the weld bead will be laid

down properly. Similarly, the completed weld bead can be inspected for

surface flaws and defects.
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5.4.3 Thermographic Sensing

A fiber-optic thermographic sensor can be used for weld quality

monitoring and adaptive process control. The infrared emissions from a welded

surface can be monitored to determine the temperature distribution of the weld

pool. The weld pool shape, absolute temperature, and the symmetry of the

temperature distribution are related to some of the welding process variables,

such as joint mismatch, root opening and plate thickness fluctuations, and

thermal conductivity properties of the materials. Knowing the effect of

temperature on the welding variables, the positioning of a welding tool can be

adaptively controlled in real time. [21] This sensor would give the operator the

ability to monitor the weld pool itself rather than sections of the joint in front of

or behind the weld pool. Figure 5.15 shows a schematic view of a fiber-optic

thermographic sensor. Such a compact unit could be mounted on or carried

easily by a dexterous space manipulator.

5.4.4 Radiographic Sensing

Due to the development of high quality image intensifiers and digital

image processing, the ability to view interior weld defects using x-ray exposure

has been greatly improved. As opposed to conventional film radiography, real-
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[21]

138



time radiography allows the operator to inspect the weld on a video monitor as

it is being laid down. The operator does not have to scan the same area twice.

Not only can the operator view the weld, but the image can be digitized and

analyzed by different pattern recognition algorithms for identification of weld

quality and type of weld discontinuities. [70]

In addition, the information gathered during welding can be used in a

feedback loop to assist in process control. Since the welding torch can be seen

in the same image as the welding pool and the root opening, their relative

distances can be determined and the welding tool tracked, as shown in Figure

5.16. Radiography can also monitor the depth and width of the weld

penetration to ensure that the welding tool is traveling at the optimum speed for

full penetration. There are, however, limitations to using such a system in

space, such as excessive weight and the presence of radioactive material.

5.5.1 Expert and Knowledge-based Systems

In order for an inexperienced welder to operate a telerobotic welding

system correctly, a welding engineer's expertise needs to be encoded into

computer software. A knowledge-based operating system can be used during

each phase of the welding fabrication process from weld preparation to

inspection. The expert system can be integrated into the same software that
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Features:

(I) Monitor of Defect Formation:
Cracks, Cavities, and Porosity

(2) Monitor of Lack of Fusion and
Weld Penetration

Figure 5.16 Schematic of vertical setup for the observation of real-time
radiography [70]
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operates the telerobot. If the operator is trying to solve a fabrication problem,

he or she can seek advice from the expert system. During welding itself, the

expert system can provide real-time intelligence for process control based on

information from the welding sensors and the operator. The operator can

decide when he or she wants to control decision making on and when the

computer will work by itself. An expert system can analyze post-weld

inspection data to identify defects and help determine their cause and

significance. [68]

The expert system can be used to determine the schedule of fabrication

steps events before welding begins. The system might ask the operator for

data such as the type of material, joint type, thickness, desired welding position,

etc. The output may include recommended data for preparation geometry,

number of passes, and initial welding parameters such as voltage, arc current,

working distance, travel speed, electrode diameter, and gas flow rate. The

operator can have the system use those parameters or change them as

desired. If the operator wants to know how the system arrived at those

parameters, he can receive an explanation from the expert system. [43] Figure

5.17 displays the output of an expert system program, including the inputs,

recommended welding schedule, and the resulting weld characteristics for a

typical butt joint.

During the welding process, the knowledge-based system can make

decisions with information from a combination of sensors and data from the

141



Problem

Expert System

Welding

Schedule

Result

Preparation:

Welding data:
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U=18-22 V, 1=165 A

Travelspeed: 17 inch/min

CO02 , 25 cuft/hr

Figure 5.17 Expert system consultation session results [43]
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operator. The combination of several sensors gives both the operator and the

system a wider picture of the environment. This fusion of sensor data enables

the system to reliably interpret the workpiece and equipment states, to

anticipate future states, and to detect, diagnose, and correct faults. Rule-based

decisions can be made automatically, or fault data can be sent to the operator

with the system displaying recommendations for correction while waiting for the

operator's response. [53]

When using a vision-based sensor or real-time radiography, an expert

system is indispensable for identifying defects in weld bead size or penetration,

undercuts, overlap, melt-through, cracks, etc. The expert system could help

determine the significance of defects based on their size and extent, propose

their causes, attempt to identify their actual cause, and propose corrections or

repair solutions. [68]

5.6 Human Operator Interface

After the operator has given the system control, it should require little

operator intervention. The operator should just be concerned with monitoring

the fabrication steps, evaluating the system's decision-making activities, and

replenishing consumables as needed. The information should be represented

in familiar terms that can be easily interpreted by the operator. The need for
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memorization should be minimized, while the operator still has a rich set of

commands for monitoring weld and system conditions. When information is

needed, the interface should allow the operator to find it instinctively, with it

presented in a flexible manner. [68]

One approach may have a symbolic graphic display that can be directly

manipulated with a pointing device, such as a touch screen or a track ball.

Graphics show the operator the status of a current operation. Commands could

be supported by advanced menu techniques, including pull-down menus, pop-

up dialogue boxes, and windows. Pop-up messages could beep to inform the

operator of important changes in status, and the operator could display

whatever windowed information is pertinent at the time. Figure 5.18 shows an

example of what an operator interface display might look like.

Having more than one display may be useful, especially if multiple

sensors, such as visual, thermographic, and radiographic, are being used

simultaneously. One display might be dedicated to overall command and

control placing information inside windows, another could focus on the joint

space of the telerobot, and others could show sensor readings.

The operator should always be allowed to have as much control of the

process as he or she desires. Of course there are many tedious manipulations

that can be programmed into the system for autonomous operation. These

programs can be stored in memory for future use thereby improving efficiency.

This is analogous to storing macros in a word processing program.
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Pass: E

Actual
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Travel Speed (ipm) 15.0
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Gas Flow Rate (cfh) 40.0
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0 0

Figure 5.18 Operator interface display including menu bar, annunciators,
status window, and weld parameters window [68]
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For example, during a welding sequence, the operator can specify a

distance for the welding tool to traverse along the joint axis before it stops.

While the tool is moving, the operator should not have to perform any

manipulations to assist in joint tracking. The operator should have the freedom

to teach new trajectories and store additional macros for often repeated

sequences.

In the design of human supervisory systems, care should be taken in

task allocation between the operator and the automation. There are trade-offs

to be made between monitoring functions and controlling functions. If the

operator is given too many functions to perform, he or she may become

overloaded and fatigued. On the other hand, if too many functions are

automated, the operator can easily get bored, become complacent, and

eventually lose the skills and competence needed to be a good supervisor. [76]

This trend is displayed in Figure 5.19. Task allocation is one of the subjects

included in the next section.
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Figure 5.19 Task allocation: extreme effects of supervisory underwork and
overwork [76]
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Chapter 6: Welding Fabrication Task Definition and Analysis

6.1 Work System Analysis

The welding fabrication problem is examined in a broad sense starting

with the overall goals and a mission needs statement. The basic goal is to join

two pieces of metal to make them act as one piece. This goal is complicated

by the need to perform this task in the space environment and by using

automation for the reasons discussed in previous chapters. The tasks can be

defined in a general sense, but to specify them in greater detail, the needed

equipment should be defined. This equipment should be selected to produce

satisfactory results while minimizing the cost of the fabrication system as a

whole.

6.1.1 Work Objects

Materials. For welding in space, the work objects will likely be the structural

materials for spacecraft, space stations, and extraterrestrial bases. The most

common metals used for today's spacecraft are alloys of aluminum, beryllium,
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magnesium, steel, and titanium. [4] The welding procedure can vary widely

with various metals and their alloys.

Of these metals, steel is the easiest to weld. Relative to steel, aluminum

and magnesium have higher thermal conductivities and thermal expansion

coefficients, lower melting temperatures, and an absence of color change as

their respective melting points are approached. Oxide surface films on these

metals must be removed prior to welding to prevent defects. Due to their

higher heat conductivities, welding procedures with higher travel speed and

higher heat input should be used.

Titanium and beryllium are considered difficult to weld. These reactive

metals have a high affinity for oxygen and other gases at high temperatures.

The welding process cannot use fluxes or exposed heated metal to an

atmosphere with reactive gases. Small amounts of impurities can cause these

metals to become brittle. These metals also have oxide coatings that melt at

temperatures considerably higher than the melting point of the base metal.

Beryllium is a toxic metal requiring special ventilation and handling precautions.

All of the materials mentioned above can be welding with either the GTAW or

GMAW processes. [26]

Structural Geometry. The welding task may have various structural and joint

geometries. Figures 4.15 and 4.16 in Section 4.7 show typical joint geometries

for welded structures. The structure's geometric characteristics may have
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straight or curved joints. Welding of pipes is an example of a curved weld joint.

The structure should be designed for ease of welding so that construction can

proceed rapidly and efficiently.

Structural obstructions can interfere with the workspace of an automated

welding system. Either structural design must minimize obstructions, or the

welding system must be clever enough to avoid them while adequately

completing the weld. In order to handle a variety of structural and joint

geometries, a flexible welding system is desirable. It is essential for certain

repair jobs since countless unforeseeable geometries are possible. Flexible

welding systems developed for space are more likely to use human supervisory

control of automated welding than fully automated welding due to

developmental and equipment cost constraints of the latter.

Surface Preparation. Except for steel, all the metals mentioned previously have

oxide films that should be removed prior to welding. These metals will most

likely be fabricated and machined in an atmosphere, which causes the oxide

layers to form. Therefore, before the materials are welded in space, the oxide

film needs to be removed to ensure a satisfactory weld.

The oxide film can be removed by mechanical, chemical, or electrical

means. Mechanical methods include scraping, sanding, grinding, wire-brushing,

etc. Chemical cleaning entails dipping areas to be welded into solutions and

then rinsing them with water. This would be a good trick in microgravity
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conditions. Electrical oxide removal involves cathodic bombardment to blast

away the coating. Cathodic bombardment using reverse polarity occurs during

the half cycle of AC GTAW, which has helped to make GTAW popular for

welding aluminum. [26]

6.1.2 Equipment

The equipment used for remote welding will of course vary with the

process selected. For automated arc welding systems, the following equipment

is typically used:

1. Power source and control.

2. Welding tool, torch, or gun.

3. Consumables: inert gas, electrodes, filler metal. (If needed)

4. Electrode wire feeder and control. (optional)

5. Master controller, for all system functions.

6. Arc and work motion devices.

7. Welding software for controller to conduct welding procedure.

8. Sensors (varies with desired capabilities).

Figure 6.1 shows a block diagram for automated arc welding systems.
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Automated arc welding system diagram [26]
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For welding in space, some equipment could be integrated into space

robotic systems. For example, the arc and work motion devices might be the

dexterous manipulator arms, and a welding tool could be one of its end

effectors. The master controller and welding program could be integrated into a

space robotic system's programming and implemented when a welding task is

desired.

Other equipment for remote welding is that necessary for the human

operator to control and supervise the welding operations. Display and

monitoring devices are needed, as well as the control interfaces such as

keyboards, joysticks, etc. For viewing the welding arc and pool, proper light

filtration will be needed. A master computer at the human operator's site may

send command signals to a local computer system at the remote site and

receive signals from local sensors.

6.1.3 Work Environment

It is assumed that the human operator will be in a shirt-sleeve

environment, while the welding itself will be conducted on-orbit outside a

spacecraft or space station. The operator may be inside a spacecraft or on

Earth. Ground-based operators will experience time delays in monitoring the

process, and real-time force feedback will not be possible when manipulating in
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a manual mode.

6.2 Task Analysis

The phases of task analysis for a man-machine system is a top-down

undertaking. Each phase will provide an increasingly detailed view of the

human-machine interaction requirements. Task analysis can become quite

detailed and therefore much of it is beyond the scope of this thesis. The

principal objective of this section is task identification.

6.2.1 System Functional Analysis

As described earlier in Chapter 4, the welding fabrication process can be

divided into three steps: preparation, welding, and evaluation.

Preparation can involve cutting and forming the structural members,

preparing edges for the weld, positioning and assembling the parts, and tack

welding (if necessary). For pre-planned construction, structural members will

likely be cut, formed, and have edges prepared on Earth prior to launch. Parts

assembly and tack welding will be the main preparation steps on-orbit. Tack

welding may not be necessary if a mechanical means of fastening can
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adequately hold the parts in place during welding. For unplanned repairs,

cutting of structural members may be necessary. It is recommended that a

supply of structural material be available.

Next is the welding process itself. Depending on the structural design

and material composition, the appropriate process and welding variables are

selected to guarantee the size, shape, and quality of the welded joint. This is

normally the function of welding engineers, but in remote welding, expert

systems can help assist the astronauts when the advice of a welding engineer

is unavailable or unattainable. The weld bead is then laid at the proper location

while the system process control regulates the welding parameters in the

presence of external disturbances. Multiple weld passes may be required for

thicker structural members.

The final step involves the determination of weld quality by inspection or

testing. The quality of the weld is characterized by weld bead location and

geometry, weld and base metal microstructure and metallurgical properties, and

the structural integrity of the joint and the welded structure as a whole. Section

4.6 describes currently accepted methods for evaluating weld quality. For the

purpose of this task description, the assumed method of quality evaluation will

be visual inspection using remote CCTV cameras. Factors affecting this choice

include low cost and the capability for simultaneous evaluation by welding

experts on Earth. Using fully automated weld sequences will also help to

ensure reasonable weld quality.
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For all three of the process steps, positioning and manipulation of tools is

necessary. Tools need to be placed at arbitrary positions and orientations in

space. During welding and inspections joint tracking is required at a constant

speed, distance, and orientation.

6.2.2 Operational Sequence Analysis

To proceed any further in this analysis, a more detailed description of the

joint geometry and welding system is required. At this point the following

assumptions shall be made:

1. Two pieces of arbitrary geometry are to be joined . The larger of the two

will be designated as the main structure, while the smaller piece shall be

designated as the workpiece.

2. The remote welding system and equipment are positioned relative to the

main structure such that it is within the work space of at least one of the

system's dexterous manipulators.

3. The workpiece is sized so that it can be easily handled by the system's

manipulator and positioned at any desired orientation.
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4. Adequate lighting is available to perform the tasks.

5. A GTAW system is used (like other methods, GTAW is still experimental for

space use).

Planning Phase:

1. This phase involves deciding what are the goals, and formulating a strategy

for going from the initial state of the system to acheive the goal state. For

example, in most circumstances the operator needs to determine which two

pieces are to be joined and in what geometrical configuration.

2. The operator needs to specify input values to the system such as material

types, plate thicknesses, and when to initiate phases.

Preparation Phase:

1. The appropriate workpiece is positively identified and is grasped by the

manipulator.
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2. The workpiece is positioned adjacent to the main structure.

3. If so designed, the workpiece and the main structure can be secured by

mechanical means. If not, then tack welding may be necessary to hold the

pieces together. If a second manipulator is available then it might be able to

hold the pieces together during tack welding or the main welding process.

If mechanically fixing the workpiece to the main structure, consider the

following scenario: Pegs on the workpiece fit into holes in the structure to

align the pieces. There may be a mechanical spring-loaded locking mechanism

that engages when the pegs are properly mated to the holes. Then follow

steps 3a and 3b:

3a. Orient the workpiece so that the pegs are above the holes and normal to

the surface of the main structure.

3b. Move the workpiece towards the main structure while guiding the pegs into

the holes until the two pieces are flush.

4. Verify by inspection that the workpiece and the main structure are properly

aligned. For example, if the joint is a "T" joint then the workpiece should be

oriented 90 degrees from the surface of the main structure. If the joint is tack
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welded or held in place it is important that the workpiece is located at the

desired location of the main structure. Markings on the main structure and the

workpiece may provide a guide for alignment.

5. If the joint is to be tack welded, follow the welding procedure but only for a

short distance. Welding process control is not as crucial for tack welds,

although their correct locations should be specified. At least two tack welds are

required to properly fix the workpiece to the main structure.

Welding Phase:

1. The manipulator either grasps the welding tool or if it is so designed,

changes the end effector into a welding instrument.

2. Position and orient the welding tool to the welding start location. Orientation

of the tool depends on the joint geometry. For a fillet weld, the angle of the tool

will generally bisect the 90 degree joint with respect to the plane normal to the

weld direction.

3. For video monitoring systems, engage light filters to prevent damage to the

cameras and to enable the human operator to adequately observe the welding
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process.

4. Clamp the work connector to the main structure to complete the circuit for

the welding arc.

5. Initiate welding arc with the tool at the proper distance from the joint.

6. Begin moving the tool along the joint at the designated weld speed.

7. Maintain process control within design parameters while visually monitoring

the process. The parameters to be monitored are usually arc voltage and

current, welding speed, and weld bead location and geometry.

8. Upon reaching the weld termination point, extinguish the welding arc.

9. Disable viewing filters as necessary to better view the completed weld.

Inspection Phase:

1. Turn on extra lighting sources if needed.
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2. Grasp inspection camera with manipulator or change end effector to a

camera tool as applicable. In some systems a camera may be permanently

mounted on the manipulator to view the operating area of the end effector.

3. Orient camera to view the desired portion of the weld.

4. Adjust camera settings such as focus, zoom, contrast, etc.

5. Move camera along the weld at the proper speed for adequate inspection of

weld quality.

6. If properly equipped, some cameras can zoom in and focus on the

microstructure of the weld and examine possible defects more closely.

6.3 Task Allocation

The job demand on a human operator is highly dependent on the

capabilities of the welding process equipment, sensors, and the operator

interface. If the operator is an astronaut inside a spacecraft, then the system

should be designed to have as little operator demands as possible. This is

because astronauts invariably have many responsibilities. If construction and
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repair becomes the astronaut's primary duty, then the system may be designed

to be monitored constantly. There are also trade-offs among system

complexity, weight, and cost. Before job demand can be analyzed, we must

decide which tasks may be controlled by the human operator and how they are

to be accomplished. The following lists correspond to those in Section 6.2.2.

Planning Phase:

1. Overall goal selection and planning are inherently human tasks. Most likely,

these functions will have already been decided by planners long before the

mission occurs.

2. Since the human operator will have overall control of the process, he or she

will supply the initial inputs to the system. However, some inputs may not be

needed if they can be inferred from other inputs. For example, a bar code

might be placed on the workpiece allowing the system scanners to identify its

geometric and material properties as well as other data.
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Preparation Phase:

1. Although pattern recognition and target identification can be performed by

machines in some cases, human skill at these task is far superior. Grasping

the workpiece with a manipulator can be controlled manually, or it can be

performed automatically.

2 and 3. These assembly tasks are typically performed by space telerobots,

either controlled by the operator or performed automatically for pre-programmed

sequences. There are many factors beyond the scope of this thesis involved

with structural assembly operations using space robots. [see 8, 10, 22, 24, 33,

34, 35, 40, 49, 58, 75, 77]

4. Although inspections to verify alignment can be performed by either humans

or machines, operator control is prudent since realignment will be difficult to

correct after the piece has been welded.

5. Tasks associated with tack welding are very similar to the welding process

itself. The operator needs to decide where the tack welds are to be placed and

how many are needed.
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Welding Phase:

1. Grasping the welding tool or changing the manipulator's end effector to a

welding instrument is best performed automatically. This is because the

welding tool will likely have a well-defined location and orientation with respect

to the manipulator, making this an easily automated task. It is possible for the

operator to do these manipulation tasks but they might prove to be needlessly

tedious and inefficient.

2. Since the welding start point is likely to be located at a random coordinate

within the manipulator's workspace, sensors will be needed to recognize the

geometry of the joint if the location is to be found automatically. The sensors

might focus on the entire structural geometry, find the joint, then start welding.

But unless construction plans are well defined and pre-programmed, a human

operator needs to specify the joint to be welded, the start point of the weld, and

the weld direction.

One solution to help the machine solve these problems is to use a

graphic label sequencing technique. Machine vision recognizes a graphic label,

which contains information to find the weld start and stop locations. For

example, numbers and arrows might be painted where the weld is to start and

end, giving the machine a path to follow.

For a human operator, manipulating the welding tool to the weld start
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point would not be difficult with adequate video camera coverage of the joint,

manipulator, and welding tool. One problem the operator might have is precise

placement of the torch at the start location. Machines tend to be more precise

in manipulation tasks. If the precision of the start location is not critical then the

operator should perform this task. If precision is necessary, then the operator

could position the tool near the start location, and have the machine make any

necessary corrections (possibly by using reference markings).

Tool orientation can be handled similarly to the tool positioning problem.

The joint geometry must be recognized and the tool properly oriented relative to

the particular joint. For a simple bead on a plate, the tool needs to be oriented

normal to the plate. For corner welds, the tool's angle should generally bisect

the angle of the corner.

3. The human operator can easily flip a switch to engage lighting filters over

the video cameras. But if the operator forgets to do this, then the cameras

might be permanently damaged by bright light from the arc. Fiber optic CCTVs

are susceptible to this problem. One way to avoid this mishap is to provide an

interlock that automatically engages the filters prior to starting the arc. The key

to filter selection is to adequately protect the viewing equipment while giving the

operator the clearest possible view of the weld pool.

4. The clamp mechanism should be easily actuated by the manipulator. The
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clamp needs to be placed on the structure so that it will not interfere with the

welding process. The use of human intuition would be the better choice here.

Also, precise positioning of the clamp is not necessary so the operator can

handle this task.

5. The arc start should be initiated by the operator because safety becomes a

concern at this point. The operator can check the area prior to starting the arc

to ensure that the arc will not damage equipment or endanger nearby

personnel. The distance from the joint at which the arc is started can be more

precisely controlled by the machine.

6. Moving the arc along the joint at the appropriate speed and distance from

the joint is best maintained by machines due to their ability to produce

consistent and precise results. This task can be controlled by the operator but

machine controlled welds tend to be of higher quality. (see Section 4.6.2)

7. Unless the operator is a welding expert, process parameters displayed as

raw data will be difficult to interpret and use. For example, if the parameters

given are 25 volts DC, 1 ampere, at 0.5 centimeters per second, and so on, the

unskilled operator will not be able to determine if the weld will be adequate. An

expert system could determine the acceptable range for each parameter, and

inform the operator when the actual values go out of range. Then the expert
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system could suggest corrective actions to the operator.

If the system uses adaptive welding techniques, sensor input is used to

make corrections to the welding process in real time. This is preferable to real-

time operator control decisions because humans react more slowly. By the

time the operator makes the proper correction, a portion of the substandard

weld will have already solidified. Therefore, the machine should conduct

welding process control while the operator monitors the process.

8. The machine should automatically terminate the arc once the proper weld

length has been traversed. Sensors may be employed to detect the welding

stop point. If the weld length was specified by the operator, then the machine

should know when to stop based on the welding speed. The operator should

always be able to terminate welding whenever the quality is insufficient or for

safety reasons.

9. As in task 3 above, the most convenient way to disengage the filters is a

machine controlled interlock that engages the filters prior to welding and

disengages them after the arc is extinguished. If the operator controls the

filters, remembering to disengage them after welding is not as critical as

engaging them beforehand since there is no risk of damaging the equipment if

the filters are left on.
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Inspection Phase:

Since inspections allow both the operator and welding experts on the

ground to verify the quality of the weld, it makes sense that most functions

should be controlled by a human operator. The operator should have the

freedom to position the camera and zoom in on possible defects.

Some automated features would make the inspections more convenient

for the operator. If the system's camera is not fixed to the manipulator, then a

macro for grasping the camera tool with the manipulator would be helpful. Most

inexpensive camcorders have many automated features for camera settings

such as autofocus and contrast, which could be incorporated into the system.

Another useful feature for inspections is the ability to scan along a portion of

the weld at a designated speed and a fixed distance from the weld.
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Table 6.1 Task Allocation Summary

169

Phase Task Preferred Rationale
Allocation

Planning 1 Operator Goal and priority setting

2 Operator Inputs for plan

Preparation 1 Op/Mach Pattern recognition / precision motions

2,3 Op/Mach Task dependent

4 Operator Evaluation of results

5 Operator Planning ability

Welding 1 Machine Boring, repetitious task

2 Op/Mach Planning ability / precision

3 Machine Safety, damage prevention

4 Operator Planning ability, less precision needed

5 Op/Mach Safety / precision

6 Machine Precision, consistency, higher quality

7 Op/Mach Monitoring / process control

8 Op/Mach Safety / deductive analysis

9 Machine Deductive analysis

Inspection 1-6 Op/Mach Defect recognition / operator convenience



Chapter 7: Experiment: Remote Viewing of Weld Defects

Focusing on the inspection phase of the welding process, an experiment

was performed to test the ability of a remote operator to recognize weld defects

using a video image from a CCTV camera located at the inspection site.

Variables studied in this experiment include camera field of view, lighting

conditions, and video viewing vs. direct viewing. The weld defects studied

were, of course, surface defects.

7.1 Experimental Objectives

This experiment will show how certain key variables affect weld defect

recognition when viewing samples via remote video cameras. The distance

between the camera and the weld was varied to change the field of view (FOV)

of the video image. Welds were viewed from four distances. It will be

determined quantitatively how weld defect recognition changes when camera

distance is varied.

The lighting conditions were also varied at each of these four distances.

The lighting conditions were constant in intensity but varied in relative angle to
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the weld samples. Two lighting conditions were used: one with the light source

directed longitudinally along the weld and another with the source directed

transversely to the weld, as shown in Figure 7.1. The lighting condition can be

important when identifying certain weld defects. Shadows cast by the weld

contours and defects vary in length and shape depending on the lighting

conditions. This experiment will determine how the lighting conditions affect

weld defect recognition and under which lighting condition each type of defect

can best be recognized.

Additionally, the subjects viewed the weld specimens directly. Direct

viewing allowed the subjects to get a three-dimensional perspective of the

specimens rather than the two-dimensional perspective of the video monitor.

The subjects could handle the specimens and tilt them at any angle to view the

defects at the best perspective. The direct viewing recognition results will be

compared to that of remote video viewing results. It will be determined which

viewing method provides a higher degree of recognition success, and by how

much this degree of success will differ.
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a. Above lighting

b. Side lighting

Figure 7.1 Lighting conditions for experiment
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7.2 Equipment and Weld Defect Samples

7.2.1 Experimental Equipment

The equipment for filming the weld defects included a video camera

system, monitor, videocassette recorder (VCR), and a color video printer.

Other equipment used was a camera tripod, high intensity lamp, and a platform

on which the samples were placed. Table 7.1 lists the equipment and some

specifications. The equipment layout and connections are shown in Figure 7.2.

Figure 7.3 is a photograph of the monitor, camera power supply, VCR, and

video printer used for this experiment.

The video camera system can also be used as a microscope, depending

on which lens is attached. The camera system consists of a power supply,

fiber-optic cables, and the lens unit. The lens unit was mounted on a camera

to securely fix the lens in the proper orientation and distance from the weld

samples.

The weld samples were placed on a platform during the video filming.

The same platform was used for all samples to ensure consistent lighting and

contrast. The platform is beige in color, while the weld samples are gray.
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Table 7.1 Equipment list and specifications
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Equipment Specifications

Video Monitor Sony Trinitron color video monitor PVM-1343MD
13" diagonal screen
Superfine pitch Trinitron picture tube

VCR Sony DA Pro 4 Head
VHS NTSC standard
Video recording sytem: rotary two-headed helical

scanning system
Video heads: double azimuth four head

Camera System Hirox HI-SCOPE compact micro vision system
Model KH-2200 MD2
MX-MACRO Z (xl - x40 power) lens

Video Printer Sony color video printer mavigraph UP-3000
Sublimation heat transfer printing system
Picture elements 716 x 468 PELS; 750 x 490 PELS
Total gradation: 265 levels for each yellow, magenta,

and cyan



Camera
Light
Source

Weld Specimen

Figure 7.2 Equipment layout and connections
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Figure 7.3 Photograph of monitor, camera power supply, VCR, and video
printer
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7.2.2 Weld Defect Samples

The weld samples used for this experiment are plastic molded replicas of

typical weld imperfections. The replicas were created by the National

Shipbuilding Research Program (NSRP), a cooperative effort involving both

commercial and naval shipyards, related industries, and educational institutions.

The replicas were created for a project entitled "Visual Reference Standards for

Weld Surface Conditions." The purpose of the project was not to establish

visual standards for the acceptance of weld quality, but to use the samples as a

tool during discussions and agreements between producers and the customers.

Thirty-two weld replicas were created, all selected from a much larger

number of samples. During the selection process, three levels of magnitude

were determined for each imperfection type. A published standard was used

whenever possible for comparison of the model's visual attributes.

Four general defect types were selected in creating the replicas:

undercut, porosity, roughness, and contour defects. Two forms of porosity

defects are present, scattered and clustered. Two forms of contour defects

were used, re-entrant angle and irregular contour. These six forms of defect

are defined as follows:

1) Undercut: The melting away of a welding grove sidewall at the edge of a

layer or bead, thus forming a sharp recess in the sidewall.
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2) Scattered porosity: Voids or pores scattered more or less uniformly

throughout the weld metal.

3) Clustered porosity: Several pores appearing in clusters separated by

considerable lengths of porosity-free weld metal.

4) Roughness: Surface irregularities along the longitudinal axis of the weld.

5) Irreqular contour: Surface irregularities along the transverse axis of the

weld.

6) Re-entrant angle: The angle between the plane of the base metal surface

and a plane tangential to the weld bead surface at the toe of the weld. (If this

angle is excessive and the weld bead doesn't blend smoothly into the base

metal, it may be considered a defect.)

Of the thirty-two samples, half are butt welds and half are fillet welds.

Five of the six defect types has three gradual levels of defect severity, making

up fifteen of the sixteen samples. For the re-entrant angle defect type, there is

only one example provided for each weld type. The three levels of defect

severity, A, B, and C, correspond to the minimum quality level appropriate to

critical, general, and secondary applications, respectively.
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Appendix I includes a description of the defect severity levels for each

defect type, a list of defects associated with each plastic replica, corresponding

identification codes for this list, and a table describing the relationship between

existing acceptance standards and the selected samples.

7.3 Experimental Procedure

To support the objectives laid out in Section 7.1, an experiment was

devised to test human subjects' abilities to recognize the weld defects

described in section 7.2.2. First a videotape was produced containing several

shots of each sample at varied camera distances and lighting conditions. Then

subjects viewed the videotape and attempted to identify the various weld

defects. The same subjects also viewed the plastic replicas directly, allowing

them to hold and rotate the samples at any desired angle. The subjects were

asked to again identify the various weld defects.
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7.3.1 Videotape Production

In order to standardize the experiment's conditions and to minimize the

time required for the subjects to view the specimens, a videotape was

produced. For purposes of this experiment, a sequence is defined as that

portion of the videotape showing a single weld sample. A grouping consists of

all 32 weld samples videotaped under the same conditions.

One key consideration in taping the sequences was to ensure that the

order of the sequences would minimally affect the subject's ability to recognize

other sequences on later portions of the videotape. There are only 32 weld

samples, and each of them is viewed nine times: at four camera distances each

in two different lighting conditions, plus once directly, for a grand total of 256

sequences. Therefore, the sequences were arranged to minimize the possibility

that subjects' knowledge from earlier groupings would affect their answers on

later ones. Groupings under conditions believed to show the least amount of

information were taped first.

The distance between the camera and the weld sample was varied at

four increments: 40, 30, 20, and 10 inches. The 40 inch shots were taken first

to minimize the amount of information at the beginning of the tape, followed by

the 30, 20, and 10 inch shots. It should be noted that this order was based on

the logical assumption that the farther the camera distance, the harder to

distinguish details and defects. Experiment results should confirm or disprove
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this. Figures 7.4 through 7.7 display the same sample at the four distances

and show the relative size of the welds as seen by the subjects.

The lighting conditions were also varied relative to the longitudinal axis

of the weld, as shown in Figure 7.1. At each distance all 32 samples were

videotaped under two lighting conditions, one with the lighting source directed

along the longitudinal axis of the weld, and the other with the source directed

transversely to the weld axis. Figures 7.8 and 7.9 shows an excessive re-

entrant angle defect with the lighting conditions varied. Similarly, Figures 7.10

and 7.11 show varied lighting conditions for an undercut defect.

Since it was unknown at the beginning of the experiment how lighting

conditions would affect defect recognition, the order on the videotape of the two

conditions was chosen arbitrarily. The same lighting intensity was maintained

on the weld samples by keeping the light source a distance of 21 inches and at

a 45 degree angle relative to the center of the weld sample.

The length of each sequence on the tape varied from 5 seconds for the

40-inch shots to 20 seconds for the 10 inch shots. The closer shots were

longer because the specimens needed to be moved across the camera's field

of view in order to show the entire length of the specimen.

Table 7.2 shows the order of the sequences on the videotape. The

scale of the weld sample as it appeared on the diagonal 13-inch monitor

relative to actual size is also listed for the various camera distances. The order

of individual sequences within each grouping was randomized on the tape.
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Photograph of fillet weld sample at camera distance of 40"

.4

Figure 7.5 Photograph of fillet weld sample at camera distance of 30"
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Photograph of fillet weld sample at camera distance of 20"

Figure 7.7 Photograph of fillet weld sample at camera distance of 10"
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Figure 7.8 Photograph of excessive re-entrant angle defect with lighting from
above

-

Figure 7.9 Photograph of excessive re-entrant angle defect with lighting from
the side
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Figure 7.10

Figure 7.11

Photograph of undercut defect with lighting from above

Photograph of undercut defect with lighting from the side
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Table 7.2 Order of conditional viewing arranged on video tape
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Order Distance Scale Lighting Weld
Condition Type

1 40" 1 : 0.75 Side Fillet

2 40" 1 : 0.75 Side Butt

3 40" 1 : 0.75 Above Fillet

4 40" 1 : 0.75 Above Butt

5 30" 1:1 Side Fillet

6 30" 1:1 Side Butt

7 30" 1: 1 Above Fillet

8 30" 1:1 Above Butt

9 20" 1:1.5 Side Fillet

10 20" 1 : 1.5 Side Butt

11 20" 1 : 1.5 Above Fillet

12 20" 1:1.5 Above Butt

13 10" 1: 3.25 Above Butt

14 10" 1 : 3.25 Above Fillet

15 10" 1 : 3.25 Side Butt

16 10" 1: 3.25 Side Fillet



Random order reduces the chance that subjects might memorize each of the

thirty-two samples before the experiment is over.

7.3.2 Videotape Viewing

Six subjects were selected to take part in this experiment. The subjects

were not experienced weld inspectors, so they were briefly instructed on what

the defects were and what they look like. Each subject was given written

instructions, a defect-type code sheet, and several data recording sheets. The

instructions and the first page of the data sheets are shown on the following

pages as Exhibit 7.1. The defect codes were listed on the first data recording

sheet, so once the subject turned the page they could look at the defect-type

code sheet as an aid. Since the seven data sheets are almost identical, only

the first sheet is included.

The subjects were asked to identify the weld defects shown to them on

the videotape. For each weld specimen, the subject was asked to circle one of

the six defect codes. If the subject saw no defect, they were instructed to circle

NO. Note that every weld specimen had defects, but the subjects did not know

this. Giving them the "no" defects option helped to minimize guessing.

Since some of the weld samples appeared to have multiple types of

defect, the subjects were asked to identify a secondary defect type if they
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Exhibit 7.1 Subject instructions and data sheets

Visual Weld Inspection Experiment Instructions:

This experiment is intended to test the ability of a welding inspector to
evaluate weld defects when using a video system for remote inspection. You will
first view many sequences of welds on video tape and make your best guess at
what the defect is or if any defect is present at all. The sequences are filmed at
various distances and using two different lighting conditions. Then after the movie,
you will get to handle the specimens and make a final evaluation.

Please follow these directions when completing the experiment:

1. Fill out the top portion of the first data sheet. Use a red or bright-colored pen,
if possible.

2. Make sure the tape is fully rewound before you begin viewing.

3. Play the tapes in the proper order: Tape 1: 40", 30", and 20" shots; Tape 2:
10" shots. Total play time is about 45 min.

4. You will probably have to pause the tape on each specimen to give yourself
time for viewing and filling in the data sheet. Please do not rewind the tape other
than to look at the current specimen. It is intended that you look at each only in
the proper order.

5. The numbers on the data sheet correspond with the numbers shown before
each specimen is viewed. Be aware that there are a few cases (3 or 4) that the
numbers on the screen do not match those on the data sheet (like 143 instead of
177 or 191 instead of 190). Don't worry, the screen numbers are wrong. Just
follow the order as shown and it will match the order of the data sheet.

6. For each specimen, circle the defect type code for the primary, or worst defect
you see. Circle 'NO' if no defect is detected. If more than one defect type is
noted, mark the secondary, or more minor defect with an 'X'. Don't worry about
marking the data sheet for third or fourth, more minor defects. If you are uncertain
about whether a weld has a defect, just make your best guess.

7. Try to take frequent breaks. Allow about 2 hours to finish.

8. Please feel free to make any comments on the back of your first data sheet.
Thank you for your help!
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Exhibit 7.1 (Con'd)

Visual Weld Inspection Experiment

Your Name:

Please note any experience in welding, welding inspection and qualifications
here:

Defect Type Codes:

NO = None
PS = Porosity, Scattered (4 or more within 1/16" of each other)
PC = Porosity, Cluster (mega-pores)
UC = Undercut
RO = Roughness (Excessive along longitudinal axis)
RA = Re-entrant Angle (Excessive angle between base metal and weld bead

surface)
IC = Irregular Contour (Excessive along transverse axis)

Video Segment:

40" Shots (Scale: 1":0.75")

1 NO PS PC UC RO RA IC

2 NO PS PC UC RO RA IC

3 NO PS PC UC RO RA IC

4 NO PS PC UC RO RA IC

5 NO PS PC UC RO RA IC

6 NO PS PC UC RO RA IC

7 NO PS PC UC RO RA IC
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detected one. Since the subjects were not experienced in weld inspection,

identifying either the primary or secondary defect constituted a correct answer.

Similarly, if the subject marked either one of the porosity codes and it was

correct, then the general porosity defect type was considered to be correctly

identified.

The subjects were allowed to pause the tape during each sequence if

desired, since the actual viewing time was so short. The subjects took an

average of two hours to complete the experiment. Subjects were encouraged

to take breaks to help maintain their concentration while completing this tedious

exercise.

7.3.3 Direct Viewing

After viewing the videotapes, the subjects were asked to directly view the

specimens. The specimens were randomly numbered and the markings

revealing their correct defect type identification codes were covered. The

specimens were placed on a table so the subjects could pick them up and

orient them in any desired direction. The subjects were asked to identify the

defects of the actual specimens in the same manner as in the video viewing

portion of the experiment.
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7.4 Experimental Results

Answers from the subject data sheets were compared with the correct

defect codes. A spreadsheet program was used to compare the data for each

subject and determine how many defects were correctly identified. A summary

data sheet was prepared for each of the nine viewing groups in Table 7.3 (the

first eight rows listed plus the direct viewing row). The summary data in Table

7.3 is the average from all six subjects.

The summary data table includes the total percent of defects correctly

identified with the primary guess, and both the primary and secondary guesses.

The percent of misclassified porosity specimens is identified and added to the

total percent correct. For each weld defect type, the percent of defects

correctly identified with the primary guess is shown.

Data from the eight video viewing groups was also combined so that the

effect of lighting and camera distance could be determined independently of

each other. The total results over all distances and lighting conditions is given

in Table 7.3. The direct viewing data is also included on the summary sheet.

Appendix II shows the summary data for each subject as a percentage of the

number of samples in each grouping. The number of specimens identified as

having no defects is also included. Roughly 15 to 20 percent were incorrectly

identified as having no defects.

To measure the accuracy of the experiment results and to obtain reliable
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Table 7.3 Data Summary for Experiment

Distance Lighting % Correct % Correct % Correct Primary
Condition Primary Primary and and Secondary

Guess Secondary Guesses, and
Only Guess Misclassified

Porosity

40" Side 17.2 20.8 28.1

40" Above 24.5 30.7 40.1

30" Side 22.9 28.1 38.5

30" Above 32.8 37.5 45.3

20" Side 31.3 39.1 50.5

20" Above 30.2 36.5 47.9

10" Side 41.7 47.4 58.9

10" Above 40.1 49.0 58.9

ALL Side 28.3 33.9 44.0

ALL Above 31.9 38.4 48.0

40" Both 20.8 25.8 34.1

30" Both 27.9 32.8 41.9

20" Both 30.7 37.8 49.2

10" Both 40.9 48.2 58.9

Totals 30.1 36.1 46.0

Direct 47.4 52.1 62.0
Viewing

192



Table 7.3 Data Summary for Experiment (Con'd)

Distance Lighting PS PC UC RO RA IC
Condition

40" Side 16.7 16.7 11.1 27.8 41.7 5.6

40" Above 13.9 25.0 22.2 25.0 41.7 30.6

30" Side 27.8 25.0 30.6 22.2 25.0 8.3

30" Above 19.4 47.2 27.8 33.3 58.3 27.8

20" Side 33.3 41.7 33.3 30.6 50.0 11.1

20" Above 30.6 38.9 36.1 27.8 8.3 25.0

10" Side 44.4 58.3 55.6 33.3 33.3 19.4

10" Above 36.1 52.8 75.0 13.9 58.3 16.7

ALL Side 30.6 35.4 32.6 28.5 37.5 11.1

ALL Above 25.0 41.0 40.3 25.0 41.7 25.0

40" Both 15.3 20.8 16.7 26.4 41.7 18.1

30" Both 23.6 36.1 29.2 27.8 41.7 18.1

20" Both 31.9 40.3 34.7 29.2 29.2 18.1

10" Both 40.3 55.6 65.3 23.6 45.8 18.1

Totals 27.8 38.2 36.5 26.7 39.6 18.1

Direct 38.9 66.7 69.4 41.7 66.7 13.9
Viewing
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conclusions, the "student's t test" was used to compare the means of any two

independent variables. If the nine experimental groupings (variations of

distance, lighting, and direct viewing) are considered to be independent, then

the means of the corresponding dependent measures can be compared using

the student's t test. For this experiment, it is desired to determine if any two

groupings are considered to be from the same statistical population. If the

groupings are in the same population, then it cannot be concluded that there is

a difference between the two. If the two groupings form separate populations,

then the student's t test can express how different the two groupings are as a

level of confidence. If the confidence level is significant, then a justifiable

hypothesis can be made on the difference between the two groupings.

References [9] and [79] show how to compute t values associated with

student's t distribution and how to find the level of confidence corresponding to

the t value. Appendix III shows the computed t values for the comparison of

various groupings as shown in Table 7.3. The values compared correspond to

different lighting conditions, distances, and direct viewing vs. video viewing.

The resulting levels of confidence are also given in Appendix Ill. Table 7.4

summarizes the levels of confidence given in the appendix and Table 7.5

summarizes the confidence levels by defect type.
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Summary of confidence levels for video viewing

195

Sequences % Correct % Correct % Correct
Compared Primary Guess Primary and Primary and

Only Secondary Secondary
Guess Guesses, and

Misclassified
Porosity

Side vs Above 58.8 61.2 60.1
Lighting

40" vs 30" 65.2 65.4 67.9

30" vs 20" 56.0 60.8 65.7

20" vs 10" 72.5 72.8 70.7

40" vs 20" 73.1 77.1 81.4

30" vs 10" 74.8 78.0 80.8

40" vs 10" 87.1 89.0 91.3

Table 7.4



Table 7.5 Summary of confidence levels for video viewing by defect type
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Sequences PS PC UC RO RA IC
Compared

Side vs 57.5 58.9 59.8 56.0 54.2 80.2
Above
Lighting

40" vs 30" 64.9 74.2 63.3 51.5 50.0 50.0

30" vs 20" 59.7 55.4 57.0 51.7 60.6 50.0

20" vs 10" 57.4 65.4 82.2 61.1 65.1 50.0

40" vs 20" 70.3 79.1 68.1 54.3 62.2 50.0

30" vs 10" 66.8 69.0 86.6 57.5 53.1 50.0

40" vs 10" 75.2 82.9 88.2 54.6 53.7 50.0



7.4.1 Viewing Distance

Some of the results in Table 7.3 are shown graphically in Figures 7.12

and 7.13. Generally, the closer the camera is to the sample, the higher the

number of correctly identified defects. Every subject displayed this trend. The

graphs are roughly linear in the region of distances used for the experiment.

The accuracy of this hypothesis is supported by confidence levels using the

student's t test.

For the following comparisons, computations are based on the number of

correct primary, secondary, or misclassified porosity defect guesses.

Comparing two distance groupings that were separated by 10 inches (i.e. 40 vs.

30 inches, 30 vs. 20 inches, or 20 vs. 10 inches) the confidence levels are

68%, 65%, and 70%, for an average of 68%. (A confidence level of 50% is the

lowest possible, and the highest confidence levels approach 100%.) For a

separation of 20 inches (i.e. 40 vs. 20 inches or 30 vs. 10 inches), the average

confidence level increases to 81%. For a separation of 30 inches (i.e. 40 vs.

10 inches), the confidence level is 91%. As the distance separation increases,

there is more certainty that the trend is accurate. Confidence levels are shown

in Table 7.4.

Figure 7.13 shows that the recognition of some defect types is affected

by camera distance more than of other types. Specifically, porosity and

undercut defect recognition varied significantly with camera distance. The
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Figure 7.12 Effect of distance on the percent of defects correctly
identified
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Figure 7.13 Effect of distance on the percent of defects correctly
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distance separation confidence levels of these defects were much higher than

those of the other defect types, as shown in Table 7.5. Roughness, re-entrant

angle, and irregular contour defects were not as significantly affected by

camera distance.

7.4.2 Lighting Conditions

Figure 7.14 displays the percentage of correctly identified defects for

both side lighting and above lighting. Statistics are shown for three cases: the

primary guess was correct, either the primary or secondary guesses was

correct, and either primary, secondary, or misclassified porosity guesses was

correct. For all cases, the above-lighting sequences had an average of 4.0%

more correctly identified defects than the side-lighting sequences.

Lighting condition affects how well particular defect types can be

identified. Shadows cast by features of the defects will vary with the lighting

condition. Therefore, it is useful to examine the effects of lighting conditions for

individual defect types. For defects that run longitudinally along the weld axis,

such as undercuts, irregular contours, and excessive re-entrant angles, one

would assume that they would be more easily identified by light shone

transversely to the weld axis (above lighting). For defects that run transversely

to the weld axis, such as excessive roughness, one would expect longitudinally
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Figure 7.14 Effect of lighting conditions on the percent of defects
correctly identified
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directed light (side lighting) to enhance the features of the defect. Porosity

defects should not be affected by light source direction since they are roughly

circular and randomly distributed.

Figure 7.15 displays the percent of correctly identified defects by defect

type and lighting condition. The trends predicted above prove to be true in this

experiment. The two forms of porosity defects (scattered and clustered) show

opposite trends, but the sum of side lighting and above lighting for both porosity

types shows the effect of the two lighting conditions to be about equal. Table

7.5 summarizes the confidence levels of these results by defect type. The most

significant difference in defect detection with change in lighting conditions

occurred for irregular contour defects.

7.4.3 Direct Viewing Compared to Video Viewing

The percentages of correctly identified defects for video viewing and

direct viewing is summarized in Figure 7.16. During video viewing, as the

camera distance decreases, the weld defects can be seen better and thus there

is a higher degree of recognition success. When compared to direct viewing,

the video viewing recognition success was less for all distances tested. Video

viewing recognition success at a camera distance of 10 inches was closest to

that of direct viewing recognition success.
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Figure 7.15 Effect of lighting conditions on the percent of defects
correctly identified by defect type
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Figure 7.16 Comparison of direct vs. video viewing
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Table 7.6 Summary of confidence levels comparing video viewing with
direct viewing

Sequences % Correct % Correct % Correct
Compared Primary Guess Primary and Primary and

Only Secondary Secondary
Guess Guesses, and

Misclassified
Porosity

Direct vs Total 86.4 86.8 87.6

Direct vs 40" 95.0 96.2 97.5

Direct vs 30" 85.5 86.8 69.3

Direct vs 20" 85.7 84.6 81.4

Direct vs 10" 67.0 61.1 59.0
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The confidence levels for direct viewing as compared to video viewing at

various distances are summarized in Table 7.6. "Total" in the first row of Table

7-6 means the total of all the video viewing results. The results show that

direct viewing is most significantly different from video viewing at larger camera

distances. The lowest confidence levels were those that compared direct

viewing and video viewing at the closest camera distances. Having lower

confidence levels between the means of two groupings indicates that the results

of the two groupings are more likely to be the same. Therefore, in this

experiment, recognition results for direct viewing was most similar to a video

viewing distance of 10 inches.

These results imply that although direct viewing has a higher degree of

recognition success than any of the video viewing camera distances tested,

there may be a closer camera distance at which recognition success of direct

viewing and video viewing are the same. But if the camera is too close to the

weld, it may not be able to focus properly. If the camera is capable of zooming

in very close, there will be a point at which the camera's field of view is too

narrow, leading to information loss and a reduction in the number of properly

identified weld defects. If the camera system is automated, there is also a

tradeoff between the camera's distance from the weld and its speed of travel, or

scanning rate. If the camera scans the weld area too quickly, then the human

operator will have difficulty in properly identifying the defects. If the scanning is

too slow, then precious operational time and money can be wasted.
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Chapter 8: Conclusions

It is evident that once telerobotics and welding in space have been

established, the two can be combined into a human supervisory, robot

manipulated task. This will allow astronauts to perform exterior repairs and

construction without EVA.

There currently exists a wide variety of automated welding sensors that

can easily be adapted for welding in remote locations. Although welding itself

can be fully automated, remote fabrication also requires weld preparation and

post-weld inspection. A human supervisor is needed to the make high-level

planning decisions and to determine the mission goals. The human supervisor

interface should be designed to allow the operator as much control over the

process as desired, and yet require little intervention once the operator has

given control to the automated system.

The Flight Telerobotic Servicer (FTS) and the Special Purpose Dexterous

Manipulator (SPDM) provide examples of a telerobotic platforms that could be

adapted for space welding.

The remote weld defect viewing experiment was designed to determine

the ability of human operators to recognize weld defects at different camera

distances and in different lighting conditions. The results of the video viewing
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experiment was also compared to those of directly viewing the weld defects.

Key results are summarized as follows:

1. As the camera distance from the specimen was varied over the range of 40

to 10 inches, the percentage of correctly identified defects increased an

average of 8.2% for each 10-inch reduction in camera distance.

2. The ability to recognize certain defect types did not vary considerably with

camera distance. Excessive roughness, re-entrant angle, and irregular contour

defects were not recognized substantially more often when the camera distance

was decreased. The recognition of porosity and undercut defects, on the other

hand, improved greatly as camera distance was decreased.

3. Changing the angle of lighting relative to the weld axis did not appreciably

change defect recognition success. For the slight variations found, the results

indicate that longitudinally staggered defects are better recognized when the

light source was directed longitudinally along the weld axis. Conversely,

transversely staggered defects were better recognized when the light source

was directed transversely along the weld axis.

4. Direct viewing of weld defects had a higher degree of recognition success

than video viewing of defects at the camera distances chosen. There may be a
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camera distance at which video viewing is comparable to direct viewing, but if

the camera is too close to the weld, the slower scanning rate may greatly

increase the operational time needed to perform the inspection task.
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Appendix I:

Weld Sample Descriptions and Relationship Between Existing Acceptance

Standards
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TABLE I

WELD SURFACE CONDITIONS - SEVERITY LEVELS SELECTED

- BUTTS AND FILLETS -

UNDERCUT

Level 0:
Level A:
Level B:
Level C:

None present
1/64 in. deep continuous
1/32 in. deep continuous
1/16 in. deep continuous

SCATTERED POROSITY

Level
Level
Level
or

Level
or

None present
4 pores 1/32 in. maximum diameter
4 pores 1/16 in. maximum diameter
7 pores 3/64 in. maximum diameter
4 pores 1/8 in. maximum diameter
equivalent area

CLUSTER POROSITY

Level 0:
Level A:

Level B:
Level C:

None present
Multiple pores 1/32 in. maximum diameter within
1/4 in.
Multiple pores within 1/2 in.
Multiple pores within 1 in.

NOTES:

1. All of the above definitions are per 6 in. of weld.

2. Level O is to be used for each condition to represent a
weld which is free of the surface condition under
consideration.
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TABLE II

NSRP/SP.7

SAMPLE CODES FOR PLASTIC WELD REPLICAS

INDICATES TYPE OF CONDITIONS

INDICATES LEVEL OF CONDITION

XX X XXX POSITION

WELDING POSITION

WELDING PROCESS

LNATIONAL SHIPBUILDING RESEARCH PROGRAM/SP-7 WELDING PANEL

CONDITION TYPE CODES:

PS = POROSITY (SCATTERED)
PC = POROSITY (CLUSTER)
UC = UNDERCUT
RO = ROUGHNESS
RA = RE-ENTRANT ANGLE
CX = IRREGULAR CONTOUR

CONDITION LEVEL CODES:

A = LEAST SEVERE LEVEL OF CONDITION ILLUSTRATED
B = INTERMEDIATE LEVEL OF CONDITION ILLUSTRATED
C = MOST SEVERE LEVEL OF CONDITION ILLUSTRATED

PROCESS CODES:

SMAW =
SAW =
GMAW =
FCAW =
UNK =

SHIELDED METAL ARC WELDING
SUBMERGED ARC WELDING
GAS METAL ARC WELDING
FLUX CORED ARC WELDING
UNKNOWN

POSITION CODES:

F = FLAT
V = VERTICAL
0 = OVERHEAD
H = HORIZONTAL
X = UNKNOWN
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TABLE III

LIST OF PLASTIC WELD REPLICAS
REPRESENTATION

BUTTS* FILLETS*

Condi- Condi- Condi- Condi-
Project tion tion Pro- Posi- tion tion Pro- Posi-
Sponsor Type Level cess tion Type Level cess tion

NSRP/SP.7 UC A SMAW F UC A GMAW O
NSRP/SP.7 UC B GMAW V UC B SMAW O
NSRP/SP.7 UC C SMAW F UC C SMAW V

NSRP/SP.7 PS A SMAW F PS A GMAW F
NSRP/SP.7 PS B SMAW O PS B SMAW F
NSRP/SP.7 PS C SAW F PS C SMAW H

NSRP/SP.7 PC A SMAW H PC A SAW H
NSRP/SP.7 PC B GMAW V PC B GMAW O
NSRP/SP.7 PC C SMAW H i PC C GMAW V

NSRP/SP.7 CX A SMAW F CX A FCAW V
NSRP/SP.7 CX B UNK X CX B UNK X
NSRP/SP.7 CX C UNK X Cx C UNK X

NSRP/SP.7 RO A SMAW F RO A UNK X
NSRP/SP.7 RO B UNK X RO B UNK X
NSRP/SP.7 RO C FCAW V RO C UNK X

NSRP/SP.7 RA RA

* See TABLE II for sample codes
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TABLE IV

RELATIONSHIP BETWEEN EXISTING ACCEPTANCE STANDARDS & SELECTED
SAMPLES

-UNDERCUT-

APPLICABRLE SAMPLVS

AWS D.1.1-90, Sections 10.17.1.5
and 9.25.1.5 Requirements

Undercut shall be no
more than 0.01 in. (0.25mm)
deep when its direction is
transverse to primary tensile
stress in the part that is
undercut,

No more than 1/32 in. (1mm)
for all other situations

Level A (1/64 in.
undercut)(considered
meeting 0.01 inch
requirement for
butts & fillets
from AWS)

Level B (1/32 in.
undercut) for butts
and fillets

AWS D1.1-90, Section 8.15.1. (5)
requirements

For material less than 1 in. thick
undercut shall not exceed 1/32"(1mm)

For material thickness less than 1 in.
(25.4mm) a max. 1/16 in. (1.6mm) is
permitted for an accumulated strength
of 2 in. (50mm) in any 12 in. (305 mm).

For material equal or greater than
1 in. Undercut shall not exceed
1/16 in. (1.6mm) for any length of
weld.

ASME 1989 Section VIII Div. 1
Para. UW-35 Requirements

The reduction in thickness
shall not exceed 1/32 in. (0.8mm)
or 10% of the nominal thickness
of the adjoining surface, whichever
is less

Level B (1/32 in.
undercut) for butts
and fillets
Level C
(1/16 in. undercut)
for butts and fillets

Level A (1/64 in.
undercut) for butts
& fillets (5/32 in.<
thickness < 5/16 in.)

Level B
(1/32 in. undercut) for
butts and fillets
(thickness > 5/16" in.)

214

!TR~rTNa STANDARDPTTN SIPAWM - -r-



TABLE IV CONTINUED

-UNDERCUT-

EXISTING STANDARD APPLICABLE SAMPLES

ASME B31.1, 1989
Para. 136.4.2 (A.2)

Unacceptable - Undercut Level B (1/32 in.
on surface which is greater undercut) for butts and

fillets
than 1/32 in.

API RA 2A, 1986
Para. 6.4.1 undercut should Level A (1/64 in.
not exceed 0.01 inch.(0.25mm) undercut) for butts and

fillets

NAVSEA 0900-LP-003-8000, 1967
Paragraph 5.2.6 Requirements

Class 1

The maximum undercut shall be Level A (1/64 in.
1/64 inch or 10% of the adjacent undercut) for butts
base metal thickness, whichever & fillets (thickness >
is less. 5/32 - in.)

Class 2 and 3

The maximum undercut shall be 1/32 in. Level B (1/32 in.
or 10% of the adjacent base metal undercut) for butts &
thickness, whichever is less fillets (thickness >

5/16 - in.)

For base metal thicknesses 1/2 in. Level B (1/32 in.
and greater, undercut up to 1/16 in. undercut) (Note 1)
is allowed if the accumulated length Level C (1/16 in.
of undercut exceeding 1/32 - in. does undercut)(Note 1)
not exceed 15% of the joint length for butts & fillets
or 12 inches in 36 inches length of
weld, whichever is less.

215



TABLE IV CONTINUED

-UNDERCUT-

EXISTING STANDARD APPLICABLE SAMPLES

MIL-STD-1689 (SH), 1983
Para. 8.3 Requirement

To meet the criteria specified Level B 1/32 in.
in NAVSEA 0900-LP-008-8000, Class 3 undercut) (Note 1)
for ship's hull structures Level C (1/16 in.

undercut) (Note 1)
for butts and fillets

Note: (1) These weld samples illustrate the magnitude of the
defects. The permissible distribution is specified in
the specification.
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TABLE IV CONTINUED

- SCATTERED POROSITY -

EXISTING STANDARD APPLICABLE SAMPLES

AWS D1.1-90

Sections 10.17.1.6 and .7 and 8.15.1
(6) and (8) Requirements

Fillet Welds

The sum of diameters of piping
porosity (Note 3) in fillet welds
shall not exceed 3/8 in. (10mm) in
any linear inch of weld and shall
not exceed 3/4 in. (19.0mm) in any
12 in. (305mm) length of weld.

Level B
(4 pores 1/16in.)
(Note 1) for fillets

Level C
(4 pores 1/8 in.)
(Note 1) for fillets

Butt Welds

Complete joint penetration
groove welds in butt joints
transverse to the direction
of computed tensile stress
shall have no piping porosity.
For all other groove welds piping
porosity shall not exceed 3/8 in.
(9.5mm) in any linear inch of weld
and shall not exceed 3/4 in. (19mm)
in any 12 in. (305mm) length of weld.

Level O (Note 2)

Level B
(4 pores 1/16in.)
Note 1) for butts
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TABLE IV CONTINUED

- SCATTERED POROSITY -

EXISTING STANDARD APPLICABLE SAMPLES

AWS D1.1-90 Section 9.25.1.6

AWS D1.1-90 Section 9.25.1.6
and .8 Requirements

Fillet Welds

The frequency of piping porosity
in fillet welds shall not exceed
one in each 4 in. (100 mm) of
weld length and the maximum diameter
shall not exceed 3/32 in. (2 mm).
Exception for fillet welds connecting
stiffness to web, the sum of the
diameters of piping porosity shall
not exceed 3/8 in. (10 mm) in any
linear inch of weld and shall not
exceed 3/4 in. (19mm) in any 12 in.
(305 mm) length of weld.

Level B
(4 pores 1/16 in.)
(Note 1) for fillets

Level C
(4 pores 1/8 in.)
(Note 1) for fillets

Butt Weld

Complete joint penetration
groove welds in butt joints
transverse to the direction
of computed tensile stress
shall have no piping porosity.
For all other groove welds, the
frequency of piping porosity shall
not exceed one in 4 in. (100 mm)
of length and the maximum diameter
shall not exceed 3/32 in. (2 mm).

Level 0 (Note 2)

Level B
(4 pores
(Note 1)

Level C
(4 pores
(Note 1)

1/16 in.)
for butts

1/8 in.)
for butts

AME Section VIII Division 1, 1989
Appendix 8 Para. 8.3, 8.4 Requirements

All surfaces to be examined shall be
free of:

Four or more rounded defects
in line separated by 1/16 in.
(1.6mm) or less (edge to edge).

Level A
(4 pores 1/32 in.)
(Note 1) for butts &
fillets
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TABLE IV CONTINUED

- SCATTERED POROSITY -

EXISTING STANDARD APPLICABLE SAMPLES

NAVSEA 0900-LP-003-8000
Paragraph 5.3.2.2
requirements

Linearly aligned rounded indications
as defined in 2.19 (four or more
indications in a line any one of
which is separated from the adjacent
indicating by less than 1/16" or D
whichever is greater, where D is the
major diameter of the larger of the
adjacent indications), shall be
cause for rejection if one or
more of the indications is 1/32-inch
diameter or greater for Class 1

1/16 inch or greater for Class 2

3/16 inch or greater for Class 3

Level A
(4 pores 1/32 in.)
(Note 1) for butts
and fillets

Level B
(4 pores 1/16in.)
Note 1) for butts
and fillets

Level C
(4 pores 1/8 in.)
(Note 1) for butts
and fillets

Notes: (1)

(2)

(3)

These weld samples illustrate the magnitude of the
defect. The permissible distribution is specified
the specification.

Presence of this defect is not permissible. One
perfect sample would apply to all cases when the
presence of any type of defect is not allowed.

1/32 in. (Imm) or greater is added between piping
porosity and in fillet welds in Para 8.15.1 (6)
and (8).
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TABLE V

SUMMARY OF ACCEPTANCE STANDARDS
(IRREGULAR CONTOUR)

MIL-STD-1689 (SH)

Para. 14.3.1 Welds should be free of sharp
irregularities between beads

NAVSEA
0900-LP-003-8000
Surface Inspection

not addressed

AWS D1.1-90 not addressed
Structural Welding Code

ABS, 1990 The surfaces of welds... are to be
Section 30A.5.8.a regular and uniform.
Steel Vessel Rules

ASME
Section VIII Div. 1
Pressure Vessels

ASME, 1989
Section I
Power Boilers

not addressed

not addressed

API RP 2A, 1986
Fixed Offshore Platforms

not addressed
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TABLE VI

SUMMARY OF ACCEPTANCE STANDARDS

(ROUGHNESS)

MIL-STD-1689 (sh) Welds shall be free of sharp
Para. 14.3.1 irregularities between beads
Fabrication, Welding
and Inspection.

NAVSEA
09--LP-003-8000
Surface Inspection

not addressed

AWS D1.1-90 not addressed
Structural Welding Code

ABS, 1991 The surfaces of the welds... are to
Section 30A.5.8.a be regular and uniform.
Steel Vessel Rules

ASME 1989
Section VIII Div. 1 As-welded surfaces are permitted;
Pressure Vessels however, the surface of welds shall

be sufficiently free from coarse
ripples,grooves, overlaps abrupt
ridges and valleys.

--------------------------------------------------------------

ASME, 1989
Section I PW35
Para. 35.1
Power Boilers

API RP2A, 1986
Fixed Offshore Platforms

As-welded surfaces are permitted;
however, the surface of the welds
shall be sufficiently free from
coarse ripples, grooves, overlaps,
abrupt ridges, and valleys to avoid
stress raisers.

not addressed
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TABLE VII

SUMMARY OF ACCEPTANCE STANDARDS

(RE-ENTRANT ANGLE)

MIL-STD-1689 (SH) Except as required for NDT, the as-
Para. 8.3.1 deposited surfaces at the weld edge

shall be acceptable provided they do
Fabrication, Welding not form a re-entrant angle less than
and Inspection 90 degrees with the base plate.
-----------------------------------------------------------------

NAVSEA
0900-LP-003-8000
Para.5.2.1.6
Surface Inspection

When required..., the contour of welds,
with the exception of undercut within
specification allowances, shall blend
smoothly and gradually into the base
metal.

AWS D.1.1-90 In the case of butt.., the reinforcement
Para. 3.6.2 .... shall have gradual transition to
Structural Welding Code the plane of the base metal surface.

ABS, 1991 30A.5.8a The surface of the welds are to be.....
Section 30.5.8a reasonably free from.... overlap.
Steel Vessels Rules

ASME, 1989 not addressed
Section I
Power Boilers
--------------------------------------------------------------

Section VIII Div. 1
Pressure Vessels

API RP 2A, 1986
Para. 6.4.1
Fixed Offshore
Platforms

not addressed

Weld profiles... should merge smoothly
with the base metal of both brace and
chord.
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Appendix II:

Summary Data Sheets for Experimental Subjects
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All subjects Primary Secondary ri or Sec Misclass. ri, Sec, or rimary
# Subjects 6 Defect Defect Defect Porosity Vis. Poros. No
Distance Lighting: orrect? orrect? orrect? pe orrect? efects

40'" ide 17.2 3.6 20.8 7.3 28.1 18.8
40'" bove 24.5 6.3 30.7 9.4 40.1 18.8
30' Side 22.9 5.2 28.1 10.4 38.5 10.4
30'" bove 32.8 4.7 37.5 7.8 45.3 20.8
20' Side 31.3 7.8 39.1 11.5 50.5 13.0
20" ,bove 30.2 6.3 36.5 11.5 47.9 25.0
10" Side 41.7 5.7 47.4 11.5 58.9 16.1
10" Above 40.1 8.9 49.0 9.9 58.9 15.6

ALL Side 28.3 5.6 33.9 10.2 44.0 14.6
ALL Above 31.9 6.5 38.4 9.6 48.0 20.1

40' Both 20.8 4.9 25.8 8.3 34.1 18.8
30' Both 27.9 4.9 32.8 9.1 41.9 15.6
20' Both 30.7 7.0 37.8 11.5 49.2 19.0
10' Both 40.9 7.3 48.2 10.7 58.9 15.9

Totals: 30.1 6.1 36.1 9.9 46.0 17.3

Direct View 47.4 4.7 52.1 9.9 62.0 19.3



All subjects mary rimary mrimary rimary rimary rimary
orosity orosity Jndercut oughness e-entrant rregular

Distance Lighting: cattered lustered ,ngle ontour

40' ide 16.7 16.7 11.1 27.8 41.7 5.6
40" Above 13.9 25.0 22.2 25.0 41.7 30.6
30 Side 27.8 25.0 30.6 22.2 25.0 8.3
30" Above 19.4 47.2 27.8 33.3 58.3 27.8
20' Side 33.3 41.7 33.3 30.6 50.0 11.1
20' Above 30.6 38.9 36.1 27.8 8.3 25.0
10 Side 44.4 58.3 55.6 33.3 33.3 19.4
10' bove 36.1 52.8 75.0 13.9 58.3 16.7

ALL ide 30.6 35.4 32.6 28.5 37.5 11.1
ALL bove 25.0 41.0 40.3 25.0 41.7 25.0

40' oth 15.3 20.8 16.7 26.4 41.7 18.1
30" oth 23.6 36.1 29.2 27.8 41.7 18.1
20" oth 31.9 40.3 34.7 29.2 29.2 18.1
10" oth 40.3 55.6 65.3 23.6 45.8 18.1

Totals: 27.8 38.2 36.5 26.7 39.6 18.1

Direct View ng: 38.9 66.7 69.4 41.7 66.7 13.9

Mean for econdary econdary econdary econdary econdary econdary
4 subjects orosity orosity ndercut oughness e-entrant rregular
Distance Lightin.: Scattered lustered An le ontour

40 Side 16.7 0.0 0.0 0.0 12.5 8.3
40' bove 4.2 8.3 8.3 16.7 12.5 8.3
30' ide 12.5 4.2 4.2 4.2 25.0 8.3
30' bove 16.7 0.0 4.2 8.3 12.5 4.2
20' ide 25.0 16.7 4.2 4.2 0.0 12.5
20' bove 20.8 4.2 8.3 0.0 12.5 12.5
10' ide 0.0 4.2 8.3 12.5 37.5 8.3
10" Above 29.2 4.2 4.2 20.8 12.5 8.3

ALL ide 13.5 6.3 4.2 5.2 18.8 9.4
ALL bove 17.7 4.2 6.3 11.5 12.5 8.3

40' oth 10.4 4.2 4.2 8.3 12.5 8.3
30" Both 14.6 2.1 4.2 6.3 18.8 6.3
20" Both 22.9 10.4 6.3 2.1 6.3 12.5
10 Both 14.6 4.2 6.3 16.7 25.0 8.3

Totals: 15.6 5.2 5.2 8.3 15.6 8.9

Direct Viewng: 12.5 0.0 0.0 0.0 25.0 16.7
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Subject 1 rimary econdary ri or Sec isclass. r, Sec, or rimary
efect Defect Defect orosity Iis. Poros. o

Distance Lighting: orrect? orrect? orrect? pe orrect? efects

40' Side 9.4 0.0 9.4 15.6 25.0 34.4
40' bove 18.8 0.0 18.8 9.4 28.1 37.5
30' Side 21.9 0.0 21.9 6.3 28.1 37.5
30' bove 18.8 9.4 28.1 12.5 40.6 31.3
20' Side 25.0 6.3 31.3 12.5 43.8 25.0
20' Above 28.1 6.3 34.4 9.4 43.8 25.0
10' Side 40.6 3.1 43.8 9.4 53.1 31.3
10 Above 28.1 3.1 31.3 18.8 50.0 25.0

ALL Side 24.2 2.3 26.6 10.9 37.5 32.0
ALL Above 23.4 4.7 28.1 12.5 40.6 29.7

40 Both 14.1 0.0 14.1 12.5 26.6 35.9
30" Both 20.3 4.7 25.0 9.4 34.4 34.4
20" Both 26.6 6.3 32.8 10.9 43.8 25.0
10 Both 34.4 3.1 37.5 14.1 51.6 28.1

Totals: 23.8 3.5 27.3 11.7 39.1 30.9

Direct View 46.9 6.3 53.1 9.4 62.5 18.8

Subject 2 rimary econdary ri or Sec isclass. ri, Sec, or rimary
efect Defect efect orosity is. Poros. o

Distance _ighting: orrect? orrect? orrect? e orrect? efects

40" ide 9.4 0.0 9.4 6.3 15.6 6.3
40" bove 21.9 0.0 21.9 6.3 28.1 18.8
30" ide 9.4 0.0 9.4 9.4 18.8 6.3
30" bove 12.5 0.0 12.5 9.4 21.9 31.3
20 Side 18.8 0.0 18.8 15.6 34.4 15.6
20 Above 21.9 0.0 21.9 3.1 25.0 31.3
10' ide 34.4 0.0 34.4 3.1 37.5 25.0
10" Above 40.6 0.0 40.6 0.0 40.6 15.6

ALL Side 18.0 0.0 18.0 8.6 26.6 13.3
ALL Above 24.2 0.0 24.2 4.7 28.9 24.2

40 Both 15.6 0.0 15.6 6.3 21.9 12.5
30" Both 10.9 0.0 10.9 9.4 20.3 18.8
20 Both 20.3 0.0 20.3 9.4 29.7 23.4
10" Both 37.5 0.0 37.5 1.6 39.1 20.3

Totals: 21.1 0.0 21.1 6.6 27.7 18.8

Direct View 50.0 0.0 50.0 3.1 53.1 31.3
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Subject 3 nmary econdary ri or Sec isclass. ri, Sec, or rimary
efect Defect Defect orosity is. Poros. o

Distance Lighting: orrect? orrect? orrect? pe orrect? efects

40' ide 34.4 0.0 34.4 6.3 40.6 15.6
40 bove 46.9 0.0 46.9 12.5 59.4 9.4
30' ide 46.9 0.0 46.9 3.1 50.0 18.8
30" bove 56.3 0.0 56.3 3.1 59.4 18.8
20" Side 53.1 0.0 53.1 0.0 53.1 18.8
20' Above 50.0 0.0 50.0 0.0 50.0 28.1
10" Side 62.5 0.0 62.5 3.1 65.6 21.9
10 Above 62.5 0.0 62.5 3.1 65.6 21.9

ALL ide 49.2 0.0 49.2 3.1 52.3 18.8
ALL bove 53.9 0.0 53.9 4.7 58.6 19.5

40" Both 40.6 0.0 40.6 9.4 50.0 12.5
30' oth 51.6 0.0 51.6 3.1 54.7 18.8
20' oth 51.6 0.0 51.6 0.0 51.6 23.4
10 Both 62.5 0.0 62.5 3.1 65.6 21.9

Totals: 51.6 0.0 51.6 3.9 55.5 19.1

Direct View 62.5 0.0 62.5 0.0 62.5 18.8

Subject 4 rimary econdary ri or Sec isclass. i, Sec, or rimary
efect Defect Defect orosity is. Poros. o

Distance .ighting: orrect? orrect? orrect? orrect? efects

40" ide 21.9 3.1 25.0 0.0 25.0 28.1
40" bove 25.0 15.6 40.6 9.4 50.0 18.8
30" ide 18.8 6.3 25.0 15.6 40.6 0.0
30" bove 37.5 3.1 40.6 3.1 43.8 21.9
20' ide 31.3 12.5 43.8 12.5 56.3 6.3
20" bove 25.0 3.1 28.1 28.1 56.3 28.1
10' ide 34.4 6.3 40.6 21.9 62.5 12.5
10" Above 25.0 9.4 34.4 18.8 53.1 18.8

ALL Side 26.6 7.0 33.6 12.5 46.1 11.7
ALL Above 28.1 7.8 35.9 14.8 50.8 21.9

40" Both 23.4 9.4 32.8 4.7 37.5 23.4
30 Both 28.1 4.7 32.8 9.4 42.2 10.9
20" oth 28.1 7.8 35.9 20.3 56.3 17.2
10" Both 29.7 7.8 37.5 20.3 57.8 15.6

Totals: 27.3 7.4 34.8 13.7 48.4 16.8

Direct View 40.6 3.1 43.8 21.9 65.6 18.8
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Subject 5 rimary econdary ri or Sec isclass. r, Sec, or rimary
efect efect Defect orosity Mis. Poron. o

Distance Lighting: orrect? orrect? orrect? pe orrect? efects

40 Side 12.5 9.4 21.9 9.4 31.3 12.5
40' bove 15.6 9.4 25.0 12.5 37.5 12.5
30" ide 25.0 6.3 31.3 12.5 43.8 0.0
30' bove 43.8 3.1 46.9 9.4 56.3 6.3
20" ide 34.4 12.5 46.9 18.8 65.6 6.3
20" bove 31.3 12.5 43.8 18.8 62.5 18.8
10' ide 43.8 12.5 56.3 12.5 68.8 3.1
10'" bove 43.8 18.8 62.5 9.4 71.9 3.1

ALL ide 28.9 10.2 39.1 13.3 52.3 5.5
ALL bove 33.6 10.9 44.5 12.5 57.0 10.2

40' Both 14.1 9.4 23.4 10.9 34.4 12.5
30" oth 34.4 4.7 39.1 10.9 50.0 3.1
20' oth 32.8 12.5 45.3 18.8 64.1 12.5
10' oth 43.8 15.6 59.4 10.9 70.3 3.1

Totals: 31.3 10.5 41.8 12.9 54.7 7.8

Direct View 43.8 9.4 53.1 15.6 68.8 6.3

Subject 6 rimary econdary ri or Sec isclass. ri, Sec, or rimary
efect Defect Defect orosity is. Poros. o

Distance icghting: orrect? orrect? Correct? tpe orrect? efects

40' ide 15.6 9.4 25.0 6.3 31.3 15.6
40' bove 18.8 12.5 31.3 6.3 37.5 15.6
30" ide 15.6 18.8 34.4 15.6 50.0 0.0
30' bove 28.1 12.5 40.6 9.4 50.0 15.6
20' ide 25.0 15.6 40.6 9.4 50.0 6.3
20' bove 25.0 15.6 40.6 9.4 50.0 18.8
10' Side 34.4 12.5 46.9 18.8 65.6 3.1
10'" bove 40.6 21.9 62.5 9.4 71.9 9.4

ALL Side 22.7 14.1 36.7 12.5 49.2 6.3
ALL Above 28.1 15.6 43.8 8.6 52.3 14.8

40 Both 17.2 10.9 28.1 6.3 34.4 15.6
30 Both 21.9 15.6 37.5 12.5 50.0 7.8
20 Both 25.0 15.6 40.6 9.4 50.0 12.5
10' oth 37.5 17.2 54.7 14.1 68.8 6.3

Totals: 25.4 14.8 40.2 10.5 50.8 10.5

Direct View 40.6 9.4 50.0 9.4 59.4 21.9
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Subject I rimary rimary rimary rimary rimary rimary
orosity orosity ndercut oughness e-entrant rregular

Distance Lighting: cattered lustered __gle ontour

40 Side 0.0 16.7 0.0 16.7 50.0 0.0
40" bove 16.7 33.3 33.3 0.0 50.0 0.0
30" ide 33.3 16.7 33.3 16.7 50.0 0.0
30" bove 16.7 16.7 33.3 16.7 50.0 0.0
20 Side 50.0 16.7 33.3 0.0 50.0 16.7
20' bove 33.3 0.0 50.0 33.3 0.0 33.3
10 Side 33.3 33.3 83.3 16.7 50.0 33.3
10" bove 33.3 0.0 83.3 16.7 50.0 0.0

ALL ide 29.2 20.8 37.5 12.5 50.0 12.5
ALL bove 25.0 12.5 50.0 16.7 37.5 8.3

40' oth 8.3 25.0 16.7 8.3 50.0 0.0
30" oth 25.0 16.7 33.3 16.7 50.0 0.0
20" oth 41.7 8.3 41.7 16.7 25.0 25.0
10 Both 33.3 16.7 83.3 16.7 50.0 16.7

Totals: 27.1 16.7 43.8 14.6 43.8 10.4

Direct View 50.0 33.3 100.0 33.3 100.0 0.0

Subject 2 rimary rimary Drimary Primary rimary rimary
orosity orosity Jndercut loughness e-entrant rregular

Distance Lightin: Scattered lute red Angle ontour

40' ide 16.7 0.0 0.0 16.7 50.0 0.0
40' bove 33.3 16.7 16.7 0.0 50.0 33.3
30' Side 33.3 16.7 0.0 0.0 0.0 0.0
30' bove 16.7 0.0 16.7 0.0 0.0 33.3
20 Side 16.7 50.0 0.0 33.3 0.0 0.0
20' bove 33.3 50.0 16.7 0.0 0.0 16.7
10" Side 66.7 50.0 16.7 50.0 0.0 0.0
10" lbove 66.7 66.7 66.7 0.0 50.0 0.0

ALL ide 33.3 29.2 4.2 25.0 12.5 0.0
ALL bove 37.5 33.3 29.2 0.0 25.0 20.8

40" oth 25.0 8.3 8.3 8.3 50.0 16.7
30" oth 25.0 8.3 8.3 0.0 0.0 16.7
20' oth 25.0 50.0 8.3 16.7 0.0 8.3
10" Both 66.7 58.3 41.7 25.0 25.0 0.0

Totals: 35.4 31.3 16.7 12.5 18.8 10.4

Direct View 50.0 83.3 50.0 50.0 50.0 16.7
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Subject 3 rimary rimary rimary Pary rimary rimary
orosity orosity ndercut oughness e-entrant rregular

Distance Lighting: cattered lustered ,ngle ontour

40' ide 33.3 16.7 66.7 50.0 50.0 0.0
40' bove 16.7 16.7 83.3 50.0 100.0 50.0
30" ide 50.0 50.0 83.3 33.3 50.0 16.7
30 bove 50.0 66.7 50.0 50.0 100.0 50.0
20" Side 83.3 50.0 66.7 50.0 100.0 0.0
20' bove 83.3 66.7 66.7 16.7 50.0 16.7
10' Side 100.0 83.3 83.3 16.7 100.0 16.7
10' bove 83.3 83.3 83.3 16.7 100.0 33.3

ALL Side 66.7 50.0 75.0 37.5 75.0 8.3
ALL Nbove 58.3 58.3 70.8 33.3 87.5 37.5

40'" oth 25.0 16.7 75.0 50.0 75.0 25.0
30" oth 50.0 58.3 66.7 41.7 75.0 33.3
20 Both 83.3 58.3 66.7 33.3 75.0 8.3
10' Both 91.7 83.3 83.3 16.7 100.0 25.0

Totals: 62.5 54.2 72.9 35.4 81.3 22.9

Direct View 83.3 100.0 83.3 16.7 100.0 16.7

Subject 4 rimary rimary rimary rimary rimary rimary
orosity orosity ndercut oughness e-entrant rregular

Distance LiJhtina: cattered lustered Angle ontour

40' Side 33.3 16.7 0.0 50.0 50.0 0.0
40" bove 16.7 33.3 0.0 33.3 50.0 33.3
30 Side 0.0 16.7 33.3 33.3 0.0 16.7
30' bove 16.7 50.0 16.7 50.0 100.0 33.3
20" Side 16.7 33.3 16.7 33.3 100.0 33.3
20" Above 0.0 16.7 33.3 50.0 0.0 33.3
10 Side 16.7 33.3 33.3 66.7 0.0 33.3
10" Above 16.7 0.0 66.7 0.0 50.0 33.3

ALL Side 16.7 25.0 20.8 45.8 37.5 20.8
ALL Above 12.5 25.0 29.2 33.3 50.0 33.3

40' oth 25.0 25.0 0.0 41.7 50.0 16.7
30'" oth 8.3 33.3 25.0 41.7 50.0 25.0
20' oth 8.3 25.0 25.0 41.7 50.0 33.3
10' loth 16.7 16.7 50.0 33.3 25.0 33.3

Totals: 14.6 25.0 25.0 39.6 43.8 27.1

Direct View 33.3 16.7 50.0 66.7 50.0 33.3
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Subject 5 rimary rimary Primary rimary rimary Prmary
orosity orosity Jndercut oughness e-entrant rregular

Distance Lighting: cattered 'lustered ,ngle ontour

40'" ide 0.0 16.7 0.0 33.3 50.0 0.0
40" bove 0.0 16.7 0.0 33.3 0.0 33.3
30' ide 50.0 33.3 0.0 33.3 50.0 0.0
30 Above 16.7 66.7 33.3 50.0 100.0 33.3
20 Side 16.7 33.3 66.7 50.0 50.0 0.0
20 Above 16.7 50.0 33.3 50.0 0.0 16.7
10' ide 33.3 66.7 83.3 50.0 0.0 0.0
10' Above 16.7 83.3 83.3 33.3 50.0 0.0

ALL ide 25.0 37.5 37.5 41.7 37.5 0.0
ALL bove 12.5 54.2 37.5 41.7 37.5 20.8

40 Both 0.0 16.7 0.0 33.3 25.0 16.7
30" oth 33.3 50.0 16.7 41.7 75.0 16.7
20' oth 16.7 41.7 50.0 50.0 25.0 8.3
10' oth 25.0 75.0 83.3 41.7 25.0 0.0

Totals: 18.8 45.8 37.5 41.7 37.5 10.4

Direct View 16.7 83.3 66.7 50 50 50.0 0.0

Subject 6 rimary rimary Frimary rimary rimary rimary
orosity orosity ndercut oughness Re-entrant rregular

Distance Lighting: cattered lustered Angle ontour

40' Side 16.7 33.3 0.0 0.0 0.0 33.3
40' bove 0.0 33.3 0.0 33.3 0.0 33.3
30' Side 0.0 16.7 33.3 16.7 0.0 16.7
30" bove 0.0 83.3 16.7 33.3 0.0 16.7
20' Side 16.7 66.7 16.7 16.7 0.0 16.7
20' bove 16.7 50.0 16.7 16.7 0.0 33.3
10' ide 16.7 83.3 33.3 0.0 50.0 33.3
10" bove 0.0 83.3 66.7 16.7 50.0 33.3

ALL ide 12.5 50.0 20.8 8.3 12.5 25.0
ALL bove 4.2 62.5 25.0 25.0 12.5 29.2

40' Both 8.3 33.3 0.0 16.7 0.0 33.3
30" Both 0.0 50.0 25.0 25.0 0.0 16.7
20' oth 16.7 58.3 16.7 16.7 0.0 25.0
10' Both 8.3 83.3 50.0 8.3 50.0 33.3

Totals: 8.3 56.3 22.9 16.7 12.5 27.1

Direct View 0.0 83.3 66.7 33.3 50.0 16.7
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Subject 1 econdary econdary econdary econdary econdary econdary
orosity orosity ndercut oughness e-entrant rregular

Distance _ighting: cattered lustered Angle ontour

40 Side 0.0 0.0 0.0 0.0 0.0 0.0
40' bove 0.0 0.0 0.0 0.0 0.0 0.0
30 Side 0.0 0.0 0.0 0.0 0.0 0.0
30" Above 16.7 0.0 0.0 0.0 50.0 16.7
20 Side 16.7 0.0 0.0 16.7 0.0 0.0
20 Above 33.3 0.0 0.0 0.0 0.0 0.0
10" Side 0.0 0.0 0.0 0.0 50.0 0.0
10' Above 16.7 0.0 0.0 0.0 0.0 0.0

ALL ide 4.2 0.0 0.0 4.2 12.5 0.0
ALL bove 16.7 0.0 0.0 0.0 12.5 4.2

40 Both 0.0 0.0 0.0 0.0 0.0 0.0
30" oth 8.3 0.0 0.0 0.0 25.0 8.3
20" oth 25.0 0.0 0.0 8.3 0.0 0.0
10' oth 8.3 0.0 0.0 0.0 25.0 0.0

Totals: 10.4 0.0 0.0 2.1 12.5 2.1

Direct View 16.7 0.0 0.0 0.0 0.0 16.7

Subject 4 econdary econdary econdary econdary econdary econdary
orosity orosity ndercut oughness Re-entrant rregular

Distance Lcihting: cattered lustered Anale rontour

40" Side 16.7 0.0 0.0 0.0 0.0 0.0
40' Above 0.0 16.7 33.3 16.7 0.0 16.7
30' Side 0.0 16.7 0.0 0.0 0.0 16.7
30' bove 16.7 0.0 0.0 0.0 0.0 0.0
20' ide 16.7 33.3 0.0 0.0 0.0 16.7
20" bove 0.0 0.0 16.7 0.0 0.0 0.0
10" ide 0.0 0.0 16.7 0.0 0.0 16.7
10" bove 0.0 16.7 16.7 16.7 0.0 0.0

ALL ide 8.3 12.5 4.2 0.0 0.0 12.5
ALL bove 4.2 8.3 16.7 8.3 0.0 4.2

40'" Both 8.3 8.3 16.7 8.3 0.0 8.3
30 Both 8.3 8.3 0.0 0.0 0.0 8.3
20 Both 8.3 16.7 8.3 0.0 0.0 8.3
10' oth 0.0 8.3 16.7 8.3 0.0 8.3

Totals: 6.3 10.4 10.4 4.2 0.0 8.3

Direct View 0.0 0.0 0.0 0.0 0.0 16.7
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Subject 5 econdary econdary econdary Secondary econdary econdary
orosity orosity ndercut Roughness e-entrant rregular

Distance Lighting: cattered lustered Angle ontour

40' ide 16.7 0.0 0.0 0.0 0.0 33.3
40' bove 0.0 0.0 0.0 33.3 50.0 0.0
30 Side 0.0 0.0 0.0 0.0 50.0 16.7
30" bove 0.0 0.0 0.0 16.7 0.0 0.0
20 Side 16.7 16.7 16.7 0.0 0.0 16.7
20' bove 16.7 0.0 16.7 0.0 0.0 33.3
10 Side 0.0 16.7 0.0 0.0 100.0 16.7
10'" bove 50.0 0.0 0.0 33.3 0.0 16.7

ALL Side 8.3 8.3 4.2 0.0 37.5 20.8
ALL ,bove 16.7 0.0 4.2 20.8 12.5 12.5

40' oth 8.3 0.0 0.0 16.7 25.0 16.7
30' oth 0.0 0.0 0.0 8.3 25.0 8.3
20' oth 16.7 8.3 16.7 0.0 0.0 25.0
10 Both 25.0 8.3 0.0 16.7 50.0 16.7

Totals: 12.5 4.2 4.2 10.4 25.0 16.7

Direct View 16.7 0.0 0.0 0.0 50.0 16.7

Subject 6 econdary econdary econdary econdary econdary econdary
ororosity ndercut oughness e-entrant rregular

Distance icqhtinc: cattered lustered -ngle ontour

40' Side 33.3 0.0 0.0 0.0 50.0 0.0
40" Above 16.7 16.7 0.0 16.7 0.0 16.7
30' Side 50.0 0.0 16.7 16.7 50.0 0.0
30' Above 33.3 0.0 16.7 16.7 0.0 0.0
20' Side 50.0 16.7 0.0 0.0 0.0 16.7
20' Above 33.3 16.7 0.0 0.0 50.0 16.7
10 Side 0.0 0.0 16.7 50.0 0.0 0.0
10" Above 50.0 0.0 0.0 33.3 50.0 16.7

ALL Side 33.3 4.2 8.3 16.7 25.0 4.2
ALL ,bove 33.3 8.3 4.2 16.7 25.0 12.5

40' oth 25.0 8.3 0.0 8.3 25.0 8.3
30' oth 41.7 0.0 16.7 16.7 25.0 0.0
20' oth 41.7 16.7 0.0 0.0 25.0 16.7
10" oth 25.0 0.0 8.3 41.7 25.0 8.3

Totals: 33.3 6.3 6.3 16.7 25.0 8.3

Direct View 16.7 0.0 0.0 0.0 50.0 16.7
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Appendix III:

Student's t Test Distribution Calculations and Confidence Levels
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t Values: =mary econdary I or Sec Isclass. , Sec, or rimary
ef ect ect efect orosity is. Poros. o

_orrect? orrect? orrect? Type orrect? efects

Side vs. Above 0.2313 0.1074 0.2946 0.0902 0.2654 0.4548

40" vs. 30" 0.4041 0.0000 0.4096 0.1764 0.4867 0.2152
30" vs. 20" 0.1608 0.2432 0.2819 0.2918 0.4203 0.2722
20" vs. 10" 0.6373 0.0262 0.6453 0.0760 0.5741 0.2797

40" vs. 20" 0.6570 0.2482 0.8043 0.3912 0.9925 0.0236
30" vs. 10" 0.7169 0.2458 0.8415 0.1995 0.9650 0.0178
40" vs. 10" 1.2961 0.2499 1.4243 0.3010 1.6024 0.2129

Direct vs. Total 1.2548 0.1854 1.2762 0.0000 1.3287 0.1718
Direct vs. 40" 2.0128 0.0375 2.2072 0.1822 2.5112 0.0421
Direct vs. 30" 1.2004 0.0364 1.2757 0.0906 1.4454 0.2672
Direct vs. 20" 1.2130 0.3043 1.1491 0.1435 0.9891 0.0265
Direct vs. 10" 0.4589 0.2971 0.2906 0.0728 0.2375 0.2708

t Values: rimary imary imary rmary imary mary
orosity orosity ndercut oughness e-entrant Irregular

_cattered nustered gle ontour

Side vs. Above 0.1995 0.2326 0.2561 0.1605 0.1188 0.9366

40 '" vs. 30" 0.3974 0.6946 0.3506 0.0561 0.0000 0.0000
30" vs. 20" 0.2537 0.1466 0.1859 0.0614 0.2781 0.0000
20" vs. 10" 0.1964 0.4096 1.0275 0.2905 0.4032 0.0000

40" vs. 20" 0.5605 0.8904 0.4923 0.1204 0.3205 0.0000
30" vs. 10" 0.4525 0.5200 1.2687 0.1971 0.0927 0.0000
40' vs. 1 d0" 0.7334 1.0629 1.3686 0.1285 0.1068 0.0000

Direct vs. Total 0.3166 0.7675 1.1680 0.6755 0.7644 0.2749
Direct vs. 40" 0.7563 1.3300 1.4983 0.6122 0.6847 0.2490
Direct vs. 30" 0.4468 0.7841 1.4336 0.5661 0.5839 0.2490
Direct vs. 20" 0.1729 0.6787 1.1817 0.5477 0.9616 0.2490
Direct vs. 10" 0.0319 0.2424 0.1492 0.8455 0.5342 0.2107

t Values: econdary econdary econdary econdary econdary econdary
orosity 'orosity ndercut oughness e-entrant Irregular

_cattered lustered Amnle 3ontour

Side vs. Above 0.2106 0.2840 0.2673 0.5071 0.3043 0.0921

40" vs. 30" 0.2085 0.3627 0.0000 0.1992 0.3043 0.2306
30" vs. 20" 0.3343 0.8607 0.2058 0.5130 0.6742 0.4972
20" vs. 10" 0.3689 0.6175 0.0000 0.8182 0.7596 0.3043

40" vs. 20" 0.5953 0.6175 0.2058 0.7596 0.3627 0.3043
30" vs. 10" 0.0000 0.3627 0.2058 0.5495 0.2306 0.2306
40" vs. 10" 0.2454 0.0000 0.2058 0.4385 0.4767 0.0000

Direct vs. Total 0.1837 1.1070 1.1070 1.1359 0.3068 0.6101
Direct vs. 40" 0.1426 0.9129 0.5976 1.1180 0.4082 0.6455
Direct vs. 30" 0.1049 0.5976 0.5976 0.8519 0.1992 0.8895
Direct vs. 20" 0.4990 1.1532 0.8519 0.5976 0.6396 0.2673
Direct vs. 10" 0.1238 0.9129 0.8519 0.9535 0.0000 0.6455
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Confidence Levels rmary econdary I or Sec Isclass. i, Sec, or Imary
eflect Defect )efect orosity is. Poros. o

3orrect? orrect? orrect? e orrect? efects

Side vs. Above 58.8 53.7 61.2 53.0 60.1 66.9

40" vs. 30" 65.2 49.0 65.4 56.6 67.9 58.2
30" vs. 20" 56.0 59.3 60.8 61.1 65.7 60.4
20" vs. 10" 725 50.2 728 524 70.7 60.7

40" vs. 20" 73.1 59.5 77.1 64.7 81.4 50.1
30" vs. 1 0" 74.8 59.4 78.0 57.5 80.8 49.8
40" vs. 1 0" 87.1 59.5 89.0 61.5 91.3 58.1

Direct vs. Total 86.4 57.0 86.8 49.0 87.6 56.4
Direct vs. 40" 95.0 50.7 96.2 56.8 97.5 50.9
Direct vs. 30" 85.5 50.6 86.8 53.0 89.3 60.2
Direct vs. 20" 85.7 61.6 84.6 55.3 81.4 50.2
Direct vs. 10" 67.0 61.3 61.1 522 59.0 60.3

Confidence Levels rimary rmary rimary =rimary imary imary
rosity orosity Jndercut loughness e-entrant Irregular
cattered Clstered nle ontour

Side vs. Above 57.5 58.9 59.8 56.0 54.2 80.2

40" vs. 30" 64.9 74.2 63.3 51.5 49.0 49.0
30" vs. 20" 59.7 55.4 57.0 51.7 60.6 49.0
20" vs. 10" 57.4 65.4 82.2 61.1 65.1 49.0

40" vs. 20" 70.3 79.1 68.1 54.3 622 49.0
30" vs. 1 0" 66.8 69.0 86.6 57.5 53.1 49.0
40" vs. 10" 75.2 82.9 88.2 54.6 53.7 49.0

Direct vs. Total 62.0 76.1 84.9 73.6 76.0 60.5
Direct vs. 40" 75.8 87.6 90.0 71.8 73.9 59.5
Direct vs. 30" 66.6 76.5 89.1 70.4 71.0 59.5
Direct vs. 20" 56.5 73.7 85.1 69.9 80.8 59.5
Direct vs. 1 0" 50.4 59.2 55.5 78.1 69.5 58.0

Confidence Levels Secondary econdary econdary econdary econdary econdary
orosity orosity ndercut oughness e-entrant Irregular

Scattered lustered Ie ontour

Side vs. Above 58.0 60.8 60.2 68.6 61.6 53.1

40" vs. 30" 57.9 63.7 49.0 57.5 61.6 58.8
30" vs. 20" 62.7 78.4 57.8 68.8 73.6 68.3
20" vs. 10" 63.9 72.0 49.0 77.4 75.9 61.6

40" vs. 20" 71.3 72.0 57.8 75.9 63.7 61.6
30" vs. 1 0" 49.0 63.7 57.8 69.9 58.8 58.8
40" vs. 1 0" 59.4 49.0 57.8 66.3 67.6 49.0

Direct vs. Total 56.9 83.8 83.8 84.3 61.7 71.8
Direct vs. 40" 55.2 79.7 71.4 84.0 65.3 72.8
Direct vs. 30" 53.6 71.4 71.4 78.2 57.5 79.1
Direct vs. 20" 68.3 84.6 78.2 71.4 72.6 60.2
Direct vs. 10" 54.4 79.7 78.2 80.6 49.0 72.8
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