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EXECUTIVE SUMMARY

The combination of laser welding with conventional gas metal arc welding technology offers
substantial increases in production rate of joining pipe through single-pass joining compared to
multi-pass techniques that are commonly used. The hybrid process has been examined and
developed for this application, and the process has been qualified through the American Bureau
of Shipping for a wide range of pipe schedules. A system to realize this application has been
specified, designed, built, and implemented in General Dynamics NASSCO Shipyard, and been
subjected to a seven month evaluation on the production floor. Lessons learned have been
documented to benefit future efforts. Fifteen actual production pipe spools were manufactured

using the system.

In addition to 17 publications, presentations, and demonstrations to aid in the transitioning of this

technology, the efforts by the project have led to the following accomplishments:

e First qualification of hybrid laser welding by the American Bureau of Shipping in the
U.S.

e First demonstration of hybrid laser welding in a U.S. shipyard.
e First production components hybrid welded in a U.S. shipyard.
e First hybrid welded components installed on a U.S. ship (T-AKE 6 and T-AKE 7).

e The basis of the hybrid pipe welding system specified by ARL Penn State and produced
by Wolf Robotics was used for another similar system later ordered by a major heavy
equipment manufacturer in the U.S. Thus, the effort was uncommon in that portions of
the technology developed during the program were directly transitioned to U.S. industry.

Even when the additional time is spent to achieve proper fit-up for hybrid welding is considered,
the estimated savings are substantial, and range from 23% to 49% savings in overall joining time
based on data collected on actual production pipe spools. With more than 47,000 hours per year
spent in joining pipe per year, the potential cost savings are significant. Additional process
improvements would certainly be realized as the technology matures and would result in
additional savings. Reductions in filler wire consumption and the attendant reductions in

hazardous weld fume emissions would also be substantial.
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INTRODUCTION

It has been nearly a quarter of a century since researchers first conceived of combining a
conventional welding arc with a laser beam in a hybrid process [1,2], but only recently has laser-

GMA hybrid welding begun to be utilized in industrial applications.

Laser beam welding (LBW) offers relatively high welding speed and high penetration compared
to conventional arc-based joining processes. Unfortunately, due to the small spot size typically
utilized in LBW, it has limited success in certain welding applications due to an inability to
provide adequate reinforcement (i.e. filler material) and due to poor gap bridging capabilities.
Consequently, laser beam welding requires high precision during edge preparation and setup, an
added cost during manufacturing operations. Additionally, the focussed energy of the laser beam
results in a narrow heat affected zone (HAZ) that can lead to steep spatial and temporal thermal

gradients that can result in brittle microstructures.

In contrast, conventional Gas Metal Arc Welding (GMAW) offers the ability to easily add
reinforcement sufficient to bridge gaps in the joint by introducing filler metal to the process. The
composition of the filler materials can be customized to produce improved material properties.
The additional heat results in reduced cooling rates, which can lead to improved ductility.
However, the high heat associated with the process can also cause undesirable distortion or
buckling, and the nature of the process prevents deep penetration welds. As a result, thick

sections often require multiple weld passes.

In certain applications these shortcomings can be overcome by combining the LBW and GMAW
processes. Not only is this helpful in providing reinforcement, accommodating gaps, and
reducing weld-head positioner tolerance requirements while maintaining deep penetration than
standard arc welding [3], but it has also been known to enable operation at even greater welding
speeds and provide an improved weld microstructure upon cooling [4]. Additionally, the
combination of LBW and GMAW may significantly reduce overall weld time in thick sections
by joining in a single pass what would require multiple passes using conventional techniques.
The marriage of LBW and GMAW for joining thick sections opens up numerous opportunities to

tailor the process through variations in both process parameters and joint design.
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In December 2004, this project was initiated to develop a hybrid laser-GMA pipe welding
system and install and demonstrate it at General Dynamics National Steel and Shipbuilding
Company (NASSCO). Throughout the development of the processing parameters and the
system design, interim results have been presented through various conference and publications
(see Appendix D and bibliographic references 5-8). In March 2007, the final system was
delivered to the shipyard for a seven month demonstration and evaluation in their pipe welding
shop. Numerous accomplishment were achieved during the project, including: (1) hybrid
welding parameters were produced for joining pipe/fittings of various schedules, (2) an
automated hybrid pipe welding system was specified, designed, and built, (3) the hybrid pipe
welding technology was qualified for use by the American Bureau of Shipping, and

(4) NASSCO operators produced 15 production pipe spools using the hybrid pipe welding

system.
This report summarizes the effort, and is outlined as follows:

e Provide background that justifies the effort.
e Review the project objectives and outline the strategy to accomplish them.

¢ Discuss the hybrid pipe welding system specifications developed by ARL Penn State,
outline how the system integrator was selected, and provide an overview of the final
system design.

¢ Outline experiments developed and undertaken during determination of suitable process
parameters and system design, and discuss results.

¢ Discuss the final system installation at GD NASSCO shipyard.
e Present a cost-benefit analysis.

e Present lessons learned during implementation for production and recommendations for
improving the system and for future work.

e Summarize accomplishments of the project and discuss conclusions.

Appendices provide the system specification that were released for bid, a portion of the training
manual that provides an overview of the final system architecture, several NASSCO reports that
includes an overview of pipe welding parameters that were qualified by the American Bureau of
Shipbuilding (ABS), and a summary of production pipe that was produced with the system, and

a list of the publications that resulted from the work.
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BACKGROUND

Welding of pipe represents a significant cost in the construction of tankers and other ships.
Though much welding of pipe must occur in situ on board the ship, as much pipe as possible is
rolled in a pipe shop and manually welded in the downhand position. Figure 1 illustrates a
current joining technique employed at the NASSCO shipyard. In the figure, the pipe is fixtured
to a rotary positioner that rotates the tack welded pipe spool beneath the arc weld torch, and the
torch is manually manipulated by the operator. Conventional welding techniques, Gas Tungsten

Arc Welding (GTAW), Flux Core Arc Welding (FCAW), and GMAW, are all employed for the

joining operations.

Conyentional Pipe
Welding Process

Figure 1. Photograph of the conventional pipe welding process.

At NASSCO, the steel pipe ranges in thickness from 5 to 12.7 mm (0.25 to 0.5 inch). In all
cases, producing an adequate joint requires the execution of multiple weld passes. Figure 2

illustrates the top surface of such a joint, and Figure 3 shows a cross section.
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Close-Up of
MultiPass
Pipe Weld

__..,___
LAlits"
1 g

L
L DA

Photo courtesy
of NASSCO

Figure 2. Close-Up photograph of multipass pipe weld.

Figure 3. Cross section of conventional multipass pipe weld with 12.7 mm (0.5 in) thickness.

To help determine potential savings in converting to a single-pass hybrid weld, a detailed
investigation was undertaken to assess current practice and estimate potential cost savings [5]. A
time study was conducted to determine the time spent on each of the various operations used to
join a pipe to a fitting. It was determined that the joining process averages up to 100 minutes for

13



4 inch diameter pipe, and up to 300 minutes for 30 inch diameter pipe (total time). The
multipass conventional weld portion of the process contributes significantly to this time because
joining pipe to fitting requires 2—7 conventional arc welding passes at 0.12—0.25 m/min (5—

10 ipm) weld travel speed. A sample of the results for an open root joint over a range of pipe

diameters is shown in Figure 4.

P-2 Joint (Open Root)

300
B Unload
250 H Clean
m Weld
@ Floor to Roller Machine
200 - O Remove Torch
M Install & Adjust Torch
2 B Set Pipe Over Stand
‘é 150 A 0 Tack Weld
g M Fit-up
@ Grind
100 M Floor to Assy. Table
[ Pipe to Floor
O Cut
50 B Adjust Plasma
@ Sandblast
0

4" 5" @ 8" 10" 12" 14" 16" 18" 20" 24" 28" 30"

Pipe Diameter

Figure 4. Plot of process times for entire pipe joining process for P-2 “Open Root” joint .

Based on this, successful implementation of a single-pass, deep-penetration hybrid weld can be
expected to result in dramatic savings in time and money, as well as a reduction in weld wire
consumption, hazardous gaseous process emissions, and total heat input (for decreased
distortion). Additionally, reducing the number of weld starts and stops results in fewer
opportunities for defects and unproductive arc-off time. Comparing the fusion zones of hybrid

and conventional welds, shown in Figure 5, emphasizes these savings.
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Single-Pass Multi-Pass Conventional Weld
Hybrid Weld 44

Outline of Hybrid Fusion Zone

Figure 5. Macrosections comparing fusion zone of single-pass hybrid weld of 0.5 inch thick
plate to a multipass conventional weld.

This preliminary study indicated that the money saved by switching to a hybrid welding process
would pay for the cost of a hybrid pipe welding system in two years [5]. These potential
benefits provide strong justification for developing a joint design and hybrid weld parameter
selection strategy that are straightforward and that result in a robust manufacturing process.
They also justify the specification and implementation of a hybrid pipe welding system that can
produce these single-pass welds for a wide range of pipe spool geometries. The program that

was designed to realize these benefits is described in the next section.
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PROGRAM DESCRIPTION

Proposed Project Plan

The initial objective of the program was to design, procure, and build a demonstration system for
laser/GMA hybrid welding for pipe welding, then to perform a three month “pre-production”
demonstration at NASSCO shipyard. This system was anticipated to generate significant
savings through elimination of the multi-pass FCAW, GMAW, or GTAW of conventional
beveled joints. With appropriate joint configuration and preparation, deep keyhole penetration
provided by the laser and additional filler metal and heat input provided by the GMAW torch had

previously been demonstrated to permit single-pass butt-welding of pipes [4].

The proposed system was to integrate the latest off-the-shelf technology to realize production
hybrid welding in the ship building industry for the assembly of piping systems. A critical part
of the effort was to address tight-tolerance pipe joint preparation, necessary to achieve a
reasonable ROI, by identifying or developing a suitable edge preparation tool. The hybrid laser
welding system itself was to employ a high-speed laser seam tracking sensor for following the
joint, torch head manipulation, adjustment of weld schedule in response to gap fluctuations, and
post-weld inspection. The system was to employ suitable clamping system or tack welding, and
a pipe manipulation/rotation system to closely control travel velocity as required. The system
was to include a laser/GMAW hybrid welding head completely integrated with the wire feeder
and power supply. A suitable commercial system integrator was to be identified early in the
project to participate in design reviews, and serve as the commercial outlet for the technology.
These components were to be installed on a “portable” 40 foot transportation platform, so it

could be easily shipped to other facilities for additional demonstrations.

The initial plan was to utilize ARL Penn State’s 4.5 kW Nd:YAG laser system during system
development and debugging. For the “pre-production” demonstration, it was assumed that

another laser system would be utilized, through a leasing arrangement or other means.

The project was broken into three phases, with Go-No Go Decision Points between each phase.
Phase I was to develop a design for a complete hybrid laser/GMAW pipe welding system

(including edge preparation and fixturing), to select a system integrator, and to assemble an
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industrial team to participate in design reviews. Phase II was to procure, assemble, and
demonstrate the system at ARL Penn State using ARL’s 6 kW Nd:YAG laser system. Phase I1I
was to orchestrate the three month “pre-production” demonstration at NASSCO shipyard with
actual NASSCO pipe welding personnel. An activity occurring in parallel with all these phases

was to address qualification of the hybrid welding technique for this application.

Plan Execution

Over the course of the project, it became clear that improvements could be made to the plan that
would help with the overall goal of demonstrating and implementing cost-saving hybrid pipe
welding technology in the U.S. shipbuilding industry. Other modifications were precipitated by
changing circumstances or events beyond the control of the lead investigators. The changes to

the plan are outlined below.

From the start, it was recognized that the best means of developing an extended demonstration at
a shipyard would be to lease a laser. Coincident with this, a new high power laser technology,
i.e. fiber laser, was just entering the U.S. market. This laser technology is less expensive, offers
a smaller footprint, is more energy efficient, and is robust and portable compared to conventional
Nd:YAG high power laser technology. Additionally, the improved beam quality enables a
smaller spot size which can be utilized for deeper penetration welding. Negotiations with IPG
Photonics for the 7 kW fiber laser was initiated soon after the budget issues were resolved. A
one year lease was required in order to integrate the laser into the hybrid pipe welding system
and perform parameter development with the new laser prior to delivery to NASSCO. The initial
quote was received March 2005 and the requisition was submitted in July 2005. Negotiations
took an extended period of time, so the lease was not finalized until March 2006, and delivery of
the laser to ARL Penn State occurred in June 2006. The laser lease was later extended an
additional five months to allow for extended evaluations by NASSCO and a large multi-shipyard
technology transition event and demonstration coordinated with an NSRP SP-7 Welding

Committee meeting.

Planning and designing for the hybrid pipe welding system was initiated at the beginning of the
project, with the intent of performing all design and construction activities at ARL Penn State. It

became evident, though, that the Navy and U.S. shipbuilding industry would be best served if
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ARL drew from resident experience and strength in laser processing and knowledge of
shipbuilding to develop detailed specifications for the system, but then relied upon a commercial
system integrator to complete the detailed design work and to build the system. This ensures the
best value for detailed design and construction of the system through a competitive bidding
process, the involvement of a for-profit entity enables adequate after-sale support, and this
approach also provides U.S. industry with an experienced commercial supplier for future sales.
In fact, a side benefit that was not anticipated is that the selected system integrator sold a similar
hybrid laser-arc system to a major U.S. heavy equipment supplier based in part on our efforts in
developing the hybrid pipe welding system. Regardless, the time in preparing and executing the

competitive bid, as well as the time to negotiate the final contract, was underestimated.

Though the detailed specifications were completed by ARL Penn State in August 2005 and
distributed to system integrators in September 2005, the initial proposals, received by November
2005, were thoroughly reviewed and determined to be inadequate. The Request for Proposal was
revised and a request for Best-And-Final-Offers was distributed in January 2006. The revised
proposals were received and reviewed, the bid from Wolf Robotics was selected. Negotiations
began in March 2006, and the contract was awarded in May 2006. Though delivery of the
completed hybrid pipe welding system to ARL Penn State was planned for September 2006, the
complexity of the requirements resulted in a delayed delivery of a partially incomplete system in
November 2006. Wolf Robotics sent engineers to ARL Penn State throughout December to
complete the system. As a result of the delays, ARL Penn State had dramatically reduced time

for parameter development on the completed system.

In February 2007, ARL Penn State conducted weeklong training for NASSCO welders and weld
supervisors. In conjunction with this, ABS qualification activities for the first pipe size was
conducted. This was followed by a system demonstration with open invitation to U.S. shipyard
personnel. The system was shipped to NASSCO and commissioned in March 2007 for
demonstration through June 2007. It was soon realized that parameter development and
qualification for a broader range of pipe sizes was required to enable enough NASSCO
production fittings to be processed to generate an adequate evaluation. The difficulty in

obtaining suitable production fittings was exacerbated by the NASSCO management decision in
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late 2006 to outsource much of the pipe joining operations to its sister organization in Mexico.

Through mutual agreement, the shipyard demonstration was extended through September 2007.

In the time at NASSCO, more than 500 hybrid pipe welds were made in both steel and copper
nickel allows, with pipe and fittings ranging from 4 to 30 inch diameter and up to 12.7 mm
(0.5 inch) wall thickness. Additionally, 15 production pipe spools were completed. Details are

provided later in the report.
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SYSTEM DEVELOPMENT

For others engaging in similar activities, it may be instructive to review the initial system
specifications, and compare it to the system that was finally delivered. The complete system
specifications are included in Appendix A, but an abridged portion of the document is included

here to illustrate the overall design strategy.

Initial Workcell Specifications

The request for bid required that the vendors provide a hybrid pipe welding system package that
included several options. The workcell components to be integrated were broken out into a base
system and two options. A Laser with Chiller was an assumed component of the system, and
therefore was not listed. The Base Laser-GMA Hybrid Pipe Welding Workcell was to consist of

the following major components:

a. Integrated Joint Tracking System
b. Weld Head Manipulation System
c. Rotary Positioner
d. Workcell Pendant

e. Workcell Control System / Programming Station (with safety system in accordance with
ANSI Z-36)

f. Base / Support Structure

g. Safety Enclosure (with safety interlocks in accordance with ANSI Z-36, with suitable
exhaust collection and filtration, and with process viewing via safety windows and/or
video systems)

The vendors were also requested to provide quotes for the following two options:
Option A. In addition to the base system, supply:

h. HLAW Head
1. GMAW Power Supply And Wire Feeder

If Option A were not executed, a suitable HLAW Head and GMAW Power Supply and Wire
Feeder were to be mutually agreed upon and integrated into the system, but they would be

purchased by ARL Penn State.
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Option B. In addition to the base system, supply:

j. Workeell Safety Enclosure (with signage and safety interlocks in accordance with ANSI
Z-36, with suitable exhaust collection and filtration, and with process viewing via safety
windows and/or video systems)

Note that a parallel effort was slated to provide a temporary safety shelter at NASSCO. If the
WorkCell Safety Enclosure was not executed as an option, the shelter could alternatively be

outfitted with suitable safety accessories.

Each major component is discussed in detail in the actual system specification documents in
Appendix A. All vendors were requested to utilize commercially-available off-the-shelf (COTS)

technology wherever possible.

One potential configuration for the workcell as envisioned by ARL Penn State was provided, and

is shown in Figure 6.

SAFETY ENCLOSURE

HLAW HEAD and
JOINT TRACKING
SYSTEM

MANIPULATION
SYSTEM

Bl WORKCELL  VIEWING GMAW POWER
POSITIONER  penpaNT WINDOW BASE and SUPPLY
VIDEO SUPPORT
WORKCELL CONTROL MONITORS STRUCTURE
SYSTEM and

PROGRAMMING STATION

Figure 6. Potential workcell configuration (for illustrative purposes only).
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Process Flow

The desired high level process flow as seen from the perspective of the operator was provided to

the vendors and is illustrated in Figure 7.

Load Pipe (already edge prepped,
fitted, tack welded)

Select pipe diameter and pipe T The weld schedules (i.e. all applicable process
schedule on pendant or workcell parameters) for individual pipe schedules will be
computer from weld schedule adjustable by authorized personnel. A limited number of
database’ weld schedules will be provided by ARL Penn State

Manually adjust seam tracking
sensor to correct position for pipe
diameter

I

Adjust manipulation system
stages to locate head to the
welding position (minimum
accuracy: FOV of seam tracking
sensor) — lock axes if applicable

Select “Dry Run” (if desired) 2 Dry Run operation allows the system to perform the
entire program without GMAW or laser power. Its
purpose is to confirm that the seam tracker is accurately
following the seam (without hitting limits, etc.)

— rotates pipe and performs seam
tracking 2
I

Exit Workcell area — ensuring all
interlocks are closed

Select “START” on workcell
computer to initiate welding
process

Figure 7. High Level Operational Flow Chartl

Note that it was assumed that pipe edges could be prepared to edge quality sufficient for HLAW
using commercial off-the-shelf joint edge preparation equipment to enable NASSCO personnel
to fit-up and tack weld the joint. Discussions with pipe edge preparation equipment

manufacturers indicated that this was possible.

! Note that system was to be able to operate both with and without the Joint Tracking System activated.
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Note that in the final demonstration system, it was envisioned that the operator would only be
required to select the pipe diameter and schedule, but the software would also permit authorized

personnel to add/edit/delete records from the weld schedule database (password protected).

The flow chart in Figure 8 was provided to illustrate the detailed process flow that was to be
automatically executed by the Workcell Control System once the operator hit the “START”
button. It also discusses the various parameters that were to be “programmed” into the weld

schedule database for each pipe diameter and schedule.

Low Level Operational Flow Chart

Set “Tracking” Conditions:
START” Button is selected: « Adjust tracking based on location of tracker
- options: relative to weld head (which was manually
- Dry run (no weld power) adjusted based on pipe diameter)
- No seam track Set “Start” Conditions:
¥ * Laser Power (Ramp Up)
. * WFS (Ramp U
B.ased on seleqted pipe . Voltag(e (R;mppl))p)
diameter and pipe schedule, « Travel Speed (Rotational Velocity w/ Accel
system chooses suitable: « Delay (Shield Gas On - Laser On)
* “Tracking” conditions + Delay (Laser On > GMAW On)
* “Start” conditions e Set “Weld” Conditions:
* “Weld” conditions » Nominal Laser Power
* “Stop” conditions + Nominal WFS
_ * Nominal Voltage
v Continuously + Nominal Travel Speed
Automatically align on joint monitor » To include look -up table to adjust weld
safety interlocks conditions for process variations:
v » Gap
Perform Weld: « Tack Welds
« Start - Etc.
* Weld Set “Stop” Conditions:
* Stop » Laser Power Ramp Down
¥ * WFS Ramp Down
oy » Voltage Ramp Down
Reiurn JOIPt tra'C.ker * Travel Speed (Rotational Velocity w. Decel
to "home” position - Delay (GMAW Off = Laser Off)

» Delay (Laser Off > Shield Gas Off)

Figure 8. Low Level Workcell Operational Flow Chart.

Since many GMAW power supplies offer on-board programming of start and stop conditions to
prevent stub-in, burnback, crater fill, etc., it was deemed acceptable to rely on these rather than
including them in the weld schedule database and control directly by the Workcell Control

System, provided they produce acceptable welds in conjunction with the laser.
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Work Cell Controls and Accessories

A list of controls and indicators that had to be made available to the operator from within the

workecell are listed below in Figure 9.

Manual Controls (pendant)
* GMAW
* Wire Jog
« Shield Gas Purge
« Laser
» Aiming Laser On/Off
« Joint Tracking System
» Jog +/- Y-axis
« Jog +/- Z-Axis
* Weld Head Manipulation System (if
powered)
« Jog Up/Down
« Jog +/- Along Length of Pipe (<15 sec)
» Go to “Park” Position (<10 sec)
« Rotary Positioner
» Jog CW/CCW
« Jog Speed Adjustment

» General
« E-Stop (halt entire process)

Indicators (pendant)

« Safety Interlock Tripped / Ready to Go
« Shield Gas On

« Laser Power On

« GMAW Power On

Figure 9. List of Controls and Indicators to be provided to the operator on the Workcell Pendant.

The system specification was designed to address numerous practical considerations of welding
with this new hybrid laser-GMA welding technology in a pipe shop. Critical items that were
addressed in the specification include an ability to roll pipe assemblies, that can generate large
moments as elbows are rotated, while maintaining a tightly controlled rotational velocity in order
to maintain weld travel speed, ability to track the joint with high resolution to ensure the laser
keyhole fully envelops the joint, ability to specify the laser power ramping and weld tie-in
characteristics, ability to specify and store all process parameters for each weld, simple user

interface and operation, and others. Please see Appendix A for additional details.
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Selection Methodology

These Laser/GMA Hybrid Welding System specifications were distributed to numerous potential
system integrators in a Request for Bid. In order to ensure a fair evaluation of the proposals, a
Source Selection Organization was created to select the vendor whose proposal offered the best
value to ARL Penn State and the Navy. The Source Recommendation Evaluation Board (SREB)
consisted of a Source Selection Authority (SSA), a Technical Evaluation Panel (TEP), a Price
Evaluation Panel (PEP), a Technical Advisor to the PEP, and a Legal Advisor.

A Source Selection Plan for the Laser/GMA Hybrid Welding System was executed on
9 September 2005. A copy of the non-weighted plan was provided to all members of the source
selection organization for their use in evaluating proposals. The weighted plan was only

provided to the SREB Chairman and the SSA.

On 12 September 2005, ARL Penn State issued a request for proposal to seven companies; four
companies responded with proposals on 24 October 2005. It was determined that two of the

companies were outside of the competitive range and were notified in writing.

Discussions were held with the remaining two companies in January 2006. At the conclusion of
the discussions, ARL Penn State issued a request for revised final technical and price proposals,
advising the two companies to provide recommendations for cost savings and to price cost

savings as separate options. ARL Penn State received the two final proposals 03 February 2006.

The proposals were evaluated in accordance with the Source Selection Plan; each TEP member
recorded their evaluation on the technical/management proposal numerical evaluation form. The
TEP leader summarized the evaluation forms by calculating the average technical score for each
evaluation factor and forwarded the completed summary form to the SREB Chairman. Technical
and Management Factors were graded numerically and assigned weights as set forth in the
Source Selection Plan. The technical/management proposals were evaluated according to
Technical Approach and Technical Risk. Subfactors of Technical Approach listed in decreasing
order of relative importance are: Soundness of Technical Approach; Robustness of Proposed
Solution; Compliance with Technical and Deliverable Requirements; and Understanding of
Technical Requirements. Subfactors of Technical Risk listed in decreasing order of relative

importance are: Experience in Designing and Building Similar Systems; Qualification of
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Technical and Management Personnel Assigned to the Program, and Demonstration of
Understanding of Technology Necessary to Design and Build the Proposed System are of equal

importance; Quality of Fabrication Facilities; and Quality of Testing Facilities and Equipment.

The PEP evaluated the pricing proposals for price realism and responsiveness to the solicitation
in accordance with the Source Selection Plan. The Pricing Proposal Evaluation forms were

forwarded to the SREB Chairman.

The SREB Chairman completed the Overall Evaluation Summary Form, by applying the
evaluation factor weights to the average technical score for each evaluation factor. The
conclusion from the Overall Evaluation Summary Form indicated that the Wolf Robotics’
proposal provided the best value to ARL Penn State and the Navy based on the proposed

price/total weighted score calculation.

Final System

Wolf Robotics proposal was selected and the firm then designed and integrated the Hybrid Pipe
Welding System. Frequent communication between ARL Penn State and Wolf Robotics,
coupled with a strong spirit of teamwork, helped to ensure that the system design met the
objectives as the design details solidified over time. In particular, the operator interface went
through numerous iterations to ensure that it provided a useable and powerful interface to all the
components of the system. The final system is shown installed at GD NASSCO in Figure 10
through Figure 12. The figures include a bird’s eye view of the system installed in the pipe shop;
the operator area and pipe preparation and staging area are on the left side, the robot welding
area is on the top-right, and additional storage is on the bottom-right. Note that the ceiling was
intentionally left off and entryways do not have headers so that the overhead crane has access to

accommodate positioning of large pipe spools.
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Figure 10. Photograph of the outside of the hybrid pipe welding system enclosure at NASSCO
shipyard pipe shop.

Figure 11. Several views of the hybrid pipe welding system installed at NASSCO shipyard.

27



*Entirely Self Contained
*Pipe preparation

- Basic tools for pipe cut and

edge prep

«Control room

» Safety interlocked

» Laser safe viewing windows

* Control panel

* Seam tracking panel
‘Welding area

= Laser

= Chiller

= Coupler

* Robot

= No headers for crane access

Figure 12. Bird's eye view of the hybrid pipe welding system installed in NASSCO's pipe shop.

The final integrated system includes a 7 kW IPG Photonics fiber laser (YLR-7000), a Fronius
pulsed synergic GMAW power supply (Transpulse Synergic S0000MV 500A supply with
integrated FK 4000 cooling unit), an ABB 6-axis articulated arm robot (IRB 4400 with M2000
robot controller) coupled to a large rotary positioner serving as the 7™ robot axis, a ServoRobot
seam tracking system (Rafal-SSO 3-d laser vision camera coupled with a Pilot-LW control box
linked to both y- and z-axis linear stages with 30mm stroke), and the customized Wolf Cell
Controller, to provide an easy-to-use operator interface and communications and control of all

system components.

The typical procedure for using the hybrid pipe welding system to join a pipe spool (typically

welding pipe to a fitting) is outlined below:

1. Load
e Remove the previous pipe from the rotary positioner
e Load the current pipe onto the rotary positioner
e Check cover glass, clean if necessary
2. Teach Joint
e Input set-up data at the Wolf Cell Controller, including the serial number
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e Teach weld starting point
¢ Finish set-up
3. Weld
e Weld the pipe
e Inspect the weld

In each case, after the pipe is loaded into the rotary positioner (overhead crane access is provided
for large pipe spools), the operator selects the weld diameter and schedule from the touch-screen
user interface, and the pre-determined welding parameters are loaded into the welding program.
Some of the screens used for these operations are shown in Figure 13. The operator must then
jog the robot head close enough to the joint for the seam tracking system to register the joint with
the joint tracking system, to serve as the weld starting point (a close-up image of the operator
teaching a test joint is shown in Figure 14). Robot safety and laser safety are important
considerations, and the system is designed to offer redundant interlocks and user controls to
address these concerns. When the operator is safely outside the welding area, the weld can
proceed and the operator can watch through a laser-safe window covered with a conventional arc
welding curtain. After the robot completes the weld, it moves safely back to a so-called PARK

position to enable a crane to off-load the welded spool.
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«Operator Selects Joint Type / Diameter /
Schedule

= This sets all other essential variables
(password protected)

Figure 14. Photograph showing the operator jogging the robot to teach the approximate joint
location.
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Note that an especially important innovation that was developed is the ability to specify quite
complex weld paths for joints that are angled and offset with respect to the rotational axis with
the operator specification of a single point. In other words, if the operator selects the pipe
diameter on the screen, then teaches a single point, the entire weld path is determined. This
allows for a remarkable degree of flexibility for the system in processing a significant percentage

of the various and sundry pipe spools that NASSCO must manufacture.

For training of NASSCO personnel at ARL Penn State prior to shipment of the system to
NASSCO, ARL Penn State created a compilation of training documentation. Items included in

the documentation include:

e System overview

e Installation logistics

o Safety

e Installation and Operation Manual provided by Wolf Robotics

e Overview of system components and software

e Overview of manual operations possible using the ABB robot teach pendant
e Miscellaneous reference documentation and troubleshooting information

e Miscellaneous set-up documentation and schematics
Though not all documentation is provided in this report, the section that provides an overview of

the system components and software is included as Appendix B, as it may shed additional light

on system operation to the interested reader.
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HYBRID PROCESS DEVELOPMENT

Throughout the project, numerous experimental investigations were conducted to help develop a
basic understanding of the effects of various parameter changes on hybrid weld quality. These
parameters include joint geometry, laser power, voltage, wire feed speed, travel speed, laser-to-
GMAW torch spacing, and others. Practical aspects of hybrid welding that are not typically
addressed in academic studies were also investigated, such as welding over tack welds, start-stop
overlap conditions, ramping of laser power, gap tolerance, vertical mismatch, etc. Finally, when
the final complete system was commissioned with the IPG fiber laser, additional experiments
were necessary to optimize parameters for the new processing conditions. The experimental

studies are presented in three phases, corresponding to the actual progression of the work.

Phase | Experiments at ARL Penn State

Phase | Experimental Objective

A series of experiments were run to investigate the effects of varying joint design and process
parameters. Specifically, the effects of changing bevel angle and land height on the size and
shape of the fusion zone were investigated. Since much of the literature has examined
autogenous laser weld penetration in flat plate, initial experiments examined penetration and
fusion zone geometry in various beveled butt joints. The effects of travel speed and laser-to-
GMAW torch spacing were then studied. One of the hybrid welded joints was subjected to
mechanical testing and radiographic examination. Finally, practical aspects of hybrid welding,
such as welding over tack welds, overlap of weld start and stop (required for circumferential pipe

welds), and gap tolerance were investigated.

Phase | Experimental Plan

A variety of autogenous laser and laser-GMA hybrid welds were performed using a combination
of a Trumpf diode-pumped 4.5 kW Nd:YAG laser and a Lincoln PowerWave 455 STT GMAW
power supply (operated in constant voltage mode). The welds were performed on mild steel butt
joints (A36) using 70S-6 filler wire at a diameter of 0.045 inch. In general, 4.5 kW of laser
power was focused at the top surface of the plate of bottom of the bevel, and Ar-10% CO; shield
gas was supplied through the GMAW torch head. When laser-to-GMAW torch separation was
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large in enough to permit it, an additional gas nozzle directed N, gas at the laser keyhole for

plasma suppression and supplemental shielding.

Experiments were performed on a variety of butt joint configurations to investigate potential
effects of variations in bevel angle and land height (see Figure 15). Initial experiments involved
autogenous laser welds at various speeds to compare penetration in beveled joints to flat plate

penetration data.
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Figure 15. Joint configurations employed in this work.

The laser and GMAW torch head were configured as shown in Figure 16. In all experiments, the
contact-tip-to-workpiece-distance (CTWD), measured from the bottom of the joint as shown,
was held constant and the laser-to-GMAW torch spacing (4 mm in the figure) was varied” to

observe the effects on process robustness, fusion zone geometry, and weld quality.

? Note that “hybrid” welding can be defined in different ways. Throughout this report, “hybrid” is meant to refer to
a laser beam weld and GMA weld taking place simultaneously in close proximity. It has been noted in the literature
that “hybrid” often refers to laser beam and GMAW wire impinging on the part within 0-2 mm. In many of our
experiments, the laser beam led the GMAW wire by 10 mm or more. It was suggested that “tandem welding” may
be a better way to refer to welds that use this spacing. Though we have chosen not to use this terminology in this
report, it is a noteworthy distinction.
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Figure 16. Sketch shows the hybrid configuration and the definition of laser-to-GMAW torch
spacing.

Phase | Experimental Results

Autogenous Laser Welds

In the first set of experiments, joint land height was constant, and the bevel angle was varied.
Cross sections of these welds can be seen in Figure 17. The information gathered was used to

help guide the strategy for the hybrid experiments.
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10ipm 20 ipm 30ipm 40 ipm

Figure 17. Autogenous laser welds in different joint configurations (10 mm thick mild steel,
5 mm land).

These data demonstrate that in the narrow angle joint (20°), travel speed of 10 ipm

(~0.25 m/min) is slow enough to enable melting of the sides of the joint, and the large heat flux
per unit length results in a highly viscous melt pool which drips and blows-through the bottom
(an unacceptable condition as the backside weld bead geometry is quite inconsistent). At a
slightly faster speed of 20 ipm, (~0.5 m/min), the laser is still slow enough to melt the joint sides,
but the molten material from the sides serves to fill the joint with additional material and
effectively increases the penetration depth required to result in a full penetration weld. As a
result, full penetration is not achieved. As speed is increased further, the sides do not melt, so no
material is available to fill the joint, and full penetration is again achieved, over a wide range of

travel speeds.
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Another interesting observation that can be made is that the larger angle joints and slower speeds
seem to experience a greater degree of backside undercut. Apparently the molten material is
being drawn-up into the joint due to surface tension effects. The evidence is not conclusive, but
it seems logical that this effect is related to amount of joint cross section that is filled by the
molten material, and the wetting angle the molten material makes with respect to the joint walls.
At slower speeds, more of the joint is filled and the melt pool is hotter and less viscous, with the

consequence that the undercut seems to be more pronounced.
Hybrid Laser-GMA Welds

Experimental Strategy

A large number of processing parameters are available when the LBW and GMAW processes are
combined. The complexity is further increased when joint geometry is also varied. To simplify
the task of choosing parameters and joint geometries, several assumptions were made. First, if
the wire diameter is known, a simple geometric relationship can be used to determine the wire
feed speed (WFS) required to fill a joint of a given geometry (i.e. a given thickness, land height,
and included bevel angle). In general during these experiments, WFS was increased to provide
an additional 5 mm?” to the cross-sectional weld bead reinforcement. Since GMAW is only
effective through a certain range of WFS (in this case, about 100425 ipm), this serves to limit
selection of joint geometry. For example, Figure 18 shows plots of the required WFS for both a
15° and 90° included bevel angle at various land heights. Note that for a 15° bevel angle and a
land height of 0.230 inches, and with the known range of WFS for this power supply, travel
speed can vary between 10-38 ipm, but if considering a 90° joint with same land height, weld

speed is limited to 3-9 ipm in order to provide enough filler material to fill the joint.
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Figure 18. Plots showing laser penetration and WFS required to fill joints at different angles and
various land heights as a function of travel speed (laser penetration in flat plate also shown).
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Laser to GMAW Torch Spacing

The first set of experiments investigated the effect of increasing spacing between the laser and
the GMAW torch. Cross-sections of the welds are shown in Figure 19. It has been widely
reported that a synergistic effect occurs when the two processes are spaced near one another,

however in this type of beveled butt joint additional observations can be made.

2mm 4 mm 6 mm 10 mm

Figure 19. Macroscopic cross-sections illustrate how increasing spacing changes the fusion zone
profile (10 mm thick, 5 mm land, 40° included angle, 36 ipm travel speed, 350 ipm WES).

For this set of processing parameters, at both 2 and 4 mm spacing, it appears that full penetration
has been achieved and full mixing throughout the fusion zone has occurred. However, while not
completely evident in the cross-sections, significant backside blow-through was present in both
cases, resulting in unacceptable weld quality. At slightly more distant spacing, 6 mm, full
penetration was not achieved and there appear to be two separate solidification events, as
evidenced by the two distinct fusion zones. At still larger spacings, full penetration is again
achieved. However, there are clearly two separate fusion zones, so mixing between the filler
material and the laser keyhole melt pool does not occur. Additionally, the same backside

undercut is observed as in the autogenous laser welds (refer to Figure 17).

It is believed the reason for these observations is that at near spacing the laser beam must
penetrate the base metal as well as the additional material provided by the filler wire (which
tends to flow slightly ahead of the wire). In this case, the combined process provides enough

heat to result in full penetration, albeit accompanied by backside blow-through. As the spacing
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is increased to 10 mm, the melt puddle formed by the laser leads the GMAW puddle, so that no
additional material is introduced to the joint in the region where the laser beam is striking the

substrate. This is illustrated in Figure 20.

10 mm

Figure 20. Illustrates how close spacing may cause the laser beam to interact with the GMAW
puddle, while increased spacing permits laser to directly irradiate the bottom of the joint.

At intermediate spacing, high speed videography reveals that the laser and GMAW-generated
melt puddles experience some degree of mixing (see Figure 21). Note that travel speed also

affects the degree of puddle interaction. This is observed and discussed below.
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Figure 21. High speed image of intermediate spaced hybrid weld (7 mm spacing, 10 mm thick,
5 mm land, 20° included angle, 20 ipm travel speed, 200 ipm WFS—weld is moving toward the
viewer).

Spacing and Travel Speed Effects

In this set of experiments, both laser-to-GMAW torch spacing and travel speed were varied to
observe the effect on fusion zone geometry. In this case, the land height and the joint angle are

reduced (3 mm and 12°, respectively). The results are shown in Figure 22.
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Figure 22. Macroscopic cross-sections illustrate effects of laser-to-GMAW torch spacing and
travel speed on fusion zone geometry (10 mm thick, 3 mm land, 12° included angle, 20, 30,
40 ipm travel speed, 200, 300, 350 ipm WES).
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At low travel speed (20 ipm) and near spacing, good mixing is again achieved, but the process is
prone to backside blow-through (an unacceptable condition, as backside weld bead geometry is
extremely inconsistent). At this travel speed, however, more distant spacing does not lead to full
penetration. This seems to indicate that at low travel speed the laser beam interacts with the

material introduced by the GMAW process, even at laser-to-GMAW torch spacing up to 16 mm.

As speed in increased with near spacing, the reduced heat flux per unit length prevents full
penetration. However, as laser-to-GMAW torch spacing is further increased, complete
penetration is observed to occur at much higher travel speeds. Additionally, the narrow joint
angle has prevented undercut on the backside (as expected from observation of the autogenous
laser welds of Figure 17). This indicates that at higher speeds and distant laser-to-GMAW torch

spacing, the laser beam does not interact with material introduced by the GMAW process.

Process Robustness with Near Laser-to-GMAW Torch Spacing

The previous experiments demonstrated that full penetration is achieved with near spacing and
slow travel speed, but the process is then prone to backside blow-through. At constant spacing
(either 2 or 4 mm), an increase in travel speed of 50% resulted in incomplete penetration. Figure
23 shows results of an experiment to determine whether or not an intermediate travel speed could

successfully provide full penetration while preventing backside blow-through.

20 ipm

Figure 23. Macroscopic sections illustrate that at close spacing, the process is intolerant to small
changes in travel speed (10 mm thick, 5 mm land, 20° included angle, 2 mm spacing, 20, 25,
27.5, 30 ipm travel speed, 200, 250, 275, 300 ipm WES).
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The results indicate that hybrid welding at near spacing is intolerant to small variations in travel
speed, i.e. a 10% change in travel speed dramatically alters whether or not backside blow-

through or incomplete penetration occurs.

Process Investigation with Distant Laser-to-GMAW Torch Spacing

From the previous results, it is evident that near spacing can provide full penetration and
complete mixing, but is prone to backside blow-through and is intolerant to process variation.

An additional advantage to near spacing, and one often cited in the literature, is that the
additional filler wire in the region of the laser keyhole can help compensate for welding issues
that arise due to gap variation. Autogenous laser welding with gaps is notoriously prone to either
(a) pass through the gap thus limiting melting, or (b) melt the substrate but with inadequate
reinforcement. However, a larger separation allows for simpler process parameter development
since the LBW and GMAW processes are not strongly coupled. Additionally, it seems to result

in a more stable and robust process.

Although a narrow joint would theoretically enable complete fill with a single-pass GMAW
process at high speeds, in practice welding of this type often results in incomplete fusion at the
root (see top of Figure 24). The additional heat provided by a laser beam, even when leading by
up to 16 mm, seems to provide enough energy to enable complete fusion, with the added benefit

of increased penetration of the land.
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GMAW Only - Tack Weld

Figure 24. Cross sections demonstrate how leading laser even at 16mm spacing seems to
provide enough additional heat to assist in achieving complete fusion with the GMAW weld,
even in narrow groove openings. (10 mm thick, 5 mm land, 20° included angle, tack weld at
40 ipm travel speed and 200 ipm WFS, hybrid welds at 20, 30, 40 ipm travel speed, 200, 300,
350 ipm WES).

Testing of Hybrid Weld

Through experimentation, a set of hybrid welding processing conditions was found to join
12.7mm (0.5 inch) thick A36 steel with a visually acceptable weld. The weld produced full
penetration, desirable reinforcement on the top and bottom surfaces, and demonstrated an ability

to compensate for some degree of vertical mismatch (see Figure 25).
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Figure 25. Hybrid welds used for mechanical and radiographic testing —12.7 mm (0.5 inch)
thick, 8.8 mm (0.345 inch) land, 90° included angle, 16 mm spacing, 10 ipm travel speed,
200 ipm WFS.

The welded joints were subjected to face and root bend tests and reduced section tensile tests
(see Figure 26). In all cases, the failures occurred outside the weld heat affected zone, indicating

acceptable mechanical properties.

45



Figure 26. Mechanical testing of hybrid weld in 0.5 inch thick mild steel indicated adequate
mechanical properties.

The welds were also subjected to radiographic testing (see Figure 27). Though the bulk of the
weld is porosity free, these tests revealed a small degree of porosity near the beginning and end
of the weld. More investigation is required to determine the cause of this porosity and to

eliminate it.

First & inches of weld...
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Figure 27. Radiographic testing of hybrid weld in 12.7 mm (0.5 inch) thick mild steel reveals
small amount of porosity confined to regions near the beginning and end.
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Tack Welds and Overlaps

In most practical applications of hybrid welding of thick sections, such as pipe welding, it can be
expected that parts will be fit-up and tack welded prior to final processing. A concern is that the
hybrid welding process must be able to maintain quality as tack weld regions are processed. An

additional practical concern in circumferential pipe welding is that adequate weld quality must

be maintained in the overlap region as the end of the weld crosses over the weld start.

An experiment was performed to investigate (a) the ability to hybrid weld through tack welds
and (b) the overlap region (see Figure 28). The figure shows both the front and backside of
welds performed over both a GMAW tack weld (with additional filler material), and a laser tack

weld (without additional filler material).
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Figure continued on next page...
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Figure 28. The front and backside of two experiments to (a) investigate the ability to weld over
tack welds and (b) determine issues involved in weld overlap (necessary for circumferential pipe
welds).

At a laser power level of 3.25 kW, the weld appears to be acceptable as the process crosses over
the laser tack weld, but incomplete penetration was noted in the GMA tack weld region. An
increase in power to 3.5 kW provided full penetration at the GMA tack weld, but resulted in
backside blow-through at the laser tack weld (the plate was still hot). Though more extensive
testing is certainly warranted, it is encouraging that conditions can be found which appear to

produce acceptable welds in both cases.

Due to the large spacing between the laser and GMAW torch, it was deemed acceptable to start
the welds with ~10 mm of a full penetration laser weld only, before the GMAW joined the
process. This seems to allow for acceptable overlap—both overlaps showed indications of full
penetration. Again, these results are preliminary and additional testing was conducted

throughout the remainder of the project.
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Welding with Gap and with Distant Laser-to-GMAW Torch Spacing

Through the course of these experiments, certain advantages in a distant spacing between the
laser and the GMAW torch have become apparent, such as the ability to produce full penetration
welds at higher speeds and the seeming intolerance to process variations. However, a serious
concern is whether or not this distant spacing still offers any benefit over autogenous laser

welding in processing gaps within the joint.

An experiment was performed in which a gap of 0.75 mm was intentionally introduced into the
joint (see Figure 29). (It should be noted that for pipe, commercial-off-the-shelf technology can
provide joint preparations with 0.13 mm (0.005 inch) flatness.) Though full penetration was
achieved with acceptable topside bead geometry and reinforcement, the weld suffered from
undercut due to inadequate backside reinforcement. Additional work is required to determine the

limits of gap tolerance with distant laser-to-GMAW torch spacing.
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Figure 29. Results of experiment to investigate ability of 16 mm laser-to-GMAW torch spacing
hybrid weld to accommodate a 0.75 mm (0.03 in) gap (10 mm thick, 5 mm land, 40° included
angle, 10 ipm travel speed, 150 ipm WFS).

Phase | Discussion and Conclusions

Conventional hybrid welding stipulates that the laser beam and the GMAW torch be spaced quite
near to each other. For thick section welding, this has the advantage of resulting in complete
mixing of the filler material throughout the fusion zone, and at slow speeds the direct
combination of heat from the two processes that can result in full penetration. Additionally, one
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would expect an increased tolerance to gaps. A disadvantage of near spacing, however, includes
a seeming intolerance to process variations to enable full penetration while preventing backside
blow-through. Additionally, the significant interaction of the two processes in close proximity

may lead to difficulty in process development.

Utilizing hybrid welding with more distant spacing between the laser and the GMAW torch
offers the advantages of both an ability to join thick sections at higher speeds and a robust
tolerance to variations in travel speed. Additionally, development of process parameters may be
a simpler task, since interaction between the two processes is limited. Potential disadvantages of
increased spacing include a lack of mixing of the filler alloy throughout the thickness and a
decreased ability to tolerate gaps in the joint. Hybrid welds in 12.7 mm (0.5 inch) thick steel
plate with 16 mm spacing have been shown to possess adequate mechanical properties. Porosity

at the start and end of the weld remains an issue.

Joint geometry has been shown to have a significant effect on the ability to provide adequate
reinforcement coupled with full penetration and acceptable backside reinforcement. Narrow

bevel angles seem to result in a reduced propensity for backside undercut.

It has been shown that process parameters can be developed that appear to enable adequate
welding over both GMAW tack welds and laser tack welds. Weld overlap at the start and stop
has also been demonstrated to produce seemingly acceptable weld quality. In both cases,

additional testing is warranted.
Phase Il Experiments at ARL Penn State

Phase Il Experimental Objective

A series of experiments were run to further investigate the impact of various parameters on the
laser-GMA hybrid welding process for the eventual single-pass pipe welding application
described earlier. In this case, thickness was reduced from 0.5 inch (12.7 mm) to 0.25 inch (6.35
mm), and only straight butt welds were investigated. The effect of laser-to-GMAW torch
spacing was more closely explored to determine if a process using closer spacing (2—6mm) could
be optimized to achieve full penetration without excessive backside blow-through. Additionally,

changing the direction of travel so that the GMAW torch was leading the laser beam was tested
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and compared to laser-leading processes. Finally, practical aspects of hybrid welding, such as
welding over tack welds, overlap of weld start and stop (required for circumferential pipe welds),

and gap tolerance were investigated further.

Technical Details

A variety of laser-GMA hybrid welds were performed using a combination of a Trumpf diode-
pumped 4.5 kW Nd:YAG laser and a Lincoln Electric PowerWave 455 STT GMAW power
supply (operated in both constant voltage and pulsed mode). The laser and GMAW torch head
were configured as previously shown in Figure 16. The welds were performed on 0.25 inch
(6.35 mm) thick mild steel (A36) straight butt joints using ER70S-6 filler wire at a diameter of
0.045 inch (1.1 mm). For shielding, an Ar-10% CO; shield gas was supplied through the
GMAW torch nozzle. Unless otherwise noted, the laser was operated at 4.5 kW with focal at the
top surface of the plate or at the bottom of the bevel.

Phase Il Experimental Results

Parameter Optimization

After testing a number of parameters at laser-to-GMAW torch spacing of 2—6 mm, welds were
achieved with full penetration and acceptable backside blow-through at a spacing of 4 mm.

Selected welds are shown in Figure 30.

Laser Leading Lazer Leading GMAW Torch Leading

40 iprm travel B0 iprm travel 70 ipm travel

250 ipm WFS 300 ipm WFS 350 ipm WFS
05 237V 270V

Figure 30. Full penetration welds achieved at a variety of optimized processing conditions in
0.25 inch thick steel plate.
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These welds represent the highest quality welds that were achieved, and were obtained with both
laser-leading and GMAW torch-leading configurations. Through extensive experimentation, a
variety of trends were observed which could serve to guide parameter development for alternate

plate thicknesses and weld geometries.

GMAW Torch Positioning

Acceptable welds were achieved in both laser- and GMAW torch-leading configurations. Figure
31, a diagram of the positioning of the laser beam and GMAW torch relative to the direction of
travel, shows how the torch is in a “pushing” position when the laser is leading the GMAW torch

and a “pulling” position when the GMAW torch is leading the laser’.
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Figure 31. Positioning of the laser beam and GMAW torch relative to the direction of travel.

The position of the GMAW torch, whether “pushing” or “pulling”, affected the shape of the weld
bead and fusion zone. Figure 32 shows a number of GMA-only welds to compare the bead
shape of torch “pushing” vs. torch “pulling” welds. Note that the wire feed speed and travel

speed are modified in tandem to deliver a constant volume of weld metal per unit length.

? Note that “pushing” and “pulling” welding configurations are often referred to as forehand and backhand torch
orientation, respectively.
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"pushing”

“pulling”

50 ipm travel 60 ipm travel 70 ipm travel
250 ipm WFS 300 ipm WFS 350 ipm WFS
205V 237V 270V

Figure 32. Comparison of bead shape between torch “pushing” and torch “pulling” GMAW-
only welds at a variety of processing conditions.

The torch “pushing” welds (top row) are clearly wider than the “pulling” welds (bottom row),
which are narrower and slightly taller. In “pushing” welds, the molten metal is forced to the
leading edge of the weld pool, leading to a wider and flatter bead. Conversely, “pulling” welds
push molten metal toward the back of the weld pool, tending to produce more convex, narrower

beads [7].
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Laser-leading vs. GMAW Torch-Leading

This change in bead shape is also observed, though to a lesser extent, when the laser is added to
the process to execute hybrid welds with either laser-leading (torch “pushing” configuration) or
GMAW torch-leading (torch “pulling” configuration). Figure 33 shows cross sections of hybrid
welds using the same GMAW parameters as the welds in Figure 32, but with the addition of

4.5 kW of laser power. Note that whenever the welds exhibited blow through and intermittent
rear side humping, sometimes referred to as “string of pearls”, the cross sections were located to
cut through the areas of significant drop through. For these experiments, the laser energy serves
to provide additional heat that leads to hotter and flatter bead profiles than observed with GMA
welding alone. Laser-to-GMAW torch spacing is 4 mm.

Laser Leading

GMAW Torch Leading

50 ipm travel g0 ipm travel 70 ipm travel
250 ipm WFS 300 ipm WFS 350 ipm WFS
205V 237V 270V

Figure 33. Laser- vs. GMAW torch-leading configurations at relatively high travel speeds.
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In addition to the difference in bead shape between laser- and torch-leading hybrid welds, Figure
33 (above) and Figure 34 (below) also show the impact of laser- and torch-leading configurations
on weld penetration. At slower travel speeds 0.5—1.1 m/min (20—40 ipm), shown in Figure 34,
both configurations achieve full penetration. However, at speeds of 1.3—1.8 m/min (50-70 ipm),
as shown in Figure 33, laser- and torch-leading welds exhibit different penetration

characteristics.

For laser-leading welds in this range, penetration trends are similar to those of autogenous laser
welds in that higher speeds tend to eventually lead to reduced penetration. As travel speed is
increased the heat input per unit length is decreased, resulting in decreased penetration and an
inverse relationship between travel speed and penetration. The addition of filler material does
not serve to impede laser beam penetration because the laser is leading the metal deposition from

the arc weld.

Conversely, the addition of filler material plays a much larger role in penetration for torch-
leading hybrid welds, and does not exhibit a simple inverse relationship between travel speed
and penetration. Full penetration was achieved at slower travel speeds 0.5-1.1 m/min (20—

40 ipm), shown in Figure 34, but not in the 1.3—1.5 m/min (50-60 ipm) range. The additional
filler material introduced by the GMA torch ahead of the laser-beam interferes with beam
penetration, which explains the decreased penetration compared to laser-leading welds.
Surprisingly, full penetration was again achieved at 1.8 m/min (70 ipm). One explanation for the
increased penetration at this speed is that at higher travel speeds the filler and surrounding
material ahead of the laser beam have not yet had time to cool significantly and thus remain at a
temperature high enough to improve laser penetration despite the fact that there is more material
to penetrate. This would explain why a torch-leading weld has greater penetration than a laser-

leading weld at 1.8 m/min (70 ipm).

Weld Width at Lower Travel Speeds

When welding at lower travel speeds, the heat input per unit length is sufficient to result in
significant intermittent blow-through on the backside of the weld, i.e. string of pearls (see Figure
34). Additionally, as speed is decreased below 40 ipm (1.1 m/min), the internal fusion zone

width tends to increase. This seems to indicate that with high enough heat input per unit length,
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the keyhole effect is less pronounced and substrate melting is achieved primarily through
conduction from the build up of heat being delivered to the substrate rather than through direct

interaction with the laser beam energy. This phenomenon is observed in both laser- and GMAW

torch-leading configurations.

Laser Leading

GMAW Torch Leading

20ipm travel 30 ipm travel 40 ipm travel
100 ipm WFS 150 ipm WFS 200ipm WFS
167V 178V 194V

Figure 34. Laser- vs. GMAW torch-leading configurations at reduced travel speeds.

Welding in Pulsed Mode

Many GMAW power supplies now come standard with pulsed welding mode selections. These

modes are generally used to reduce overall heat input during welding. They also serve to
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simplify the GMAW parameter selection process by defining presets, such as voltage, that
require that the operator set only a single parameter, typically WFS. This is in contrast to
standard constant voltage (CV) welding mode, which requires both WFS and weld voltage be

set. The effect that the addition of a laser had on the process was observed by comparison to

comparable CV-mode parameters, Figure 35 and Figure 36.

Mo. 45 - Bottom

Pulsed Mode Constant Voltage Mode
20 iprm travel 20 ipm travel
250 ipm WFS 250 ipm WFS

Figure 35. Pulsed mode vs. Constant Voltage Mode at low travel speed.

S ;

—

P T T Mﬂuummﬁ o
Mo. 32 - Bottom Ma. 80 - Bottom ;

e KA LT

Pulsed Mode onstant Yoltage Mode
B0 ipm travel B0 ipm travel
275 ipm WFS 300 ipm WFS

Figure 36. Pulsed mode vs. Constant Voltage Mode at high travel speed.
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In both cases, the pulsed mode produced high quality and, in some cases, more consistent weld
beads on both the top and bottom surface of the weld. If hybrid welding is being introduced to
an application to reduce heat input in order to limit distortion, then pulsed mode welding is

worthy of consideration.

Welding Over Laser and GMA Tack Welds

A practical aspect of hybrid welding that must be considered in industrial applications is the
ability of the process to produce quality, full penetration welds as tack welds are encountered
during the joining process. To investigate this, the GMAW process was used to introduce tack
weld metal deposition that approximated the GTAW tack welds utilized in the NASSCO pipe
shop. It was observed that hybrid welding soon after the tack welding process often resulted in
blow-through, evident in Figure 37, apparently the result of an excess of heat build-up in this
region. Conversely, when the tack welds are allowed to cool, consistent weld beads are
produced. This emphasizes the delicate nature of the process, and the balance of factors that

must be maintained to produce quality welds.

MNo.50- Top
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GMA TackWeld GMA TackWeld

Figure 37. Blow-through resulting from hybrid welding over a hot GMAW tack welds.

Gap Tolerance

Another practical consideration in introducing the hybrid process to industrial applications is the
ability to produce quality welds in the face of changing joint gap. The ability of hybrid welding

to deal with gaps more effectively than laser welding alone has been a strong motivator for use

59



of the process. In an industrial application, it is conceivable that gap widths would vary
throughout the weld. A single set of processing conditions to accommodate this condition is
necessary to mitigate the need for complex and expensive sensor feedback and real-time
parameter adjustment. To evaluate the robustness of the hybrid welding process in the face of
changing gap, two plates, one without a gap and one with a 0.5 mm (0.020 inch) gap (maintained
through the use of shim stock located at the beginning, middle, and end of the weld), were joined

using the same hybrid welding parameters. The results are shown in Figure 38.
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Figure 38. Introduction of a relatively small gap affects the weld quality on the backside of the
weld.

In this case, parameters that produced a consistent, quality weld in the presence of a gap resulted
in an inconsistent, poor quality weld when the gap was eliminated. Though it is clear that a
single set of parameters is not robust in this case, continuing efforts seek to investigate this

further.
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Laser Power Ramping

In previous experiments, radiographic inspection revealed porosity at the beginning of the hybrid
weld. This condition has been observed in laser welds, and can often be attributed to dynamic
instability as the keyhole is developed. A common solution is to ramp the energy density in a
controlled fashion, typically by ramping laser power. Experiments were undertaken to evaluate
the effectiveness of this technique in hybrid welding. Laser power ramping may also serve to
eliminate blow-through sometimes experienced during the weld overlap required for pipe
welding. It was found that laser power ramping can be used to control penetration and blow-
through and results are pending for porosity analysis of welds utilizing laser ramping at the start

and finish.

Ceramic Backing

Practical application of hybrid welding requires process robustness in the face of tack welds,
overlap, and gap variation. Though adequate penetration can easily be assured with sufficient

power, unacceptable backside blow-through is often the result, as shown in Figure 39.

No. 19 - Bottom

=

Figure 39. Example of backside blow-through when heat input is too high.

To address the blow-through issue, ceramic backing was applied to hybrid welds conducted
using a variety of different processing conditions (see Figure 40). In this case, a hybrid weld
~250 mm (10 inches) in length was executed, and ceramic backing tape was applied only to the
middle section of the weld, to enable direct comparison to weld quality produced without

ceramic backing.
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Location of
Ceramic Backing

Figure 40. Two welds that employ ceramic backing in the middle third of the weld.

From the figure, it appears that for weld conditions that would normally exhibit small backside
reinforcement (weld no. 1 above), ceramic backing leads to instability and a reduction in weld
quality. This likely results from the thermal insulation that the backing provides, which would

lead to higher temperatures and a more viscous melt pool.

However, in welds with increased backside reinforcement or backside blow-through, the ceramic
backing results in a more consistent and higher quality weld (weld no. 21 above). Though
offering potential benefit by ensuring process robustness, it is likely economically or technically

undesirable to utilize ceramic backing in many applications, such as pipe welding.
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Phase Il Summary and Conclusions

A series of experiments were run to further investigate the impact of various parameters on laser-
GMA hybrid welding. Additionally, practical aspects of hybrid welding, such as welding over
tack welds, overlap of weld start and stop (required for circumferential pipe welds), gap

tolerance, and techniques to control blow-through were investigated.

The effect of laser-to-GMAW torch spacing, which had a significant effect on previous
experiments, was explored for straight butt welds in 0.25 inch (6.35 mm) thick plate steel.
Multiple processes were developed using a laser-to-GMAW torch spacing of 4 mm which
achieved full penetration without excessive backside blow-through and complete mixing of filler

material throughout the fusion zone.

Changing the configuration so that the GMAW torch was leading the laser beam was evaluated
and compared to laser-leading processes. GMAW torch-leading hybrid processes had different
bead shapes and exhibited somewhat non-intuitive penetration trends compared to laser-leading
processes using identical processing parameters. At 4 mm laser-to-GMAW torch spacing, the

highest travel speed full-penetration weld was achieved using a torch-leading process.

Using a GMAW power supply in pulsed mode produced high quality hybrid welds with a
reduced heat input that may be especially beneficial for limiting distortion in certain applications.
In many cases, hybrid welds using the pulsed mode had more consistent beads on both the top

and bottom surface of the weld than welds using comparable constant voltage parameters.

Consistent hybrid welds with full penetration were achieved over GMA tack welds. However,
when tack welds were not allowed enough time to cool off before hybrid welding, significant

backside blow-through occurred at the tack weld.

Process parameters were developed which could produce an acceptable quality hybrid weld with
a 0.5 mm (0.020 inch) gap. Unfortunately, the parameters that produced a consistent, quality
weld in the presence of a gap resulted in an inconsistent, poor quality weld when the gap was
eliminated. Though a single set of parameters was not robust in this case, further efforts sought

to investigate this further.
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Laser power ramping was able to control penetration and blow-through for a hybrid welding

process.

Ceramic backing was applied to hybrid welds conducted using a variety of processing
conditions. For weld conditions that would normally exhibit small backside reinforcement,
ceramic backing leads to instability and a reduction in weld quality likely due to thermal
insulation. However, in welds with significant backside blow-through the use of ceramic
backing resulted in consistent, high quality welds. For some applications ceramic backing may

be effective in ensuring process robustness.

This series of experiments successfully produced consistent, high quality welds in 0.25 inch mild
steel flat butt joints using several different sets of process parameters. It was shown that
consistent welding over tack welds, in the overlap of welds, and with the presence of a 0.5 mm

(0.020 inch) gap are all possible using different parameters.

Phase lll Experiments at GD NASSCO

Substantial effort to develop hybrid welding process parameters for various thicknesses of flat
steel plate was undertaken prior to completion of the hybrid pipe welding system. However,
once the pipe welding system was available, additional process parameter evaluations on pipe
were required to help ensure a robust process and to learn of other process variations by the
transition from welding plate to pipe. A portion of the more important experimental results are

presented below.

Unless otherwise noted, in all experiments the weld was performed in a 1G horizontal rolled
position. The seam tracker was 25 mm ahead of the 200 mm focal length laser beam, which was
25 mm ahead of the GMAW torch.* The laser impinged the pipe 35 mm ahead of top-dead-
center, in order to produce a flatter and smoother topside reinforcement. Additionally, the pipes
were fit and tack welded with 20-25 mm long autogenous GTAW tack welds, i.e. without filler

wire addition, in order to ensure a consistent volume of material for the laser penetration. The

4 Separating the laser-to-GMAW torch, as in subject configuration, is sometimes referred to as tandem laser-GMA welding rather
than hybrid laser-GMA welding, and enables the use of an argon plasma suppression nozzle without detrimental affect to the
GMAW shielding gas.
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pipe was specified according to ASTM AS53, the GMAW filler wire was 1.1 mm (0.045 inch)
diameter ER70S-6, and the GMAW shield gas was Ar-10%CO;. The pipe diameter and wall
thickness, i.e. pipe schedule, are noted, and two 150 mm (6 inch) lengths were joined for the

experiments (though only a 25 mm wide section cut around the weld is shown).

Variation in Root Face Height

In the first experiment, involving 8 inch SCH 80 pipe, substantially the same processing
conditions and joint bevel angle were used in each case, and variation in land height was
investigated. All three land heights produced acceptable topside and bottomside weld beads,
though the small land height exhibits slight undesirable undercut at the root. This is because the
vapor keyhole has fully penetrated, resulting in expulsion of molten material through the root
into the inside of the pipe. In contrast, the larger land heights produce excellent rootside
reinforcement, and though full penetration is achieved, seemingly the vapor keyhole does not
fully penetrate and so surface tension forces act to maintain the rootside reinforcement — the
vapor keyhole does not cause material expulsion through the root. In the case of small land
height, the laser energy per unit volume seemingly exceeds that required to melt the volume of

material that must be melted to achieve full penetration.
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8 SCH 80 8 SCH 80 8 SCH 80
0.500wall, 0.350 land, 37.56° | 0500wall,0.340 land, 37.5° | 0.500 wall, 0.380 land, 37.5°
7.0 KW, WFS 350 ipm 7.0 KW, WFS 350 ipm 7.0 KW, WFS 350 ipm
Travel 25 jpm travel 27.5 ipm Travel 25 ipm

Figure 41. Investigation of varying land height. The welded pipe is shown, with close-ups of the
rootside reinforcement and macro sections.

Variation in Laser Power

In the second experiment, involving 6 inch SCH 40 pipe, the same processing conditions and
joint geometry were used in each case, and variation in laser power was investigated. Again, all
three exhibit acceptable topside and rootside reinforcement, but the two higher power conditions
result in slight undesirable undercut at the root. This is again caused by full penetration of the
vapor keyhole and expulsion of material through the root. Evidence of this is readily observable
in the form of small beads of metal which come from the opposite side of the pipe interior.
Again, the laser energy seems to be higher than necessary to melt the correct amount of material.
These last two experiments suggest that a simple way to ensure a robust process would be

“overpowering” the process, i.e. providing more laser energy than is necessary to melt just the
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minimum amount of material to achieve full penetration. It is likely that this may not be the case

for other alloy systems.

b SCH 40 6 5CH 40 b sCH 40
0.280 wall, butt 0.280 wall, butt 0.280 wall, butt
4.5 kKW, WFS 280 ipm 5.5 kW, WFS 250 ipm 6.5 kW, WFS 250 ipm
Travel 30 jpm Travel 30 ipm Travel 30ipm

Figure 42. Investigation of varying laser power. The welded pipe is shown, with close-ups of
the rootside reinforcement and macro sections.

Variation in Bevel Angle

In the third experiment, involving 8 inch SCH 80 pipe, substantially the same processing
conditions and land height were used in each case, but the bevel angle was varied. In past work,
variations in bevel angle have been known to occasionally result in changing melt characteristics,
e.g. melting of the bevel sidewall, with attendant variability in penetration characteristics.
Additionally, wider bevels will require additional material to adequately fill the joint. Given

this, it is unexpected that all three bevel angles produce comparable, high quality weld beads,
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though that is what is observed in this case. This is likely due to the relatively small proportion
of the bevel relative to the overall wall thickness, so that the fill volume varies little with respect

to the volume of the added filler material.

8 SCH 80 8 SCH 80 85CH 80
0.500wall, 0.380 land, 37.5° 0.500 wall, 0.380 land, 45° 0.500 wall, 0.375 land, 60°
7.0 kY WS 350 0pm T.0 KW, WFS 400 ipm 7.0 KW WEFS 350 ipm
Travel 25 ipm Travel 25 ipm Travel 25 ipm

Figure 43. Investigation of varying bevel angle. The welded pipe is shown, with macro sections.

Variation in Laser Stand-Off

In the fourth experiment, involving 6 inch SCH 40 pipe, the same processing conditions and joint
geometry were used in each case, but the laser stand-off was varied. The nominal stand-off
places the focal point of the beam squarely at the surface of the pipe (or on the bottom of the
bevel, when bevels are used in thick wall pipe). In this case, when beam irradiance is at a
maximum at the surface, full penetration of the vapor keyhole and resultant material expulsion is
evident in the backside reinforcement. However, taking the laser beam slightly out of focus
seems to reduce the irradiance such that full vapor keyhole penetration is not realized, with the

resultant improved rootside reinforcement geometry.
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G SCH 40 6 SCH 40 G SCH40 G SCH 40

0280 wall, butt 0280 wall, butt 0280 wall, butt 0,220 wall, butt
5.5 KW, W FS 250 ipm 5.5 Wi, WF S 250 ipm 5.5 KW, WFS 250 ipm 5.5 K WF S 250 ipm
Travel 20 ipm Travel 30 ipm Travel 20 pm Trawe| 30 ipm
Up 2 mm 0 mm stand- off O owen 2 mumi Croamn <4 mim

Figure 44. Investigation of varying laser stand-off. The welded pipe is shown, along with close-
ups of backside reinforcement and macro sections.

Phase IV Copper Nickel Pipe Experiments

Though comparably little effort was spent in welding copper nickel (CuNi) pipe, the results of

experiments to address this important area are presented below.

Background

CuNi pipe is used in certain ships for seawater and drainage piping. For a given shipset, the

number of welds for various diameter pipe are listed below:

= 2-3inch 325 joints
= 3-4inch 124 joints
= 4-5inch 97 joints
= 5-6inch 71 joints
= 6-7inch 19 joints
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The weld procedure involves a root pass, then additional passes no thicker than 0.080 inch at

3 ipm travel speed for manual passes to fill the joint, then 2 passes for a finishing pass

(> 0.25 inch wide). Between passes, the welder must wait until interpass temperature is 150°F.
If fit-up is poor, than the interpass temperature must fall to room temperature for any quarter
circumference section of pipe. To accomplish this, the weld operation is stopped after 1/6™
circumference has been welded to allow the part to cool. This helps with the quality of the
backside. Based on this information, an interpass wait time assumed to be 15 minutes, and an
assumed single pass hybrid weld at 40 ipm, the cost savings calculations presented in Table 1
were produced. Based on these figures and an assumed burdened labor cost of $100/hr, it can be
estimated that single pass hybrid pipe welding of CuNi pipe may produce savings up to $128,000
per ship set. For this reason, it was determined that preliminary investigation into potential for

hybrid welding to join CuNi pipe was warranted.

Experiments

Initial tests utilized the Trumpf 4.5 kW Nd:YAG laser located at ARL Penn State to produce
autogenous laser welds in CuNi plate provided by General Dynamics Electric Boat (GDEB). In
this case, the maximum available laser power was utilized, and travel speed was varied to
produce welds in both 0.250 inch thick and 0.500 inch thick sections. The results for 0.25 inch
thick plate are presented in Figure 45. Full penetration with no evidence of porosity is achieved
up to 45 ipm travel speed. At speed below 30 ipm, the weld sags and unacceptable undercut is
present at the top of the weld. For the 0.500 inch thick plate, no welds achieved full penetration,
and a bevel similar to that used in the steel pipe experiments is expected to be required to achieve
single pass welding. It was anticipated that similar results would be achieved when combined

into a tandem hybrid weld on pipe.
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20 ipm, 0.25 in, 25 i, 025 in, 4.5 kw 30ipm, 0.25in, 4.5 kw 35 ipm, 0.25 in, 4.5 kw

50 ipm, 0.25in, 4.5 kw

S Sl
BT

Figure 45. Autogenous laser welds at varying travel speed in 0.25 inch thick CuNi plate.

It was believed that the promising autogenous laser welding results would readily transfer to pipe
when combined in the tandem hybrid configuration used for the steel pipe welding, i.e. with
spacing of 25 mm (1 inch) between the laser and GMAW torch. Additionally, the experience
gained in extensive steel pipe tandem hybrid weld development activities combined with the use
of special synergic pulse weld schedules with the Fronius power supply built into the Hybrid
Pipe Welding System were thought to ensure a relatively simple parameter development cycle

when the system was installed at NASSCO shipyard.

After pipe schedules for steel pipe up to 30 inch diameter were developed at NASSCO, hybrid
welds were conducted at NASSCO shipyard using both 70-30 CuNi1 pipe provided by GDEB and
70-30 and 90-10 CuNi scrap pipe from NASSCO shipyard. Results proved to be substantially
different than expected based on previous experience with steel pipe. The weld wire that was
used, 0.045 inch diameter MIL-EN67 from Techalloy, was recommended by and purchased from
GDEB. At the recommendation of shipyard weld engineers, several shield gases were tried, and
ended up with 75% Ar—25% He. Of note is that feeding of the soft CuNi wire often resulted in
birdnesting, and special care should be taken in designing a wirefeed system as short as possible

with a minimum of short radius bends to minimize this issue.

The results of several of the weld tests with the best appearance are presented below. In Figure

46 and Figure 47, welds of 4 inch pipe are shown, straight butt with 0.110 inch thick wall. For
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both the 90-10 and 70-30 CuNi, it is immediately evident that porosity is found in the laser
portion of the weld, and pinholes are present on both the top and bottom sides of the weld. Also
evident in the second figure is the mismatch of the laser and GMAW torch. It is noted later that

a lesson learned would be to develop improved designs or better calibration methods to ensure

alignment.
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Figure 46. Tandem hybrid weld of 4 inch 90-10 CuNi pipe.
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Figure 47. Tandem hybrid weld of 4 inch 70-30 CuNi pipe.

In Figure 48, 8 inch diameter 70-30 CuNi pipe is welded with a straight butt joint preparation
and a 0.340 inch thick wall. Again, the mismatch in alignment between the laser and GMAW
weld is immediately evident. And, though the weld was visually acceptable, substantial porosity

is evident in the laser portion of the weld.
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Figure 48. Tandem hybrid weld of 8 inch 70-30 CuNi pipe.

To combat the porosity, several things were tried including varying of laser power and travel
speed, acid dipping the pipe after fit-up and immediately prior to welding, and back purging
using Argon gas. None were successful in eliminating the porosity. The most likely explanation
for the extreme porosity is the inclusion of relatively volatile elements in the pipe alloy which
were not present in the plate material. It seems these elements are volatilized during welding due
to the high temperature of the laser portion of the tandem hybrid weld, but do not have time to
escape to the high cooling and solidification rates. Other possible explanations include the

creation of keyhole instability, though this seems unlikely due to the sporadic shape of the
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porosity and the fact that no porosity was evident in the plate welds over a wide range of travel
speeds. It should be noted that only scant effort was applied to solving these issues, since the
primary focus of the work was geared to welding steel pipe to support the cost benefit analysis

and to prove ability to weld steel pipe over a wide range of diameters.

It is possible that welding in a “pure hybrid” mode, i.e. with laser impinging the filler material
provided by the GMAW process rather than separated by 25 mm (1 inch), could help to mix in
alloying elements which would prevent the formation of this porosity. Additionally, the extra

heat may serve to keep the melt pool in a liquid state long enough for any gas that is formed to

escape. Additional experiments are warranted to verify or disprove this theory.
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ANCILLARY EXPERIMENTS

Process Gas Management

Management of process gases is an important part of developing a practical hybrid welding
system and refers to the gas and air knives, jets, and nozzles used to control the gas, plasma, and
spatter generated during the welding process. These gases must not negatively impact the
GMAW shielding gas, which provides numerous functions required for adequate weld bead
quality, and cannot be substantially disturbed. The effectiveness of the design is evaluated based

on its ability to perform two main functions: plasma suppression and spatter control.

Plasma Suppression

A primary function of the gas management design is to suppress the plasma and gas plumes that
are formed in the keyhole during laser welding. The plasma and gas plumes are generally
directed by the keyhole directly along the laser beam path. This plasma absorbs and refracts the
laser energy, and can result in substantial losses in the amount of laser energy available for
welding, leading to a reduction in weld penetration. Plasma suppression gas has long been
utilized for CO; laser beams, which operate at 10.6 um in the far infrared portion of the
electromagnetic spectrum and are know to be strongly absorbed in plasma. However,
historically plasma suppression for lasers operating at 3 kW or less in the near infrared, i.e.
Nd:YAG at 1062 nm, is often not considered important, since absorption by the plasma at the
shorter wavelength is much reduced. However, we found that at the high powers provided by the
7 kW fiber laser, plasma suppression at these wavelengths did produce a noticeable increase in

penetration.

To limit effects of the energy-absorbing plasma plume the plasma suppression gas should
incorporate an element to blow the plasma and gas plumes out of the path of the laser beam.

This element should be close to the work piece to limit the size of the plasma and gas plumes, as
shorter plasma and gas plumes will absorb less laser energy. It is also important that this element
use a gas which is not conducive to plasma formation and which does not have negative effects
on the weld quality such as oxidation or porosity. A simple solution, implemented in the plasma

suppression design used in this hybrid welding system, is a gas nozzle or jet aimed roughly
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perpendicular to the plasma and gas plumes a short distance above the work piece, utilizing

argon gas (with high ionization potential), and aimed so as not to disturb the GMAW shield gas.

Spatter Control

The second function of the gas management system is to protect the laser optics from being
damaged by the spatter produced during the welding process. The laser optics are protected by a
cover glass but if spatter sticks to the cover glass, the laser beam will heat the spatter until the
cover glass is damaged and must be replaced. Frequent replacement of cover glasses can be
costly, but a ruined cover glass during a weld will likely result in an unacceptable weld, wasting
both time and material. For these reasons it is important that the spatter control system limit the

amount of weld spatter reaching the laser optics.

Gas Management Experiments

Several elements may be used in a spatter control design to prevent damage to the laser optics.
Air knives, nozzles, and jets are used to deflect the trajectory of the spatter away from the optics.
Also, one or multiple apertures may be used to keep a majority of the spatter from coming near
the optics. Figure 49 shows one example of such a set up using a simple aperture made by
drilling a 0.25 inch aluminium plate, an air knife, and a nozzle made by flattening a copper tube.

In this photograph, the air nozzle and air knife air directed toward the observer.
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Figure 49. Experimental setup for evaluation of gas management designs.

A series of experiments were conducted using the basic gas management design shown in Figure
49 varying the positioning of the air knife, using nozzles above, below, or above and below the
aperture, and varying the air pressure to each element. A Mikrotron 1302 high speed digital
camera, viewing the processing area from the right side of the figure, was used to record the

performance of each configuration.

Figure 50 shows the effect of varying the air pressure through the air knife. The yellow line
designates the direction of air flow from the air knife (right to left). The increasing air pressure

leads to increased air velocity, which helps to deflect spatter. Also, the white gas plume coming
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through the aperture decreased in height as the air pressure was increased since the air jet spreads

along a wider path as it travels away from the air knife.

Direction of Air
Knife Flow

Figure 50. Gas management with varying air pressure (Camera Aperture: 2.8, Exposure time:
1/1002 sec., framerate: 6001ps).

Figure 51 shows the effect of varying the distance from the gas nozzle to the aperture hole. When
the air knife is positioned closer to the aperture hole (right side of figure) the air is traveling at a
higher velocity, and is thus more effective in deflecting the trajectory of spatter and the gas

plume. When the air knife is at a more distant position from the aperture hole (left side of figure),
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the air jet has spread out, providing a wider area of coverage and affecting the gas plume at a
lower height, but the resultant reduction in gas velocity diminishes its ability to deflect the

heavier spatter particles.

Edge of Air
Knife

Direction of Air
!.ﬂ

Direction of Ai r
Knife Flow

——

Figure 51. Air knife at varying distance from aperture hole (Camera Aperture: 2.8, Exposure
time: 1/1002 sec., framerate: 6001fps).

Figure 52 shows the result of using an air nozzle in combination with an air knife. The left and
middle pictures feature an air nozzle, with orange arrows indicating the patter of air flow, above
the aperture but below the air knife, with yellow arrows indicating air flow from the air knife.
The air nozzle produces a higher velocity flow of air which can be clearly seen in the drastic

change of trajectory of spatter as it crosses the path of the air nozzle. The middle picture is useful
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in comparing the impact of the air nozzle versus the air knife in deflecting spatter with the high
velocity air nozzle clearly resulting in a greater change in the spatter trajectory. The right picture
shows the effect of placing the air nozzle below the aperture which limited the height of the gas
plume, which no longer passed through the aperture hole, but did not significantly limit the

amount of spatter which traveled upward toward the air knife.

Air Knife
. “Close”
plus Nozzle
Below
Aperture

Air Knife Air Knife
“Close” “Close”
plus Nozzle plus Nozzle
Above Above
Aperture Aperture

Directic; of Air
Knife Flow

(Same | Configuration)
Direction of Air Direction of Air
Knife Flow _tgnife Flow

Figure 52. Air knife in combination with air nozzle above versus below aperture (Camera
Aperture: 2.8, Exposure time: 1/1002 sec., framerate: 600{ps).
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Based on the motion of spatter in individual frames of the high speed video and the exposure

time of each frame the spatter travelling above the aperture has an estimated velocity of 25
m/sec.

Gas Flow Management

Another important factor to consider in gas flow design is the management of the gas flow
caused by the gas and air knives, jets, and nozzles. A high velocity gas jet creates a pressure drop

which causes the surrounding air to flow toward the gas jet as displayed in Figure 53.

/ J/ /
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= =0
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Entrained Gas Flow from
High to Low Pressure

Figure 53. Gas flow induced by pressure drop at high velocity gas jet.

During welding experiments the pressure drop caused by the high velocity air nozzle above the
aperture was large enough to draw a significant volume of air through the aperture hole as shown

in Figure 54.
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Figure 54. Gas flow near weld region with single aperture.
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A string can be placed near the region of interest in order to roughly gauge the gas flow and
turbulence in the region. This simple string test was used to verify that there was indeed
disturbance in the air around the weld region. This disturbance affected the GMAW shield gas,
necessarily located below the aperture hole, with a resultant negative impact on weld quality and

increase in surface porosity.

The solution to this problem was to use two apertures. The pressure drop created by the air
nozzle pulled air through the upper aperture hole. However, the lower aperture, with a smaller
aperture hole, limited the air drawn upward from the weld region. Instead, most of the air
traveling through the upper aperture hole was drawn from between the two apertures, as shown

in Figure 55. This prevented disturbance of the gases in the weld region and maintained weld

v
U /C
=
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quality.

Lower
Aperture

Weld Region
o

Figure 55. Gas flow near weld region with both an upper and lower aperture.

It is also important to make sure that the high velocity gas or air jets used for plasma suppression
or spatter control are not deflected by any object in its path back into the GMA weld region. This
requires ensuring that the jet is aimed high enough above the aperture hole so that no air is
deflected downward by the edge of the aperture hole, and also aiming the jet away from any
other objects which could deflect it down toward the weld region. For example, when the air
knife assembly was installed on the hybrid welding system at ARL Penn State for the initial pipe

welding experiments, the high velocity air jets deflected off of the rotary positioner which
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disrupted the flow of shield gases in the weld region, as shown in configuration A in Figure 56.
The dark blue arrows represent the air flow from the air nozzles and the light blue arrows
represent the flow deflected by the rotary positioner. The obvious solution was to aim the air

knife assembly in the opposite direction, away from the rotary positioner as shown in

configuration B.

Laser
A Optics
Head
Air
Nozzles
Not to Scale Rotary
Positioner
CCw
Rotation
Not To
Scale

s

Not To
Scale

Figure 56. Gas flow management during pipe welding at ARL Penn State.

However, when the pipe welding system was installed at GD NASSCO shipyard and production
pipe assemblies were welded, a different gas deflection issue was encountered. The high
velocity gas jet was deflected by elbow joints, as shown in configuration C in Figure 57, such

that shield gas flow in the weld region was again disrupted. Due to the position of the seam
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tracking camera being immediately ahead of the laser, and the laser begin ahead of the GMAW
torch relative to the weld travel direction (and also relative to the view given in the figure) the air
knife assembly could only be aimed parallel to the pipe axis toward or away from the rotary
positioner (corresponding to right and left in the figure). Fortunately, the straight pipe sections
used in production welds at NASSCO shipyard were significantly longer, >600 mm (2 feet), than
the 150 mm (6 inch) sections used during parameter development at ARL Penn State, which
allowed more room to direct the high velocity air jet so as to not be deflected by the rotary
positioner. The solution was to replace the lower air nozzle with a ServoRobot air knife which
incorporated an aperture with an upward angled lip. The air jet closely follows the aperture and
angled tip, and was successfully directed upward, above the rotary positioner, as shown in

configuration D.
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Figure 57. Gas flow management during pipe welding at GD NASSCO shipyard.
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The final air knife design, shown in Figure 58, took into account all of the factors previously
discussed and the lessons learned while welding at Penn State ARL and NASSCO shipyard. This
design features a simple gas nozzle aimed perpendicular to the laser beam just above the weld
region using argon gas to suppress the plasma and gas plumes and slightly deflect spatter. An air
knife and two air nozzles are employed above the apertures for spatter control. The air from the
air knife is directed upward by the lower of two angled apertures and thus does result in
disturbance to the GMAW shield gas. The aperture below the air knife was sufficient to ensure
that the air flow did not disrupt the laser shield gas near the weld region and was effective in
stopping the upward motion of most of the spatter. Above the air knife high velocity air nozzles
from ExAir Corporation were used for additional spatter control needed to deflect the spatter
traveling at the highest velocities. They were placed side by side to cover the full width of the
possible trajectory of spatter traveling upward through the aperture holes of the three apertures.
The significant air flow caused by the high velocity air jets from these nozzles was directed by
the three apertures such that shield gases in the weld region were not disrupted. For the same
reason the nozzles were placed above the air knife to give a greater distance between the nozzles

and the weld region.
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Figure 58. Final gas management system design.

Wall Thickness Variations and Edge Preparation

Laser welding with optimal penetration characteristics and rootside reinforcement geometry is
very sensitive to variations in wall thickness. If the process is optimized for a given wall
thickness and the thickness increases, lack of penetration may result. If the thickness decreases,
the vapor keyhole may fully penetrate leading to material expulsion at the root. Unfortunately,
existing ASTM AS53 specifications for pipe and ASME B16.9 specifications for fittings allow for
substantial variations in wall thickness. As such, it was determined early on that machining of

pipe edges, both inside and outside diameter might be necessary. This would serve to ensure a
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constant land height, and hence volume of material, for the laser to melt and penetrate. Figure 59
illustrates the potential joint mismatch that can result using pipes that actually meet the
specifications, and how edge preparation can ensure that a constant joint geometry is presented
to the laser beam. Though additional expense for machining is required to ensure consistent joint
geometry (unless suppliers can provide materials with tighter tolerances), the edge preparation is

believed to be necessary to guarantee consistent weld quality.

*Face pipe
-Bevel outside PIPE MAX DD—\ /—FITFING MIN OD

*Trim inside )
(
llll.'u
PIPE MAX ID
\—FITTING MIN ID

JOINT WALL THK: 0.318
(74% OF NOM)

Constant root face

WORST CASE FITUP — & INCH NPS

ASTM AS3. Standard Specification for Pipe
ASME 169.  Steel Buttwelding Fittings

Figure 59. Illustration of potential wall thickness variations, and how machining of edges can
ensure a consistent joint presentation to the laser beam.

Fortunately, several manufacturers supply portable tools for that can provide the required edge
preparation for pipes and elbows. Figure 60 shows one such tool. Regrettably, however, it was
determined that the elbow mandrels, which would work fine if merely facing and machining the
outside diameter of elbows, do not work when machining of the inside diameter is required. The
standard position of the mandrel within the elbow would cause interference with the inside
diameter tool bit, so the mandrel must be extend further into the elbow. This, in turn, results in
misalignment with the center of the pipe opening, and unacceptable edge machining. This is
illustrated in Figure 61 and Figure 62. Though modules that allow the tool bits to track the

inside diameter are available, and would indeed provide a consistent land height, there is
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potential for eccentricity of pipe and fittings to result in unacceptable mismatch. As such, for all

work conducted on NASSCO production spools, all fittings were prepared in a machine shop.

* TriTool BavelMaster 212B

* Machines 4 inch - 12 inch pipe i
{all schedules) =

Source: TnTmIehsite

Figure 60. Example of portable pipe edge bevelling machine (source: TriTool website).
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Figure 61. Illustration of operation of pipe edge bevelling machine. Shown are the tool fixtured
in the pipe (left), then moved into machining position, where is faces the pipe, bevel the outside
diameter, and trims the inside diameter (right).
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Figure 62. Illustration of problems encountered when applying the edge beveling machine to
fittings. Shown in interference between the tool bit and the fixture (left), and misalignment of
the tool bits (right).

Another item of note related to edge preparation is that standard fittings come with a pre-
machined beveled edge, the length of which is account for in design of pipe spools. In order to
provide the required joint geometry and land height, this bevel must be machined off, thus
reducing the length of the fitting by a non-negligible amount. This must be compensated for
either by using sliding collars or fittings downstream of the machined fitting or by lengthening
pipe sections are required. If the production volume is high enough, it is likely that it would be
economically viable for suppliers to provide fittings that have the required dimensional

tolerance, thus eliminating the need for pre-weld machining operations.
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SHIPYARD INSTALLATION

Hybrid Weld Parameters

Though the preliminary investigations conducted at ARL Penn State with both the 4.5 kW
Nd:YAG laser and the 7 kW fiber laser provided a strong basis for development of process
parameters over the entire range pipe diameters and wall thicknesses, additional parameter
development was still required. In the end, processing conditions were determined which
satisfied the requirements for approval for a wide range of pipe diameters and wall thicknesses
— they passed visual tests, radiographic tests, face and root bend tests, and tensile tests. It is

important to realize, though, that they may not have been optimized for speed or weld quality.

Through experimentation is was determined that only two edge preparations were required to
permit welding with the available equipment. For wall thickness less than 0.375 inch, straight
butt joints were sufficient, though knocking the edge off with a file was necessary to ensure
robust seam tracking. Some tests conducted using saw-cut edges were successful, but to ensure
success the majority of tests employed machined edges. For wall thickness greater than 0.375
inch, a bevel was required to allow the 7 kW laser to achieve full penetration with a robust and
repeatable process. These joint preparations are shown below in Figure 63 and Figure 64. Note
that it is believed that use of a higher power laser may enable full penetration of straight butt
joints up to 0.500 inch wall thickness (data from 12 kW fiber lasers hybrid welds from the
Bremer Insitut fiir Angewande Strahltechnik in Bremen, Germany supports this). If true, saw-cut
edges may be sufficient to produce suitable welds, and could thus eliminate the need for
machined edges. Further investigation is certainly required, but significant additional cost

savings may be realized.
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Figure 63. Joint preparation for joints with less than 0.375 inch wall thickness.
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Figure 64. Joint preparation for joints with 0.500 inch wall thickness.

As mentioned above, it is likely that a higher power laser would eliminate the need to bevel

thicker sections, provided that the thickness can be maintained within some limit. Though pipe
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thickness tend to remain fairly constant, wall thickness on fittings varies dramatically and is
cause for concern. If possible, fitting suppliers that can provide pre-machined fittings and/or
keep tighter tolerance on wall thickness variation and eccentricity would allow the hybrid pipe

welding technology to operate to its greatest potential benefit.

Though experiments were carried out to investigate the ability of the hybrid welding process to
weld through conventional tack welds, in the end it was decided to produce all tack welds as
autogenous GTA welds, i.e. without added filler wire. This eliminated any possible problems
caused by the need for the laser to penetrate additional filler material supplied through the tack
welding process. Figure 65 illustrates the difference in joint preparation between the standard
bevel and tack weld, and the hybrid bevel and tack weld. Note the fact that the hybrid joints
require a tight fit-up actually makes it somewhat easier for the pipe fitter, since a predefined gap

does not need to be carefully maintained during fit-up.
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Figure 65. Comparison of joint preparation and tack welding for conventional and hybrid
prepared joints.

More than 500 welds were conducted at NASSCO to help define parameters over the broad
range of pipe diameters and wall thicknesses used in the shipyard, and to ensure a robust and
repeatable process. The parameters that were eventually used for qualification of pipe up to

16 inch diameter are tabulated in
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Table 2. Figure 66 shows characteristic macro cross sections of the welds that were produced at

NASSCO.
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Table 2. Processing for various pipe sizes subjected to qualification testing.

PIPES SIZES AND PARAMETERS

Pipesize  Sch.  Wallsize  Land/Bevel Buft Laser  WeldSpeed  Spacing between Laser & Wire WFS
0 0.7 023 MACH 4.5 m 25mem § Off set 35 250
a0 037 0337 MACH 65 a0 25mm | Off set 35 250
0 0281 028 MACH 45 E1 2amem [ Off set 35 250
a0 0432 0432 MACH 65 20 25mm | Off et 35 200
a0 0322 0322 MACH 5.5 w0 25mm | Off set 35 250
an 0.5 76160 MACH 7 25 25mim O et 45 50
40 0.3%5 0,365 MACH 65 F 25mm | Off et 35 200
x5 0.5 LTS5 A5 MACH T 20 25mim [ O set 45 400
W 0.375 0.375 MACH 5.5 2% 25mm | O set 50 250
x5 b5 IT5 /35 MACH B.5 20 25 [0l st 45 I50

- £l ] 0IT5s D3TS MACH B.5 25 25 | 0T gl 45 250
a0 0,375 0.375 MACH 65 2% 26mem | Of set 35 250
%5 0.5 0375 135 MACH 55 2% 26mem | O set 45 400
W 0.375 0.375 MACH 55 3% 25mem [ O set 35 350
x5 | 5 P T T PENDING

4" NPS FSCH 80/ WALL 0.337

14" NPS | SCH, 405 /WALL 0.375 G"NPS  SCH, B0 FWALL 0.432 7 LAND 0.375

Figure 66. Macro cross sections of hybrid pipe welds produced at NASSCO shipyard.
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Test Production Run

Once hybrid laser-GMA parameters were developed to produce visually acceptable welds on a
set of pipe schedules that covered the range of wall thicknesses, a small test production run was
conducted to provide an initial view into potential production rate. In order to mimic the random
order of pipe spools that come through a welding cell in the course of a normal day, the pipes
were presented in a pseudo-random order so that the operator was required to re-teach the
location of each joint prior to executing the weld. A photograph of the ten welded pipes is

provided in Figure 67, and the results of the time study are presented in Table 3.

The time to load, teach, and weld 10 joints averages under seven minutes per weld. This
substantial improvement over conventional techniques can be attributed to the ease in utilizing
the system due to simple user interface and the automatic seam tracking, as well as to the
substantial improvement in weld time due to the higher travel speeds and reduced number of

weld passes realized with the hybrid welding process.
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Figure 67. Photograph of pipes joined with a hybrid laser-GMA weld for the small production
test run time study.
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Table 3. Results of the time study.

Pipe Diameter Pipe Schedule Load Teach Joint Weld
{inch} {min:sec:} {min:sec:} {min:sec:}
4 40 00:32 05:25 06:35
6 40 11:05 14:15 16:05
4 80 18:30 22:55 24:00
8 40 25:25 29:55 30:35
8 80 33:15 36:55 38:35
4 40 39:50 42:40 44:20
6 40 46:10 49:35 50:55
6 80 52:10 55:10 57:10
8 40 58:00 61:10 62:35
8 80 64:00 67:05 68:40

Total 68 m40 s

Not addressed in this initial investigation was the comparison of pipe preparation time. At the
time of this test, only machined pipe edges had been utilized, straight butts for thinner wall pipes
and special bevels for thicker wall pipes. Portable pipe edge preparation tools were available to
perform these machining operations. After this test, as parameters were developed for an
expanded range of pipe diameters and wall thicknesses, saw-cut edges were sometimes used for
the thinner wall pipe with acceptable results. As development moved into joining of pipe to
fittings, we found that the pipe edge preparation tool was not effective, due to interference and
misalignment. As such, many of the fittings were diverted to the NASSCO machine shop for
edge preparation. This obviously resulted in increase logistical burden and cost. For this reason,
a separate effort was undertaken to determine in fitting suppliers would be willing to provide
pre-machined fittings at a cost-effective price. This is discussed further in the Cost Benefit

Analysis section of the report.

Approved Welds

The first ABS approval of hybrid welding in the U.S. was received on pieces produced by
NASSCO operators during training at ARL Penn State in February 2007. The signed Procedure

Qualification Record cover sheet is shown in Figure 68.
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GENERAL DYNAMICS / NASSCO
2798 Harbor Drive
Sap Diego CA 92186-5278
(619) 544-359 / Fax (619) 544-7516

PROCEDURE QUALIFICATION RECORD
(PR} NP-11ALl

Laser-GMA Hybrid

Basc Material: Cfe Pipe
Filler Material:

THIS IS TO CERTIFY THAT THE PROCEDURE, AS LISTED ABOVE, HAS BEEN
SATISFACTORILY QUALIFIED IN ACCORDANCE WITH THE REQUIREMENTS OF
ABS 2006 RULES, AND THE SIGNATURES BELOW INDICATE APPROVAL OF TIIS
PROCEDURE.

///7‘;’1 i ) )
S A7 4 e
PREPARED BY: f@ ﬂfméim  pame: 7 zéﬁéﬁ A, 07

Ran Doerksen
Assistant Welding Engineer

APPROVED BY: /o/ Michgs! I Sulliven DATE: __Mapch 22, 2007
Manager of Accuracy Comtrol and Chief Welding EBngineer

&5
i & - %V, & 7 A Sy |
APPROVED BY: % ot 9% a’l‘*“u{#f/f/f N pats: _Mach 2.3 2007]
Deon Haydock b
ABS, Engineer Malerials Deparment

Figure 68. Signed ABS approval of hybrid pipe weld.

The data Table 4 in shows the pipe schedules that have been approved for hybrid welding as of
August 2007. Approval for pipe schedules up to 30 inch in diameter are pending.
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Table 4. Table of joints with ABS approval and with approval pending (produced in Aug 2007).

Pipe size | Sch. | Wall size | Land / Bevel | ABS Approved | X-Ray | Bend | Test No.
4” 40 0.237 0.237/0 PENDING Passed | Passed 07-213
4” 80 0.337 0.337/0 PENDING Passed | Passed 07-270
6” 40 0.280 0.280/0 (PQR) YES Passed | Passed 03-09
6” 80 0.432 0.432/0 PENDING Passed | Passed 07-302
8” 40 0.322 0.322/0 PENDING Passed | Passed 07-274
8” 80 0.500 0.375/ 60 PENDING Passed | Passed 07-311
10” 40 0.365 0.365/0 PENDING Passed | Passed 07-265
10” XS 0.500 0.375/ 45 PENDING Passed | Passed 07-424
12” 40 0.375 0.375/0 PENDING Passed | Passed 07-478
14” 40 0.375 0.375/0 PENDING Passed | Passed 07-553
16” XS 0.500 0.375/45 PENDING Passed | Passed 07-510

Sources of Weld Failures at the Shipyard

Throughout the course of the demonstration period at NASSCO, numerous factors resulted in
failed welds. It may be instructive for those engaged in similar projects to review these, as many

may be correctable.

e Land/root face mismatched

o more consistency in edge preparation may help
e Land length/root face variations

o more consistency in edge preparation may help
e Tracking focal point shifting

o 1improved head design may eliminate shifting of the tracking system relative to the
location of the laser spot

o alternatively, a better means of calibrating and adjusting the location of the seam
tracker may help

e Cracking tack welds

o Dbecause autogenous tack welds were used, they do not have the strength of
conventional GTAW tack welds

o a modification of the program to allow laser tack welds in order to boost the
strength of the tacked joint prior to full welding may be a simple fix

e Surface too shiny to track

o a diffuse reflection of the seam tracking laser is necessary to robust tracking
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o there is a tendency for operators to believe a shinier joint preparation is better,
when in many cases, the surface should rather be roughened with sand paper or a
grinding wheel in order to track correctly

Closed valves from process gases and air
o system should alert operator of gas flow problems.
Water supervision fault (GMAW power supply anti-freeze)
o the water cooled GMAW power supply sprung a leak
Wrong joint tracking template entered
O operator error
Short radius elbows, pipe length limits (23 inch or 584 mm)
o this refers to interference with the hybrid welding head or robot during rotation
o amodified head design would help mitigate this problem
Variances in wall thickness on elbows and reducers
o more consistency from fitting suppliers would help
Pipe lengths Limits (6 feet or 1883 mm)
o a larger system base would eliminate this problem
Some joints, particular on larger pipes have slight gaps
o it is possible to use seam tracking data to modify process parameters in real time

o itis believed more desirable to ensure consistent gap through machining if
possible

Pendant cord being damaged / fragile pendent (used for every weld)
o the robot pendant was dropped and broken twice, expensive and time consuming

o amore durable pendant and protected pendant cord are necessary since the
pendant is required for every weld
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COST BENEFIT ANALYSIS

To help evaluate the potential cost benefit, an analysis of actual joining time of production pipe
spools joined using the hybrid pipe welding system was compared to the time normally allotted
to complete each spool using conventional joining techniques. Each spool is different, and the
details of each are included in Appendix C. Since the number of joints required for each spool,
or actually welded for each spool, varies from one to three, the times were normalized for two
joints per spool. The times include everything from edge preparation, to grind, fit-up, and tack

welding, to set-up and welding, to weld repair when required.

Of note is that during these trials, fittings had to be sent to the machine shop to prepare the edge.
This time is included in the analysis. However, conversations with Allied Supply Company
reveal that fittings may be purchased pre-machined to the required geometry. If the system were
to proceed to full production, it would likely be of benefit to pay the premium required for pre-
machined fittings in order to reduce the production time and logistical burden in the shipyard.

The information received from the fitting supplier is shown below.

CURRENT PRICE
Price for standard fittings that are not machined

e 4"STDO90ELL $16.32
e 6"STDO90ELL $22.60
e 8”STD90ELL $67.03
e 10”STD 90 ELL $118.39
e 127STD 90 ELL $167.60

PRICE FOR MACHINED FITTINGS:
There would be a one time tooling fee of $600.00 per size. Prices are for fitting and
machining. Based on a quantity of 20 for each size.

e 4"STD90ELL $34.28

e 6"STD90ELL $46.49
Based on the costs provided for pre-machined fittings of 4 inch and 6 inch diameters, it is
possible to extrapolate the cost for up to 12 inch diameter. Two extrapolation methods were
used, providing a range of costs. These costs are presented in Figure 69. These values are used

in the final costs analysis.
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Figure 69. Costs for pre-machined fittings.

The comparison of conventional joining time to joining time using the hybrid pipe welding

system has been constructed to provide both actual total time including machining of fittings,

and an estimate of time if pre-machined fittings were used. The assumptions are stated below,

and the comparison is shown in Figure 70, with data tabulated in Table 5.

Assumptions:
e Normalize to 2 joints.

If reducer, then split time evenly between the two joints and multiply by 2

If only one side could be welded but both ends were prepped, then cut prep time

in half, then multiply by 2

If 3 joints were welded, than divide by 3 and multiply by 2

e Since prep time includes machining of pipes and fittings, for calculating "Hybrid w/o
machine time" assume 25% of total time was for machining the pipe and 75% was for
machining the fitting. This can be used to look at time savings if premachined fittings are
purchased.
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Total Joining Time
Production Pipe Spools Joined with
the Hybrid Pipe Welding System at GD NASSCO

O Conventional
5.00 - M Hybrid
_ I O Hybrid w/ Premachined Fittings
4.00 -|
® { Time Includes:
5 100 _ _ : - Edge prep of pipes and fittings
T " E - Grind, fit, tack weld
- Set-up and weld
0 i ! | I - Weld repair (if required)
1.00 - — B
Total Average Time Savings:
000 Hybrid: 23%
QD N N ) - - N -
N <& & & & <& <& &
R S T GNP A Hybrid w/
SIS A\ S N Premachined Fittings: 49%
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S R, I

Pipe Schedule

Figure 70. Total joining time for conventional joining methods compared to hybrid pipe
welding.
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Table 5. Time study comparing the actual hybrid welding process to conventional joining
process for actual production pipe spools.
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4SCH40 Conventional 0.50 0.30 1.00 0.00 1.80
0.237 inch Hybrid 0.50 0.50 0.25 0.25 2 1.50 0.30 17% 1
Hybrid w/o machine time 1.13 0.68 38%
6SCH40 Conventional 1.00 0.50 1.50 0.00 3.00
0.280 inch Hybrid 1.50 1.20 0.75 0.33 3 2.52 0.48 16% 7
Hybrid w/o machine time 1.77 1.23 41%
8SCH40 Conventional 1.00 1.50 2.00 0.00 4.50
0.322 inch Hybrid 1.30 1.00 0.30 0.00 2 2.60 1.90 42% 3
Hybrid w/o machine time 1.63 2.88 64%
8SCH40 Conventional 1.00 1.50 2.00 0.00 4.50
0.322 inch Hybrid 0.38 0.75 0.50 0.17 1 3.58 0.92 20% 6
Hybrid w/o machine time 3.02 1.48 33%
8SCH40 Conventional 1.00 1.50 2.00 0.00 4.50
0.322 inch Hybrid 1.20 0.50 0.50 0.50 1 5.40 -0.90 -20% 10
Hybrid w/o machine time 3.60 0.90 20%
8SCH40 Conventional 1.00 1.50 2.00 0.00 4.50
0.322 inch Hybrid 2.00 0.50 0.50 0.00 2 3.00 1.50 33% 11
Hybrid w/o machine time 1.50 3.00 67%
8SCH40 Conventional 1.00 1.50 2.00 0.00 4.50
0.322 inch Hybrid 1.00 1.00 0.50 1.00 2 3.50 1.00 22% 14
Hybrid w/o machine time 2,75 1.75 39%
10SCH40 Conventional 1.00 1.50 2.20 0.00 4.70
0.365 inch Hybrid 2.00 1.00 0.50 0.75 2 4.25 0.45 10% 4
Hybrid w/o machine time 2.75 1.95 41%
10SCH40 Conventional 1.00 1.50 2.20 0.00 4.70
0.365 inch Hybrid 1.20 0.50 0.50 0.50 2 2.70 2.00 43% 10
Hybrid w/o machine time 1.80 2.90 62%
10SCH40 Conventional 1.00 1.50 2.20 0.00 4.70
0.365 inch Hybrid 2.00 1.00 0.50 0.70 2 4.20 0.50 11% 13
Hybrid w/o machine time 2,70 2.00 43%
12SCH40 Conventional 1.50 1.70 3.00 0.00 6.20
0.375 inch Hybrid 2.00 1.00 0.50 0.00 2 3.50 2.70 44% 9
Hybrid w/o machine time 2.00 4.20 68%
16SCH40 Conventional 1.50 2.00 3.50 0.00 7.00
0.375 inch Hybrid 1.50 0.70 0.50 0.50 1 6.40 0.60 9% 16
Hybrid w/o machine time 415 2.85 41%
4SCHB80 Conventional 1.00 1.10 1.30 0.00 3.40
0.337 inch Hybrid 1.00 0.50 0.33 0.00 2 1.83 1.57 46% 2
Hybrid w/o machine time 1.08 2.32 68%
6SCH80 Conventional 1.00 1.10 1.90 0.00 4.00
0.432 inch Hybrid 3.40 0.50 0.50 0.20 2 4.60 -0.60 -15% 8
Hybrid w/o machine time 2.05 1.95 49%
6SCH80 Conventional 1.50 1.60 1.90 0.00 5.00
0.432 inch Hybrid 1.50 1.00 0.50 0.00 2 3.00 2.00 40% 15
Hybrid w/o machine time 1.88 3.13 63%
8SCH80 Conventional 1.10 1.20 2.60 0.00 4.90
0.500 inch Hybrid 1.50 1.00 0.50 1.20 2 4.20 0.70 14% 5
Hybrid w/o machine time 3.08 1.83 37%
10SCH80 Conventional 1.10 1.40 2.80 0.00 5.30
0.500 inch Hybrid 4.00 0.50 0.50 1.00 1 12.00 -6.70 -126% 12
Hybrid w/o machine time 6.00 -0.70 -13%
12SCH80 Conventional 1.20 1.50 3.20 0.00 5.90
0.500 inch Hybrid 4.00 0.50 0.50 1.00 1 12.00 -6.10 -103% 12
Hybrid w/o machine time 6.00 -0.10 -2%
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With all preparation of fittings and pipe performed at NASSCO, and including any possible
repair time, the recorded total time savings average 23%. If pre-machined fittings are utilized, it
is estimated that total joining time would drop to 49% savings. It is believed that further
development and use of the system would gradually eliminate the need to make repairs, which
would further reduce this time. Additionally, use of a higher power laser would eliminate the

need to bevel the edge of thick walled pipes and fittings, thus resulting in additional savings.

According to a 2005 NSRP SP-7 Laser Pipe Welding Technology study performed at NASSCO
shipyard, over an 11 week period the pipe shop joined an average of 416 joints per week,
spending an average of 918 hours per week in joining operations. If this is extrapolated to a
year, more than 47,000 man hours are spent on pipe [4]. Though not all pipe spools can be
accommodated with the current design, it is safe to assume that a redesign would permit joining
of the vast majority. If the system (or more than one system) were utilized to full capacity with
all machining performed at NASSCO, the savings would be 23% of 47,000 hrs or 10,810 hrs per
year. If pre-machined fittings were to be utilized, the savings can be estimated to increase to
23,030 hrs per year. If burdened labor costs are estimated at $100/hr and average cost for
premium charged for purchase of a pre-machined fitting is $25 per joint, then annual savings can
be estimated at $1.78M. As mentioned, these savings may increase as the process becomes more

robust and the need for weld repair diminishes.

It is worth noting that, though only one hybrid pipe welding system currently exists, for
relatively low cost it would be possible to procure additional robotic pipe welding systems. The
fiber laser technology would permit use of a beam switch that would enable one laser system to
service multiple workcells in a timesharing configuration. Since the laser cost is the most
substantial portion of the investment ($700k to $1M, depending on laser power), this would
mean the incremental cost for bringing additional workcells online would be substantially less
than the initial investment for the first one. Additionally, it may be possible to feed the laser to
other areas of the shipyard for cutting of plate and pipe, and welding on the panel line, where
hybrid welding has recently been shown to result in dramatically reduced distortion in thin
plate [9]. Ongoing work sponsored by Navy ManTech through the Institute for Manufacturing
and Sustainment Technology (IMAST) and the Center for Naval Shipbuilding Technology
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(CNST) is addressing the implementation and qualification issues associated with these alternate

hybrid laser applications.
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LESSONS LEARNED / SUGGESTIONS FOR IMPROVEMENT

Numerous lessons were learned about how to effectively implement new and complex

technology into a shipyard, the most important of which are listed below.

Involve shipyard upper management, safety personnel, production management, and
welders early on to build strong buy-in.

Develop strong shipyard commitment to provide labor, equipment, parts, and monetary
support beyond the direct project allotment when required.

Select top people at the shipyard to participate at all levels. They should possess a high
degree of motivation, self-confidence, and strong working relationship with others around
the yard. This was invaluable in getting overall acceptance of the system as it was
installed in the pipe shop.

Include budget for safety training, robot training, and system training of shipyard
personnel.

Additional lessons learned about the technology itself, in addition to those outlined in the

experiment discussions, are listed below.

Air knife design and gas management are of critical importance. This is discussed in
more detail elsewhere in this report.

Varying land height, especially noticeable using standard elbows can result in poor
welds, so edge preparation may be necessary. The effectiveness of edge preparation tools
with machining of elbows is discussed elsewhere in this report.

Optical quality of the cover glass affects cover glass lifetime, i.e. higher optical quality
cover glasses last longer.

Welding ahead of Top Dead Center (TDC) can be used to provide a smoother and more
stable bead profile than welding at TDC.

If too much process energy is used, i.e. too low travel speed or too high power, the weld
can penetrate through the back and result in less backside reinforcement and small spatter
on pipe ID. Consequences for porosity were not investigated. This is discussed in the
Phase III Experimental section of this report.

Smaller land height seems to provide a more stable process, though this must be weighed
against ability to provide enough wire feed speed to fill large bevels at desired travel
speeds for thicker wall pipe.

Ability to vary the overlap (tie-in) parameters is necessary to ensure an acceptable tie-in
(not too much material, not too much heat and blow through).
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e Separating the laser from GMAW torch can lead to easier determination of processing
parameters, though has inability to deal with gaps or add special filler metal alloys if
necessary (not necessary for pipe welding).

e Tracking is necessary, even for carefully machined and fitted pipe.

e Simple user interface and ease of use is critical. The Wolf Robotics system offers the
ability for operator to teach a single point (at proper orientation) and system uses this
information along with information about pipe diameter to calculate entire path. Though
not exact, it is typically close enough for seam tracker to provide required path
corrections (seam tracker has +/- 30 mm travel).

e Interface should have ability to log all essential variables.

Suggestions for improvement in the next generation system are listed below.

e Add laser tack welding option.

¢ Add automatic joint-find (including orientation-find for offset-angled pipes). Assume
operator only needs to get the robot near the correct orientation and near the joint (say 3
inches away). May require seam tracker software modifications.

e Include a more robust and industrially hardened robot teach pendant.

e Improve head design with caliper-type adjustments to set relative orientation of GMAW
torch to laser to ServoRobot camera.

e Develop simple calibration procedures and/or tools for orienting GMAW torch to laser to
ServoRobot camera.

e Develop simple calibration procedures for ServoRobot joint tracking offsets (perhaps to
include an improved alignment laser that clearly shows when focus is on the top of the

pipe).

e Improve head design for (a) improved access to elbows and flanges, and (b) improved
access reach, especially with larger "Weld Offset" settings.

e Incorporate improved air knife designs into new head.

e Add video camera and flat panel monitor for operator to observe process. Perhaps two:
one to allow operator to check tracking during WELD BLOCKED dry runs, and another
filtered one to allow operator to observe the weld as he would during manual parameter
development, i.e. as if looking through a weld mask (the vast weld experience of these
operators could really help in parameter development, but they can't see the weld from
outside the cell).

¢ Include a manual slide to enable robot motion perpendicular to chuck motion.
Incorporate a motorized elevator for the rotary chuck (note this may require use of a
robot servo axis to maintain calibration).

e Consider changing chuck design to reduce instances of interference with robot or hybrid
head.
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Add an ability to teach two (or more) joints at once. This could allow an operator to
teach all welds in a pipe spool at once, thus eliminating need to repeat the entire
procedure for each individual joint on the spool.

Improved cable/hose management, reduce radiuses, reduce length of GMAW cable if
possible.

Add button on the Wolf Cell Controller to block weld and remove "Dry Run" option.
Incorporate longer jaws on the chuck to support larger pipe spools.

In the head design, add a plate or brush to block laser plasma or arc light from
ServoRobot camera. On several occasions, the reflection for the arc or plasma reflected
off the pipe and interfered with the seam tracker.

The system could be made easier to use and more flexible in operation if certain aspects
of the seam tracking were easily communicated to the Wolf Cell Controller.

Provide more training for NASSCO welders on operation of the seam tracker and the
GMAW power supply.

Include gas monitors for air knives and other gases to alert operator when gas is out or
wasn’t turned on. In several cases, failed welds were caused by gas problems that
weren’t immediately discovered.

Contact suppliers to provide pre-machined fittings to meet the joint geometry and
tolerance requirements. Having an ability to pull the required fitting off the shelf rather
than schedule machine shop time would result in significant savings in cost, time, and
effort.
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ACCOMPLISHMENTS

e First qualification of hybrid laser welding by the American Bureau of Shipping in the

U.S.

e First demonstration of hybrid laser welding in a U.S. shipyard.

e First production components hybrid welded in a U.S. shipyard.

e First hybrid welded components installed on a U.S. ship.

e Basis of hybrid pipe welding system specified by ARL Penn State and produced by Wolf
Robotics was used for another similar system later ordered by Caterpillar. Transition of
portions oft technology developed during the program to U.S. industry.

A list of presentations and publications provided by the project team during this program

follows:

Apr 2005 SP-7 Welding Project Update - Sullivan Myrtle Beach, SC
Technologies Panel (Presentation)
Meeting

May 2005 American Society of Reutzel, Kelly, Martukanitz, Bugarewicz, | Pine Mountain, GA
Materials (ASM) Trends Michaleris, “Laser-GMA Hybrid (Presentation &
in Welding Conference Welding: Processing Monitoring and Conference Proceedings)

Thermal Modeling”

Jun 2005 American Welding Society | Reutzel, Sullivan, Mikesic, Martukanitz, Williamsburg, VA
(AWS) Charting the “Joining of Pipe with Lasers: Weld Test (Invited Presentation)
Course in Welding: U.S. Results and Cost Analysis”
Shipyards Conference

Sept 2005 SP-7 Welding Project Update — Reutzel Portland, ME
Technologies Panel (Presentation)
Meeting

Oct 2005 International Congress on | Reutzel, Kelly, Tressler, Martukanitz, Miami, FL
Lasers and Electro-Optics | “Experimental Analysis of Practical (Presentation &
(ICALEO) Conference Aspects of Hybrid Welding of Thick Conference Proceedings)

Sections”

Jan 2006 Technology Meeting with | Project Update — Reutzel State College, PA
General Dynamics
Electric Boat personnel

Apr 2006 SP-7 Welding Project Update - Sullivan Provo, UT
Technologies Panel (Presentation)
Meeting

Jun 2006 American Welding Reutzel, Sullivan, Mikesic, “Joining Pipe | (Invited Journal Article)
Society (AWS) Welding with the Hybrid Laser-GMAW Process:
Journal Weld Test Results and Cost Analysis”

Jun 2006 Fabricators and Interviewed for article “Hybrid Laser-Arc | (Interview)
Manufactures Association | Welding Research Underway” - Reutzel
(FMA) Practical Welding
Today

113




Aug 2006

SP-7 Welding
Technologies Panel
Meeting

Project Update — Reutzel

ARL Penn State organized discussion of
Hybrid Weld qualification with shipyards,
NJC, NSWC-CD, and SEA 05M.

Carderock, MD
(Presentation and
Discussion)

Oct 2006 International Congress on | Reutzel, Kern, Tressler, “Continued Scottsdale, AZ
Lasers and Electro-Optics | Experimental Analysis of Practical (Presentation &
(ICALEO) Conference Aspects of Hybrid Welding of Thick Conference Proceedings)

Sections”

Feb 2007 Demonstration with Open | Demonstration of Hybrid Pipe Welding State College, PA
Invitation to U.S. System - Reutzel (Presentation &
Shipyards Demonstration)

Mar 2007 SP-7 Welding Project Update — Sullivan Fort Collins, CO
Technologies Panel (Presentation and
Meeting Discussion)

Aug 2007 SP-7 Welding Project Update — Sullivan San Diego, CA
Technologies Panel Shipyard Demonstration (Presentation and
Meeting Demonstrations)

Oct 2007 International Congress on | Reutzel, Kern, Tressler, Sullivan, Orlando, FL
Lasers and Electro-Optics | “Experience with Shipyard Installation of | (Presentation &
(ICALEO) Conference a Hybrid Pipe Welding System” Conference Proceedings)

Nov 2007 Society for Naval Reutzel, Kelly, Sullivan, Huang, Kvidahl, | Ft. Lauderdale, FL

Architects and Marine
Engineers (SNAME)
Maritime Technology
Conference and Expo and
Ship Production
Symposium

Martukanitz, “Hybrid Laser-GMA
Welding for Improved Affordability”

(Presentation and
Conference Proceedings)
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CONCLUSIONS

The combination of laser with conventional gas metal arc welding technology offers substantial
increases in production rate of joining pipe through single-pass joining compared to multi-pass
conventional techniques. The hybrid process has been examined and developed for this
application, and the process has been qualified through the American Bureau of Shipping for a
wide range of pipe schedules. A system to realize this application has been specified, designed,
built, and implemented in General Dynamics NASSCO Shipyard, and been subjected to a 7
month evaluation on the production floor. Lessons learned have been documented to benefit

future efforts.

Even considering additional time spent to achieve proper fit-up, the estimated savings are
substantial, and range from 23% to 49% time savings based on data collected on actual
production pipe spools. With upwards of 47,000 hours per year spent in joining pipe per year,
the potential cost savings are substantial. Additional process improvements would certainly be
realized as the technology matures and would result in additional savings. Reductions in filler
wire consumption and the attendant reductions in hazardous weld fume emissions would also be

substantial.
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1. Laser-GMA Hybrid Pipe Welding Workcell

1.1. Introduction

This document sets the performance specifications for a pipe welding workcell utilizing
the hybrid laser arc welding (HLAW) process. The HLAW process combines the laser
beam welding (LBW) process with the gas metal arc welding (GMAW) process (see
Figure 1). This enables single-pass welding of material that requires 3 to 5 passes using
conventional processes (see Figure 2). This will enable welding time savings of up to
80% or more, predicted to result in an increase in throughput, less heat input, reduced
residual stress and distortion, improved process quality, and substantial cost savings.

Laser-Gas Metal Arc Hybrid Welding Process
(Laser Leading Arc)

Focused Laser Beam

Keyhole Gas Metal Arc

Welding Torch
Inert Shielding Gas

AN

Electric Arc

Work-piece Molten Pool

Figure 1. Schematic of Hybrid Laser Arc Welding (HLAW).

Conventional Welds Hybrid Welds

w/o backing bar

with backing bar

Figure 2. Comparison of Conventional vs. Hybrid welds for ~12.7 mm (1/2 inch) thick material.



This demonstration system will be used to develop, improve, and qualify hybrid pipe
welding processes and systems. The system will be initially located at ARL Penn State
for debugging, process development and qualification test preparations. In September
2006, the system will be moved to the pipe shop at National Steel and Shipbuilding
Company (NASSCO) in San Diego, CA for benchmarking, demonstrations, and
evaluation in a production environment. ARL Penn State is responsible for technical
project management and process development.

This workcell is to be used for joining carbon steel pipe (ASTM A-53 / A-53M, ASTM
A-106) to buttweld fittings (ASME B16.9). The diameter of pipe to be welded ranges
from 4 inch NPS to 30 inch NPS, in wall thicknesses up to 12.7 mm (% inch).

1.2. Workcell Overview

The workcell components that must be integrated to realize this system are broken into a
base system and two options. A Laser with Chiller, to be provided by ARL Penn State, is
an assumed component of the system (7 kW IPG Photonics fiber laser), and is therefore
not listed. The so-called Base Laser-GMA Hybrid Pipe Welding Workcell consists of the
following major components:

Integrated Joint Tracking System

Weld Head Manipulation System

Rotary Positioner

Workcell Pendant

Workcell Control System / Programming Station (with safety system in
accordance with ANSI Z-36)

Base / Support Structure

g. Safety Enclosure (with safety interlocks in accordance with ANSI Z-36, with
suitable exhaust collection and filtration, and with process viewing via safety
windows and/or video systems)

® o0 T

—h

Additional quotes are requested for the following two options:

Option A™. In addition to the base system, supply:
h. HLAW Head
i. GMAW Power Supply And Wire Feeder

If Option A is not executed, a suitable HLAW Head and GMAW Power Supply and Wire
Feeder will be mutually agreed upon and integrated into the system, but they will be
purchased by ARL Penn State.

! ARL/Penn State to purchase separately if option is not exercised



Option B?. In addition to the base system, supply:

J. Workcell Safety Enclosure (with signage and safety interlocks in
accordance with ANSI Z-36, with suitable exhaust collection and
filtration, and with process viewing via safety windows and/or video
systems)

Note that a parallel effort is slated to provide a temporary safety shelter at NASSCO. If
the WorkCell Safety Enclosure is not executed as an option, the shelter may be
appropriately outfitted with suitable safety accessories.

Each major component is discussed in detail herein. All other equipment should rely on
commercially-available off-the-shelf (COTS) technology wherever possible.

One potential configuration for the workcell is shown in Figure 3.

SAFETY ENCLOSURE
HLAWHEADand 0y pyLATION

JOINT TRACKING
SYSTEM N

LASER/CHILLER

ROTARY WORKCELL  VIEWING - GMAW POWER
POSITIONER  penpaNT WINDOW BASE and SUPPLY
vibES SUPPORT
WORKCELL CONTROL MONITORS STRUCTURE
SYSTEM and

PROGRAMMING STATION

Figure 3. Potential workcell configuration (for illustrative purposes only).

2 NASSCO / ARL Penn State to build enclosure on site if option is not exercised



1.3. Process Flow

The high level process flow as seen from the perspective of the operator is illustrated in
Figure 4.

Load Pipe (already edge prepped,
fitted, tack welded)

l

Select pipe diameter and pipe 1 The weld schedules (i.e. all applicable process
schedule on pendant or workcell parameters) for individual pipe schedules will be
computer from weld schedule adjustable by authorized personnel. A limited number of
database?! weld schedules will be provided by ARL Penn State

l

Manually adjust seam tracking
sensor to correct position for pipe
diameter

Adjust manipulation system
stages to locate head to the
welding position (minimum
accuracy: FOV of seam tracking
sensor) — lock axes if applicable

|

Select “Dry Run” (if desired) 2 Dry Run operation allows the system to perform the
entire program without GMAW or laser power. Its
purpose is to confirm that the seam tracker is accurately
following the seam (without hitting limits, etc.)

— rotates pipe and performs seam
tracking 2
l

Exit Workcell area — ensuring all
interlocks are closed

[

Select “START” on workcell
computer to initiate welding
process

Figure 4. High Level Operational Flow Chart®

Note that it is assumed that pipe edges can be prepared to edge quality sufficient for
HLAW using commercial off-the-shelf joint edge preparation equipment to enable
NASSCO personnel to fit-up and tack weld to the quality specified herein. Discussions
with pipe edge preparation equipment manufacturers indicates that this is possible.

Note that in the final demonstration system, it is envisioned that the operator will only be
required to select the pipe diameter and schedule, but the software should also permit
authorized personnel to add/edit/delete records from the weld schedule database
(password protected). For the demonstration system, ARL Penn State will provide the
required weld schedules for the required wall thicknesses. Also note that due to
geometrical requirements, the joint tracking system sensor must be adjustable to
accommodate the broad range of pipe diameters—this is discussed in detail in Section 3.

® Note that system should be able to operate both with and without the Joint Tracking System activated.




The flow chart in Figure 5 illustrates the detailed process flow that is automatically
executed by the Workcell Control System once the operator hits the “START” button. It
also discusses the various parameters that must be “programmed” into the weld schedule
database for each pipe diameter and schedule. The process data will be developed and
provided by ARL Penn State or other qualified personnel.

Low Level Operational Flow Chart
Set “Tracking” Conditions:
START” Button is selected: « Adjust tracking based on location of tracker
- options: relative to weld head (which was manually
- Dry run (no weld power) adjusted based on pipe diameter)
- No seam track Set “Start” Conditions:
v « Laser Power (Ramp Up)
. * WFS (Ramp U
B_ased on selec_ted pipe . Voltag(e (R;mppz,lp)
diameter and pipe schedule, « Travel Speed (Rotational Velocity w/ Accel
system chooses suitable: « Delay (Shield Gas On - Laser On)
* “Tracking " conditions « Delay (Laser On = GMAW On)
« “Start” conditions Set “Weld” Conditions:
* “Weld” conditions « Nominal Laser Power
* “Stop” conditions * Nominal WFS
. « Nominal Voltage
L Continuously - Nominal Travel Speed
Automatically align on joint monitor « To include look -up table to adjust weld
safety interlocks conditions for process variations:
v « Gap
Perform Weld: * Tack Welds
« Start - Elc.
* Weld Set “Stop” Conditions:
* Stop  Laser Power Ramp Down
¥ * WFS Ramp Down
. * Voltage Ramp Down
Retum JO',EH trggker * Travel Speed (Rotational Velocity w. Decel
to *home” position « Delay (GMAW Off > Laser Off)
« Delay (Laser Off > Shield Gas Off)

Figure 5. Low Level Workcell Operational Flow Chart.

Note that many GMAW power supplies offer on-board programming of start and stop
conditions to prevent stub-in, burnback, crater fill, etc.—it is acceptable to rely on these
rather than providing in the weld schedule database and controlling by the Workcell
Control System, provided they produce acceptable welds in conjunction with the laser.

1.4. Work Cell Controls and Accessories

A list of controls and indicators available to the operator from within the workcell are
listed below in Figure 6.



Manual Controls (pendant)
* GMAW
* Wire Jog
« Shield Gas Purge
* Laser
» Aiming Laser On/Off
« Joint Tracking System
* Jog +/- Y-axis
* Jog +/- Z-Axis
» Weld Head Manipulation System (if
powered)
« Jog Up/Down
« Jog +/- Along Length of Pipe (<15 sec)
¢ Go to “Park” Position (<10 sec)
* Rotary Positioner
* Jog CW/CCW
« Jog Speed Adjustment

* General
« E-Stop (halt entire process)

Indicators (pendant)

« Safety Interlock Tripped / Ready to Go
« Shield Gas On

« Laser Power On

* GMAW Power On

Figure 6. List of Controls and Indicators to be provided to the operator on the Workcell Pendant.

A joystick is recommended for jogging of the Joint Tracking System.

A list of additional “nice-to-have” accessories that should be added to the workcell are
included for operator efficiency and comfort (see Figure 7).

Workcell Accessories
¢ 110 VAC receptacles (6)

o Adjustable task lighting

e Gas manifold

Figure 7. List of ""nice-to-have' workcell accessories.



2. Hybrid Laser Arc Welding (HLAW) Head

To the maximum extent possible, the HLAW Head should consist of commercial-off-the-
shelf (COTS) components. The head shall provide for integration of a laser beam
welding (LBW) head and GMAW push-type or push-pull-type gun capable of feeding
0.035 inch or 0.045 inch diameter steel wire (ER70S6 or similar). The head shall be
water cooled. The head shall be mounted to an integrated Joint Tracking System to be
described later. Cable management issues will be specifically addressed. The head shall
have break-away capability or a crash protection cage (roll cage) to prevent damage to
the head by unintentional movement or contact.

The HLAW Head shall be provided to Penn State within four months ARO for a duration
of three weeks for initial checkout and process development. Additional use of the head
by ARL Penn State before delivery of the workcell shall be possible for mutually
acceptable periods of time for additional process development and qualification.

The body of the HLAW Head must not interfere with the dimensional envelop of
buttweld flange faces for pipes. See Figure 8 for flange face envelope.

5 THRU 20 NP3 FLANGES

WORKING £
SURFACE

4 NPS FLANGE 24 NPS FLANGE

Figure 8. Envelope for flange faces (unit in inches)

2.1. Laser beam welding (LBW) head

The LBW head shall be compatible with a 7 KW fiber laser from IPG Photonics
Corporation, Model YLR-7000. The 7 KW fiber laser system will provide a 20 meter
armored cable of nominally 600 micron diameter, a red aiming diode laser, and a
communications interface that enables laser power and shutter control in real-time. The



welding head shall permit use of the laser’s red aiming diode for rough positioning of the
weld head prior to welding.

The head shall provide a suitable means to protect the internal optics from weld spatter
such as an easily-replaced low-cost protective window, air knife, etc. The laser beam
welding head shall be water cooled, allowing continuous processing at a 7 KW power
level.

2.1.1. LBW head parameters

Focal length Nominally ~200 mm (Negotiable)
Lens diameter 50 mm nominal
Free aperture 45 mm nominal

Water cooled as required for continuous operation at
7KW laser beam power

Laser angle with respect to  Nominally normal to working surface. Laser beam shall

workpiece be adjustable +/- 5 degrees minimum in the plane parallel
to the centerline of a fixtured pipe and +0/-45 minimum in
a plane perpendicular to the pipe centerline (see Figure 9)

Cooling technique

+/—5 DEGREES 0 TO 45 DEGREES

’%\ -

Figure 9. Minimum adjustment range for LBW Head

2.2. Gas metal arc welding (GMAW) gun (torch)

A water-cooled push-type or push-pull type GMAW gun shall be integrally mounted to
the LBW head. The tip of the wire electrode (when extended far enough to contact the
work surface) shall be positioned to the rear of the focal point of the laser beam (with
respect to the direction of travel of the work surface). Contact-tip-to-workpiece distance
shall be nominally 19 mm (% inch), but adjustable from 12 mm to 25 mm (%2 inch



to 1 inch) minimum. The nominal distance between the wire-workpiece contact and the
laser beam focal point shall be 2 mm, but shall be adjustable from 0 mm to 20 mm
minimum (Negotiable). The angle of the wire electrode relative to the axis of the laser

beam shall be nominally 25°. This angle shall be adjustable from 20° to 45° minimum
with respect to the laser beam. See 10.

T 25°NOM ADJUSTABLE FROM

20° TO 45°

e — == 2 mm NOM

DIRECTION OF WORK ADJUSTABLE EROM

0TO 10 mm

Figure 10. GMAW gun to LBW head relationship (Note: adjustment range should read “0 mm to
20 mm”, not ““0 mm to 10 mm” as specified in the illustration).



3. Integrated Joint Tracking System

An integrated Joint Tracking System shall be provided. This system shall perform
automatic non-contact joint tracking during pipe welding. The pipe may have mill scale
or rust on the surface, but the joint will be machined. The HLAW Head shall be mounted
to this system.

This system shall be capable of tracking the joint and locating the focused beam spot to
within £0.0025 inch of the joint centerline and within £0.0025 inch of the desired
distance from the working surface at a weld speed up to 80 inches per minute. The
system shall provide a tracking sensor and linear stages with a minimum motion range of
+3 inches in the y-direction (transverse to the weld path), and +3 inches in the z-direction
(vertical), and be capable of supporting the sensor and HLAW Head.

The system shall also include software that provides information about the joint such as
vertical mismatch, gap, angle, presence and size of tack-welds, and provides for user-
defined look-up tables and/or formulas (i.e. weld schedule database) to adjust the weld
schedule in real-time as necessary to maintain weld quality. The system shall provide a
communications interface that enables real-time adjustment of laser power, wire feed
speed, weld voltage, and/or travel speed (i.e. must be able to communicate in real-time
with the Laser With Chiller, the GMAW Power Supply And Wire Feeder, and the Rotary
Positioner).

This system shall provide:

e two motorized linear slides for moving the head in the transverse and vertical
directions (Y and Z), see Figure 111111

e aforward looking sensor (camera), and

e control system.
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Figure 11. Directions of travel for joint tracking system.

3.1. Motorized cross-slides

The motorized cross slides shall be capable of supporting the HLAW Head. The slides
shall conform to the following specifications:

Positioning accuracy, lateral +0.0025 inch (£62.5 pm)

Positioning accuracy, vertical ~ +0.0025 inch (+62.5 pm)

Y (lateral) travel stroke +3 inches (~ £75 mm) minimum

Z (vertical) travel stroke +3 inches (~ £75 mm) minimum

Maximum tracking speed 80 ipm (~ 2 m/min)

Maximum stage velocity as required to track at 80 ipm (TBD)
3.2. Joint tracking sensor

A joint tracking sensor shall be provided to allow the HLAW Head to track the weld joint
in real-time during welding. This sensor shall be attached to the HLAW head.

11



The position of the sensor shall be manually adjustable to a minimum of 3 hard set
points, that enable adequate tracking for various ranges of pipe diameter (dimensional
details are TBD). See Figure 12.

Note different angle/position
required for joint tracking
system for various pipe
diameters.

Laser Focus Head

\ GMAW Torch

Joint Tracking System

Figure 12. Illustration of need for multiple positions of sensor relative to HLAW head for different
size pipes.

The sensor shall also offer optional software that enables joint geometry measurement
and automatic “visual” post-weld inspection of the weld joint.

The sensor shall provide provisions to prevent weld spatter from contacting its lens, such
as an air knife, replaceable window, etc. The sensor shall be capable of continuous
operation during welding with the HLAW Head and incorporate water cooling as
required.
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Specifications for the sensor are as follows:

Minimum field of view, +0.25 inch (12.7 mm)

lateral

Minimum field of view, +0.25 inch (6.4 mm)

depth

Vertical resolution 0.001 inch (25 micron)

Lateral resolution 0.001 inch (25 micron)
3.3. Joint Tracking Control system

The joint tracking control system shall provide the necessary software and hardware for
controlling and driving the cross slides, operating the joint-tracking sensor, and providing
feedback to the workcell control system. The control system shall have an operating
bandwidth of at least 60 Hertz.

The system shall also provide software that supplies information about the joint such as
vertical mismatch, gap, angle, presence and size of tack-welds, and provides user-defined
look-up tables and/or formulas to adjust the weld schedule in real-time as necessary to
maintain weld quality. The system shall provide a communications interface that enables
real-time adjustment of laser power, wire feed speed, weld voltage, and/or travel speed
(i.e. must be able to communicate in real-time with the Laser With Chiller, the GMAW
Power Supply And Wire Feeder, and the Rotary Positioner).

The joint tracking control system shall provide an interface to the Workcell Pendant as
required to allow the operator to jog the Y and Z axes.

13



Figure 13. Image of Integrated Joint Tracking System with Laser Welding Head is a potential
candidate (image from ServoRobot)*.

* ARL Penn State has conducted extensive preliminary negotiations with ServoRobot, and should be
consulted during selection of the Joint Tracking System.

14



4. Weld Head Manipulation System

A Weld Head Manipulation System shall be provided that allows the focus point of the
laser beam to be positioned anywhere in the minimum welding volume with an accuracy
equal to or better than the Joint Tracking System sensor’s field-of-view (FOV),
nominally £0.25 inches. This volume is defined as a 96 inch x 16 inch rectangle (with its
lower edge offset 1 inch from the Rotary Positioner centerline for welding of 4 inch NPS
pipe with potential misalignment) rotated about the centerline through an angle of 45
degrees minimum from top dead center. The focus point shall be capable of being
located within 4 inches from the Rotary Positioner chuck in the axial (Y) direction. See
Figure 14114 for the welding volume description.

30 IN. DIA, PIPE—~ _
4 IN. DIA. PIPE—~ "

|—4~ IN. DIA PIPE

96 IN. MIN
— 4 IN. MAX —16 IN. MIN
—30 IN. DIA PIPE

i

1IN.i

ROTARY
36 W. POSITIONER
CENTERLINE

Z ya
°ND VIEW x _ ! SIDE VIEW t_ v

T 007000700

- REQUIRED ACCESS VOLUME
FOR WELD HEAD

Figure 14. Welding volume for workcell

COTS components shall be used to the maximum extent possible for the manipulation
system. The manipulation system may be powered or manually operated, and controls
shall be easily accessible for the operator. If a manual drive is used for the vertical axis,
the moving mass must be suitably balanced using a spring, pneumatic cylinder, counter-
balance or other means. The axes shall have mechanical limits to prevent over-travel.
Powered axes shall have adjustable speed control and electrical limits as well.

After the HLAW Head is positioned, brakes or other suitable means shall be employed on
the manipulation system to prevent movement during welding.
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The manipulation system must provide sufficient rigidity to counteract forces generated
by head accelerations during joint tracking such that the head can maintain adequate track
of the weld joint.

The sliding and/or rolling surfaces of the manipulation system shall be adequately
protected for the intended welding environment. Potential protection components may
include way covers with positive pressure.

The manipulation system must allow the head to translate or rotate out of the working
area such that components can be safely loaded/unloaded from the workcell without
damaging the weld head. This is referred to as the park position. The park position must
allow slinging and lifting of a 30 inch diameter pipe from the workcell. Overhead cranes
are used to move the welded components.

Suitable park positions include a transverse movement that provides at least 16 inches of
clearance from the weld head to the positioner centerline (A in Figure 9) and/or a
longitudinal movement rearward of the mounting chuck (B in Figure 9).

Traversing the HLAW Head from the extreme corners of the minimum welding area
shown in Figure 9 shall take no longer than 15 seconds. Traversing the head to and from
the park position shall take no longer than 10 seconds.

PARK POSITION A

TOP

16 IN. MIN
HLAW HEAD
IN POSITION

VIEW PARK POSITION B

Figure 9. Potential head park locations
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The manipulation system may be either mounted to the base structure or ancillary
structures mounted to the base, such as vertical supporting walls, etc. Examples are
shown in Figure 10.

MANIPULATION
SYSTEM

Figure 10. Examples of Weld Head Manipulation Systems.

Figure 11. Image of Weld Head Manipulation system shown as a possible example only (from
Preston Eastin).
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Figure 12. Image of Weld Head Manipulation System shown as a possible example only (from
NASSCO).
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5. Rotary Positioner

A rotary positioner shall be mounted to the base plate of the workcell for rotating
components during welding. The positioner shall be computer controlled during the
welding operation and velocity shall be adjustable in real-time via a communications
interface that is compatible with the joint tracking system (analog/RS232/other). A jog
capability for both CW and CCW rotation shall be controllable via both the Workcell
Pendant and the Workcell control system. ARL will provide a standard COTS inside
and outside diameter self centering chuck for pipe ranging from 4 inch NPS to 30 inch
NPS.

The table speed shall be fully adjustable in real-time during the welding process to
accommodate varying thicknesses of the joint, tack welds, etc. based upon control signals
from the joint tracking system. The bandwidth for the table’s response to changing speed
commands shall be at least 10 Hertz.

The positioner shall conform to the following specifications:

Weight capacity 2,000 pounds
Rotational torque 25,000 inch-pounds minimum

Required welding speed range 0.1 to 8 RPM minimum rotational velocity range
(corresponds to linear welding speed of 10 ipm to 100

ipm)
Welding speed accuracy 0.5 % of set speed
Response bandwidth 10 Hertz minimum
Centerline to base distance 36 inches
Table diameter diameter as required to fixture 30 NPS pipe
Electrical ground 2 each 600 amp spring-loaded mechanical ground
Control Workcell Pendant, Joint Tracking System, and

Workcell Control System (control of speed, direction,
total rotation angle, start, stop, accel, decel)
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Figure 13. Image of Rotary Positioner shown as a possible example only (from NASSCO).
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6. GMAW Power Supply And Wire Feeder

A constant voltage GMAW Power Supply And Wire Feeder system is required to
interface with the gun mounted to the HLAW Head for GMAW welding. This unit may
be positioned off of the Workcell Base/Support Structure.

The GMAW system shall be provided to ARL Penn State for initial checkout and process
development. Additional use of the GMAW system by ARL Penn State before delivery
of the workcell shall be possible for mutually acceptable periods of time for additional
process development.

6.1 Power Supply

The power supply shall be digitally controlled via a communications link to both the Joint
Tracking System and to the Workcell Control System. The power supply shall provide
the capability to monitor the process variables, including arc current, voltage, and wire
feed speed, in real time. The power supply shall digitally control the wire drive system
and voltage (i.e. constant voltage power supply).

Power supply specifications (minimum):
Rated output, 100% duty cycle 450A/38V
Rated output, 60% duty cycle 570A/43V
Output range 5-570 Amps DC

6.2 Wire Feeder

The wire feeder shall be digitally controlled directly by the power supply. It shall have
suitable feedback to ensure precise control of wire feed speed. The wire drive system
shall provide at least one gas solenoid to control shielding gas for the welding process.

Wire feed system specifications:
Wire diameter range (min) 0.035-0.045 inch

Feed speed 50 - 500 ipm
Speed accuracy 1% of set speed
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Figure 14. Image shown as a possible example only (from Lincoln Electric).

The system shall provide a communications interface that enables control of wire feed
speed, weld voltage, shield gas on/off in real time from the Workcell Control System and
from the Joint Tracking System (analog/RS232/other). An ON/OFF switch for the shield
gas and switches for wire jog (both forward and reverse) shall be controllable via from
both the Workcell Pendant and the Workcell Control System.
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7. Laser with Chiller as Required

A 7KW Fiber Laser (with a chiller) as required will be leased by ARL Penn State from a
commercial supplier for use in the demonstration system. The system will include a fiber
for beam delivery. The fiber core diameter shall be 600 microns.

Figure 15. Image shown as a possible example only (from IPG).
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8. Workcell Pendant / Control System

A Workcell pendant / control station will be provided to allow the operator to control and
monitor the following:

A list of controls and indicators available to the operator from within the workcell are
listed below in Figure 16.

Manual Controls (pendant)
* GMAW
* Wire Jog
« Shield Gas Purge
* Laser
« Aiming Laser On/Off
« Joint Tracking System
« Jog +/- Y-axis
» Jog +/- Z-Axis
* Weld Head Manipulation System (if
powered)
* Jog Up/Down
« Jog +/- Along Length of Pipe (<15 sec)
» Go to “Park” Position (<10 sec)
« Rotary Positioner
* Jog CW/CCW
« Jog Speed Adjustment

* General
« E-Stop (halt entire process)

Indicators (pendant)

« Safety Interlock Tripped / Ready to Go
« Shield Gas On

* Laser Power On

* GMAW Power On

Figure 16. List of Controls and Indicators to be provided to the operator on the Workcell Pendant
(note Wire Jog shall be forward and reverse)
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9. Workcell Control System / Programming Station

The Workcell Control System shall provide an interface for operations such as:

- provide operator interface for selection of weld pipe diameter and schedule,

- initiating the process and providing necessary system controls that the joint
tracking system does not provide,

- provide authorized users capability to adjust weld schedule database, and
- provide authorized users ability to specify welds that are not full 360 degrees.

Software should be open architecture to enable authorized users the ability to make
modifications as required. Source code shall be provided. It shall consist of a computer
or computer coupled to a PLC. The system shall be capable of continuous operation in a
typical welding environment. The system shall continuously monitor interlocks as
required. Potential functional block diagrams (depending on control architecture) are
shown in Figure 17 and 24.

WORKCELL

COMPUTER - — j

SAFETY
INTERLOCKS ——— === MANIPULATION
(IF POWERED)

REMOTE JOINT TRACKING|
PENDANT SYSTEM

ROTARY GMAW POWER
POSITIONER LASER SUPPLY

WIRE FEED
SYSTEM

——--——--—— capable of "on the fly" adjustments due to edge
mismatch, gaps, tack welds, etc.

Joint tracking system reports sensed conditions to workcell
computer. Workcell computer makes on-the-fly adjustments
directly to laser, welder, and rotary positioner

Figure 17. Functional block diagram for workcell control system: workcell computer makes on-the-
fly adjustments
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WORKCELL

™ comPpUTER T T

SAFETY '
MANIPULATION
INTERLOCKS AXES
(IF POWERED)
REMOTE JOINT TRACKING|
SYSTEM

PENDANT

ROTARY GMAW POWER
POSITIONER SUPPLY LASER

WIRE FEED
SYSTEM

—— --——--—— capable of "on the fly" adjustments due to edge
mismatch, gaps, tack welds, etc.

Workcell reports initial paramters for laser, welder, and rotary
positioner to joint tracking module.

Joint tracking system sets initial parameters and makes on-the-fly
adjustments directly to laser, welder, and rotary positioner

Figure 24. Functional block diagram for workcell control system: joint tracking computer makes on-
the-fly adjustments

An anticipated welding sequence in the workcell is as follows:

1.

Operator loads tack-welded components into workstation and installs components
onto rotary positioner using additional support rollers and stands as required

Operator moves weld head from PARK position to welding position with accuracy
equal to or better than tracking sensor’s FOV. (if powered, using remote control)

Operator locks Y and Z axes of manipulation system to prevent head movement
(if applicable)

Operator selects the pipe diameter and schedule —OR- sets the parameters for the
weld based on pipe diameter, wall thickness, material, and joint characteristics.
Parameters include: laser power, rotation speed, shielding gas flow rate and
composition, laser focal point to arc spacing distance® and/or angle, filler wire
type, diameter and feed rate, arc voltage and current, and torch work distance.

Operator starts sequence to position head into welding position using joint
tracking module (press TRACK JOINT button).

Joint tracking sensor scans joint and positions Y and Z axes appropriately for
desired standoff distance and joint centerline.

® laser focal point to arc spacing distance is defined as the gap between the focal point of the laser beam
and the tip of the wire electrode when it is extended far enough to contact the surface of the work
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7. Operator verifies head location using visible aiming diode laser. If positioning is
incorrect, operator repeats previous step

8. [OPTIONAL] Operator initiates joint tracking test on components to be welded
using DRY RUN button to ensure that joint is track-able for the full rotation.

9. Operator leaves workcell, closes safety doors, and starts welding sequence (press
START button)

e Rotary table accelerates to desired welding speed
e “Begin weld” sequence:
a. Laser shutter opens at specified rotation angle (or time interval)

b. GMAW power supply applies arc power and wire feeder supplies wire
at specified rotation angle (or time interval)

e “End weld” sequence:
a. Laser shutter closes at specified rotation angle (or time interval)

b. GMAW power supply removes arc power and wire feeder stops at
specified rotation angle (or time interval)

c. Rotary table decelerates to zero at specified rotation angle (or time
interval)

e Workcell computer stores all parameters that are adjusted in real time
during welding, such as:

a. rotational velocity

b. GMAW voltage and current

c. wire feed speed

d. laser power, etc.
10. Operator positions head back to park position
11. Operator removes components from workcell
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10. Base/Support Structure

A base structure(s) shall be provided that accommodates the Rotary Positioner, Weld
Head Manipulation System, Joint Tracking System, and HLAW Head. It shall be
movable by a fork truck. It shall have sufficient rigidity to safely support the attached
components during transport. A means shall be provided to level the base.

The base/support structure may be of new design and fabrication or modification of
existing or prefabricated structures or components. For example, with modifications, a
cargo transport container or conex box may suffice.

Note that if the Base/Support Structure also serves as the Safety Enclosure, then it must
provide a laser-safe ceiling or overhead cover that is easily removable or retractable to
permit easy access of pipe assemblies via overhead crane.

Figure 18. Image shown as a possible example only (from Allied Container).
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11. Safety enclosure

The function of the safety enclosure is to prevent laser energy from escaping the workcell
area. The enclosure shall contain the base structure and the associated Rotary Positioner,
Weld Head Manipulation System, HLAW Head, and Joint Tracking System.

A safety light shall be mounted on outside of workcell with mounting and light
sequencing in accordance with ANSI Z-36.

The enclosure shall allow the operator to readily load and un-load components from the
workcell using an overhead crane. See Figure 26. Alternately, if a ceiling for the
enclosure is required, a job crane may be incorporated at NASSCO. The enclosure shall
also allow the operator to have general access around the components to be welded for
tasks such as initial location of the weld head, monitoring of the head tracking system,
and post weld visual inspections. The enclosure shall have a minimum of one access
door.

Figure 26. Overhead crane used to move components for welding

The enclosure shall be transportable via truck to San Diego, CA. The enclosure and base
may or may not be integral. It may be of new design and fabrication, or modification of
existing or prefabricated structures or components. For example, with modifications, a
cargo transport container or conex box may suffice.

The enclosure shall provide forced ventilation of the workcell with suitable exhaust
collection and filtration. It shall also allow real-time monitoring of the welding process
via a viewing window and wall-mounted video screens. See Figures 27 and 28 for
enclosure examples.
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EXHAUST
FAN

VIEWING
WINDOW

OVERHEAD SLIDING
DOOR

SIS ACCESS DOOR

Figure 27. Example of safety enclosure—hinged access door

ROLL-UP ACCESS DOOR

Figure 28. Example of safety enclosure—roll-up access door
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11.1 Viewing Window/Video monitors

A window shall be incorporated into the wall of the enclosure to allow viewing of the
welding process by the operator. The window shall provide laser beam and GMAW arc
safety. The window shall be of suitable size to allow a minimum of three people to
comfortably view the process.

The enclosure shall also provide two video cameras with exterior mounted video
screen(s) for monitoring the process. One camera shall provide a close-up view of the
process while the second provides an overall system-level view.
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APPENDIX B. Training Manual — Overview of System

Components and Software



PENNSTATE

| ZFhwm Q R I Laser Processing Division

System Components

» Wolf Cell Controller

» Operator Interface
« How to define and execute a weld

» ServoRobot Seam Tracking System
 IPG Laser System
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Wolf Cell Controller (WCC)
Main Screen —1 of 1

SAFETY NOT READY




Wolf Cell Controller (WCC)
Login—-1of1l

Passwords
Administrator:
Operator:




Wolf Cell Controller (WCC)
Part Setup —1of 5

To select part
- Or -
To define process
parameters (admin),




Wolf Cell Controller (WCC)

Part Setup — Essential Variables —2 of 5

[ vi
1 WELD PROGRAM SETUP m WELD PROGRAM SETUP
WOLF WOLF
. 4 Select Joint and Schedule \ » Select Process Parameters \
; |
LASER POWER |7 kw moDIFY

PARAMETERS

. Joint Name Pipe Diameter .
|65ch80 6 =| aoPOWER 0
. . aoARC LENGTH 0
Joint Type Pipe Schedule Wall Thickness
- 80 = 0432 FRONIUS JOB |7

.. WELD SPEED 25 ipm

PARTIAL WELD |360 deg rees

37.5 Deg 3/8 In Land

SERVOROBOT JOINT NO |10

Add Joint ‘

<< BACK J NEXT -3 J FINISH J CANCEL

DETAILED PARAMETER SETUP

<< BACK
Feb 13, 2007 0S:46:28

NEXT -3 FINISH CANCEL
Feb 13, 2007 05:46:41

DETAILED PARAMETER SETUP

‘ General Parameters ‘ Laser-GMAW Setup |

Process Info Material Info Gas Info Laser Info Weld Setup Information
Laser Power Pipe Alloy Gas Mixture Laser Type Contact Tip Distance
7 KW f[A53 |AR-10%C02 | ||Fiber 22 mm
Laser-GMAW Spacing
aoPower Wire Type Gas Flow Rate Focal Length
|25 mm

[0 |705-6 |50 cfh 1200 mm

Focal Plane Depth

|0 mm

Fiber Diameter

aoArc_Length Wire Diameter :
I—O |—0.045 |300 micron

Fronius Job B Focal Plane C?ntact Tip
|7— Tracking Info Depth b Distance
Weld Speed . ServoRobot Joint No / ‘I‘ V' .: Lasef—GMAW

|25 ipm |10 ‘ Spacing

<< BACK
Feb 13, 2007 0S5:46:52

NEXT =2 FINISH CANCEL << BACK NEXT =2 FINISH CANCEL
Feb 13, 2007 05:47:02 7




Wolf Cell Controller (WCC)

Part Setup — Essential Variables —3 of 5

DETAILED PARAMETER SETUP m DETAILED PARAMETER SETUP

‘ Overlap Definition |

» Partial Weld |
|
»

Startof istRamp |0 inch Sl R
End of 1stRamp  |0.25 | inch End of 2nd Ramp
Start of 1st GMAW |1 inch

End of 2nd GMAW

Length of Partial Weld|360 degrees

Startof 2nd Ramp  |0.75 inch
. — Start of 2nd Ramp
End of 2nd Ramp 1.5 inch
- , End of 2nd GMAW |2 inch | Start of 15t GMAW
Weld Offset|35 mm
End of 13t
Ramp

\_ Distance - Distance +
<< BACK | NEXT =3 | FINISH ‘ CANCEL

<< BACK NEXT =2 FINISH CANCEL
Feb 13, 2007 05:47:19

Feb 13, 2007 05:47:11

Sl )iz Mainvi |
DETAILED PARAMETER SETUP WELD PROGRAM SETUP ]
VWOLF WOLF
Tack/Gap Definition | Select Weld Type |
Gap '
0.00 0.2 0.4 0.6 0.3
IEI ISZ I ISZ IEI ISZ IEI ISZ IEI IEZ
2N o ol | o commnl| | ol ol | o] ol | o] o
ID |52 l |52 ID |52 ID |52 ID |52
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o o o o o o o o 0
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4 | _"_I
Straight circum™wgce weld about the center of rotation

<< BACK | NEXT =2

Feb 13, 2007 0S5:47:28 Feb 13, 2007 05:47:45
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Wolf Cell Controller (WCC)

Part Setup — Review & Download —4 of 5

y

VVOLF

Selection Summary

@‘Iessage
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l—‘_'""Message
To store the modified @
parameters...

To transfer the parameters
to the robot...



Wolf Cell Controller (WCC)
Part Setup — Summary on Main Screen —5 of 5
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Wolf Cell Controller (WCC)
Execute the Weld — 2 of 2

IPG/Reidel
Chiller
ABB
Robot
Cont-
roller

Wolf Cell ServoRobot
Controller Seam Tracker
WCC Controller

Rotary

SR Teach
Pendant

Control Room

Positioner

Safety | Safety
Switch gSwitch

Robot
Teach
Pendant

[ ]
[ ]
[ ]
[ ]
. Work Cell
[ )
[ ]
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Wolf Cell Controller (WCC)

Execute the Weld — 1 of 2

Safety Switch * Press inside button, exit cell, shut door, press SAFETY RESET » Redundant safety so no one in cell while in AUTO mode.
» BLUE light should come on.

ABB Controller e Turn key to AUTOMATIC mode

ABB Teach ¢ Press OK to clear warning message » Must acknowledge change to AUTOMATIC mode.
Pendant
WCC e Press PART SETUP to define joint » PART SETUP - refer to other section of instructions.
* Press RUN to begin robot program and enable motors * RUN moves robot to the “SAFE” position.
e Press OPERATION READY to initiate weld setup * OP READY moves robot to “POUNCE" position.
ABB Teach * “Setup Weld?” - press YES (robot moves to “Safe” position) | * Allows operator to define location of the joint that is to be
Pendant « Instruction screen - press OK  (robot moves to “Pounce” position) welded by jogging the robot “near” the joint.
ABB Controller *Turn key to MANUAL mode » Robot must be in MANUAL mode to enable jogging.
Safety Switch e Press CLEAR REQUEST * Forces the system into a disabled mode before allowing
operator entry.
ABB Teach * Press and hold ENABLING SWITCH » Operator jogs robot close enough for ServoRobot seam
Pendant « Jog robot to near the joint tracker to register the joint.
« Press START to resume robot program » Operator proceeds through Teach Pendant screens.
« “Is this the correct CL starting position?” = YES or NO « Operator must exit cell before acknowledging “Ready to

. Change Weld Offset screen > Change or Cancel Weld?” in order to switch back to AUTOMATIC mode.

« “Is this the correct weld offset position?” > YES or NO
e “Dry Run?” - YES or NO
* “Ready to Weld?” - Release the ENABLING SWITCH, exit cell

Safety Switch  Press inside button, exit cell, shut door, press SAFETY RESET » Redundant safety so no one in cell while in AUTO mode.
» BLUE light should come on.

ABB Controller e Turn key to AUTOMATIC mode

ABB Teach ¢ Press OK to clear warning message » Must acknowledge change to AUTOMATIC mode.
Pendant
WCC e Press OK to clear the warning message.

* Press RUN to start motors and start robot program

ABB Teach * “Ready to Weld?” > YES * Weld executes
Pendant 13




Wolf Cell Controller (WCC)

“Manual” Operations —1 of 1

To manually force robot
operations.

MoveSafe
MovePounce
MovePark
Start@main

Motors ON
RUN

Moves to “Safe” position (out of way of pipe).
Moves to “Pounce” position (above the pipe).
Moves to “Park” position (out of way of pipe, closing the PARK switch).

Forces the robot program to execute from the beginning (useful for restart after irregular stop, robot must

be able to move directly to “Safe” position).
Turns on the robot motors to enable motion.
Begins execution of the robot program (necessary to use the WCC).
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Wolf Cell Controller (WCC)
Robot I/O Status — 1 of 1

To check on status of the
ABB robot.




Wolf Cell Controller (WCC)
Cell Status —1of 1

To check on status of the
IPG laser, ServoRobot seam
tracker, and Fronius welder.

—
mLaser—Hyhrid Monitor

SAFETY NOT READ




Cell Status

SYSTEM STOP

STATUS
ESTOP OK

RUN CHAIN OK

MANUAL MODE

MOTORS ON

NO ERRORS

LASER READY
SROBOT NOT READY
FRONIUS READY

FRONIUS COMM DK

Clear Error

Admin Functions

OPERATOR

Administrator

WCC Rev 2.0.2 7j5i2005

ARL Laser Hybrid ﬂ

WOLF

Part Setup

PART SUMMARY
37,5 Deg 3(8 In Land

Pipe Diameter: g VJ inches

Ppe schecle: 80— |

Straight circumference weld about the
center of rotation

Weld Speed: | 63.5 cmimin
Partial weld: {360 degress
Contact Tip Distance: |75 mm
Laser-Torch Spacing: 55 mim
Focal Plane Depth: [ mmn

PART COMPLETE

SAFETY NOT READY

SERIAL NUMBER

CYCLE TIME (m:s)
CLRRENT LAsT
0:0 0:0
FART COLNT
0

OP READY

RESET

Feb 13, 2007 05:48:51

-
-

DISPLAYS

Manual Operations

Robot Status

Cell Status

Process Status

Cell Status

MOTORS OFF

To check on status of the

E-stop chain.

CELL STATUS

WOLF

Q]

ACH T

DRAWING SET

SPARE PARTS

BOM

Feb 13, 2007 05:44:00

RETURN
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PENNSTATE

| ZFhwm Q R I Laser Processing Division

Intentionally Blank



PENNSTATE

| ZFhwm Q R I Laser Processing Division

ServoRobot

Seam Tracking System



ServoRobhot

Main Screen — 1 of 1

—imi x

Camera Wisus Adap  Setkings Library  Trajeckory(3D)  Welding Axes FRobot  Configuration  Utiities  MWiew  Window Help

‘%!Eﬂ

Laser  |Wiew Prof, Mini Prof,

’ Profile and Intensity ¥iewer - Live

i ) ap: 1.160mm) Mismatch: 0.15¢mm) Ares: O.41(mm
m .l Yision Message Gap: 1 A8(mm) Mismstch: 0.150mm) Area: 0.41(mm*2)

Intenzity

v Intensity

[+ Break Poirts

[~ Shapes

¥ Profiles

[~ Grid Lines

I Optimal Posttion
[~ Reverze Displary 200 250
Tracking Point Fixel Index

b -1.472 Profile

e
i

11.728

—Zoom Options
[T Auto Foom
[+ Propartional

—Taoalz

YEN
=&

| System 0K [z 20



) winUser - [2: 4-40T ]

Camera YWisus Adap | Settings Library Trajectory(3D) Welding Axes Robob Configurstion  Utiities  Wiew Window  Help

ServoRobhot

Defining the Joint — 1 of 5

=10l =]

# =
Laser  |view Prof,

’ Profile and Int
] =

Joint Library:

Hardware Settings

Templates Library

Calibration table

Reecavery From Flash Memory
Edit Joint Library

] Optimal Pogition

[ Reverse Display

v Intensity 250
¥ Bresk Points QZDU
[~ Shapes =180
[+ Profiles o0
[ Grid Lines

= &0
0

licd pixels: 443, limit = 400

Intenzity

To select and define the
ServoRobot Joint.

) winUser - [2: 4-40T ]

Camera YWisus Adap Settings Library Trajectoryi3D) Welding Axes Robob Configuration  Utilities  Yiew indow  Help

=10l =]

» [®

wiew Prof. Mini Prof,

e
Laser

’ Profile and Intensity Yiewer - Live

50 100 180 200 250 300 350 400 450
Tracking Point Pixel Index
y Profile
Z

— Zoom Cptions

I muto Zoom

¥ Proportional

~Tools

IR
=&

Cloze I

The ServoRobot Joint Number is specified as a Process
Parameter in the WCC. Each joint contains information about
how to track the joint:

* Joint type
*Grooved Pipe Welding (V-groove) or
*Flat Surface (no joint or bead-on-plate))
 Tracking point
* min/max Gap, Mismatch, Area
 Tracking configuration (which tracking axes are operational)
» Weld speed (use to set delay in motion)

Vigion Message v | Too many invalid pi

] =

v Intensity

¥ Bresk Points

[~ Shapes

[+ Profiles

[ Grid Lines

] Optimal Pogition

[ Reverse Display
Tracking Point

Y

l—

z

— Zoom Cptions
I muto Zoom
¥ Proportional

~Tools

YRS
=l

’ Settings Library
—_—

r—Jaint Librar

Current Joint : |2 - 4-40T

=1+ Joint Library
0-FLAT
-FLATBOP

[N L R

9.
10 - B3CHED
A1 - 5407

J Modiied

e R e R e s R e R e ]

-

Save to Flash |

—Hardware Setting

J Modified

Save to Flash |

100%

g0%

an%

03

B0

50%

A0%

30%

203

10%
02.

Flash MEM
Usage
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ServoRobhot

Defining the Joint — 2 of 5

JRI=TEY

Camera W fdap  Settings Library  Trajectory(3D)  Welding Awxes Robot  Configuration  Uklities  Wiew  Window  Help

Configuration

Lazer  Filters F7
Vision Skatistics

=10l x|

Carner

Bewvel Fillat
Curved Fillek
Fillet

Lap

Bkt

Butt Elank

Butt Blank Shiry
V-Garoave

e [v | =8P 1.130mm) Mizmatch: 0.1 50mm) Ares: 0.400mm"2)

|ntenzity

Half ¥-Groowve

m Bevel Corner
|
J
J
J
J
J
J
J

J-Groove
GENEriC Erooyve ] 100 150 200 2h0 300 3a0 400 450
I Flat Surface Pixel Index
" v Grooved Pipe Welding Profile

Flare-y-Groove
Flare-Bevel-Groove
Template Matching
3-Series Algos
— BT I T
[T tuto Zoom
[ Proportionsl

— Toalz
NI
e :+: i
|
-15 -10 5 1] 4] 10 15
Cloze Y[ITIITI]

| System OK | A 22



ServoRobhot

Defining the Joint — 3 of 5 (Grooved Weld)

[2:4-40T ]
yisus Adap  Settings Library Trajectory(3D) Welding Axes Robot Configuration Utiites View Window Help

Filkers
Wision Statistics

Bevel Corner
Corner
Bevel Filet N & ¥15US Configuration x|
Curved Filet

Fillst
| o
] :th Left Boundary Size fi = e
I Butt Blank -
| Butt Blank Shiny Right Boundary Size oy % j i
| e 4 ¥ = Nipe Welding |
1 Half ¥-Graove T . . 251 B a
- racking Paoint Method = ' -
| e 9 = Threshold 03
GEnetic Groove Il
Flat Surface o
v Grooved Pipe Welding I} ap “alidation |7
Flare-¥-Groove o - Gap Measurement  |Top b
Flare-Bevel-Graove inimum Gap I 0 _I: mm
Template Matching ) X
| S-Seties Algos e Gg I z;li i Mismatch computation——————————————
- B — =
e Distance from Bevel 1-5_:|
B e Mismatch Validation [V
Tools
@k| Fimimum bdizmatch Aweraging Window I 1 _l;
b asimum Mismatch
AreaWalidation v Cancel | Apply | Restore |
Minimum Area 0-2_:| 2
b aximum Area I 2_% mm2
P awirnunn rurnber of A0 ==
invealid pikels per profile =1 : Weking Speed
Laser | View Prof, Mini Praf, Part Length

Tracking Configuration
Weaving Parameters

Profile and Intensity Yiewer - Live

|I| J Vision Message ¥ | 100 many nvalid piezis: 443, Imt = 400 Tracking Configuration I

Intensity

Ok I Cancel | Apply I Hestorel

¥ Intersity

¥ Break Poinits
[ Shapes

¥ Profiles

[~ Grid Lines

™ Optimal Postion
I™ Reverse Display 50 100 150

¥ anis I.-’-‘«utomatic j

£ axis I»’-‘«utomatic j

200 250
Tracking Point Fisel Index
v Piofile

T

B Lz IAutomatic j

-~ Zoom Options
I Auto Zoom
W Proportional

Cancel | Lpply | Festare |

~Togls

Close I
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ServoRobhot

Defining the Joint — 4 of 5 (Bead-On-Plate)

Wision Skatistics

Bewel Corner
Corner

Bevel Fillet
Curved Filet
| Fillst o
Lap Left Boundary Size I = L z
I Buit W =1 Line fit tolerance P_.I mm
I Butt Blank . f =
| uwsshem Riight Boundary Size I _Ij %
| Groove . . . lﬁ
| ol veGroove Tracking Paint Methad I 257 B_|i Tracking point location | Profile middle
| Leroave ’
GEneric Groove
ek Sz —— Gap W alidation
v Grooved Pipe Welding

Flare-¥-Groove

Flare-BevelGroove
Template Matching X
5-Series Algos Maximurn Gap

Minirum G ap

1

T Usze gap walidation to walidate bump height.

I mm Lge mismatch validation to validate aroove depth.

-
-

L

I Auto Zoom
[¥ Proportional

Mizmatch Walidation

1
1
1]
2
Minimum Mizmatch I 23
2
2
2

- Tools

mm oK I Cancel Apply Restore

1

Y

b ainurn Mizmatch I =1
LreaYalidation [
=lolx|
b inirnum Srea I 0. —=1 mm2 Camera Wisus Adap SettingsLibrary Trajectory(3D) | weldng Axes Robot Configuration Utlities View Window Help
=1 - Welding Speed
Laser | View Prof, Mini Praf, Part Length
b axirmurn Area I _I:‘ mmz2 Tracking Configuration
p_Profile and Intensity Viewer - Live |Gt iatalliad n » X
Tracking Configuration |
Fd axiriunn number of I 5003 |I| J vision Message 7| 100 meny inval pixels 443, mt =400 ‘
invalid pisels per profile =l Intensity

¥ Intersity 5 N

7 Bresk paines ¥ ais |D|sabled j
[ Shapes
¥ profies
[~ Grid Lines

™ Optimal Postion

£ axis I»’-‘«utomatic j

0K I Cahcel | Apply I Flestorel

W R 50 100 150 200 250 30
Tracking Point Fivel Indow

[ Frofie A Az I.-’-‘«utomatic j
—

v

z

-~ Zoom Options
I Auto Zoom
W Proportional

(] Cancel | Lpply | Festare |

~Togls

Close I

System OK
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ServoRobhot

Defining the Joint — 5 of 5 (Setting Weld Speed)

P WinUser - [2 : 4-40T ]

Camera ¥isus Adap  Settings Library  Trajectory(3D) | Welding Axes Robob  Configuration  Ublities  View Window Help

=1l

[&]

Laser  |Yiew Prof. Mini Prof.

) Profile and Intensity Yiewer - Live

DL

“ision Mezsaoe 7

[~ Reverse Dizplay
Tracking Pairt

Welding Speed
Part Length

Tracking Caonfiguration
‘Weaving Parameters

ng Speed

v Intensity 250
[ Break Points E 200
[~ Shapes S50
E
v Profiles Zqm
[ Grid Lines 50
[~ Optimal Position q
50 100 150 200 250 300

Too many invalid pizels: 443, limit = 400

Intensity

ASP Speed

Welding Speed

]

fisz =1 cmdmin

I 152 _|::' cm/min

Cancel |

Fixel Index

Y

z

e
—

—Zoom Options
[ futa Zoom
v Proportional

—Todls

NG
B

Cloze I

1 1 1 1 | 1 1
=5 -10 4 0 5 10 15

Prafile

Wolf Cell Co ller (WCC)

Y [romn)

| System 0K

Can double-check the weld speed /'

on the front panel of the WCC

NO ERRORS I

LASER READY ‘

SROBOT NOT READY

i
FRONIUS DOMM OK. ‘

Clear Error

Admin Functions

OPERATOR

Administrator

WCC Rev 2.0.2 7j8/2005

=

PipsScheduls: g0 — l
Straight circumference weld about the
center of rotation

‘eld Speed: 63,5 amjmin

Partial Weld: 1360 degress

Contact Tip Distance: {77 mm
Laser-Torch Spacing: i_'zs M
Focal Plane Depth: ]‘—’D mm

PART COMPLETE ‘

SAFETY NOT READY

PART COLNT
(6]

Cell Status g
| SYSTEM STOP ARL Laser Hybrid %] | Feb 13, 2007 05:48:51
WOLF
STATUS STATION 1 DISPLAYS
| SERIAL NUMBER
‘__Esnﬂ(.d I— Manual Operations
RIJ__‘N ki 2
Robot Status
MANUAL MODE
PART SUMMARY CYCLE TIME (m:s) Cell Status
MOTORS ON ‘ W CLRRENT LaST
1 0:0 0:0
Pips Diameter: & inches Process Status

Documentation

Reports
PROGRAM
all
OP READY RUN
RESET STOP

|R1:
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PENNSTATE

| ZFhwm Q R I Laser Processing Division

Intentionally Blank



PENNSTATE

| ZFhwm Q R I Laser Processing Division

IPG

Laser System



IPG Laser

Main Screens — 1 of 2 (Status)

* Laser (Ytterbium Multi-Mode Fiber Laser, SN:PLOG02388) - LaserNet I ]
File Settings Wiew Tools Help
&1 2]
Net Connection : OK e e e
Power (kW) Temperature (°C) @ Laser ON

. Laser ready

° Guide laser
. Laser error

Emission ON

@ Main power supply ON Set currentl 0.0 % Temperature (mean)| 18.9 °C

@ Intemal control disable Set puwerl 0 w Temperature (max)| 19.9 °C
Emission enable

° Water flow I 54.7 lmin Temperature (min)| 18.2 °C

& External control

& Analog control Module {(Temp. max) 1

) Guide laser ON Module {Temp. min) 12
) Hardwiring active
@ Chiller ready Work time | 565:16:43

& Rear door open

Emission time I 6:37:04
() Beam coupler : laser permission Work time tudayl 0:15:47
s m e - (e e Emission time today| 0:00:00

& Front door open

Chabus I.-’-‘«Iarmsl Euntrnll Event&l Lu:ugfile&l Beam c:u:uuplerl FPawer supply I Chiller I Hardwiringl Dptinnsl

Fom [ 28



IPG Laser

Main Screens — 2 of 2 (Alarms)

° Laser (Ytterbium Multi-Mode Fiber Laser, SN:PLOGDZ388) - LaserNet

File Settings Wiew Tools Help

=10l %]

=T

Net Connection : OK

- - =«

FPHOTOMRICS

Power (kW)

Temperature (°C)

. Laser ON

18

. Laser ready

° Guide laser
. Laser error

Emission ON

) E-Stop

& Laser overheat

& Laser fiber interlock

& High back reflection

& Laser module failure

& Laser module disconnected
& Chiller failure

& Coupler failure

& Initialization error

@ Low water flow - laser

& Low water flow : fiber con.
& water in laser

& Critical error

@ Power supply failure
& Unexpected pump current
& Unexpected ground leakage

Y arning

@ Indication lamps failure

@ Reserved module is ON

Statuz  Alarme IEuntrDII Event&l Lu:ugfile&l Beam c:u:uuplerl FPawer supply I Chiller I Hardwiringl Dptinnsl

Fom [
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APPENDIX C. NASSCO Reports



GENERAL DYNAMICS
0 CO 03/23/07

Hybrid Pipe Welding System
at NASSCO

PREPAIRED BY: APPROVED BY:
Juan Avalos Michael J. Sullivan
Randy Doerksen Chief Welding Engineer
Assistant Welding Engineer

WELD ENGINEERING

" J
GENERAL DYNAMICS
GRO

//l.l.h anmh "

Hybrid Laser Robot
arrives at NASSCO




"

GENERAL DYNAMICS

Robot being off loaded

WELD ENGINEERING

"

GENERAL DYNAMICS




" JEE

GENERAL DYNAMICS

: "; - EiE
i LY
i - AR SR
\.iﬁrh% s
- BT
%
-
% |
2o
Cell layout
- _

GENERAL DYNAMICS

View from the out side of the cell
Pipe Shop

WELD ENGINEERING




" N

GENERAL DYNAMICS

ARL Penn State Robot

'WELD ENGINEERING

GENERAL DYNAMICS

Crated and open Chiller and Laser

WELD ENGINEERING




" JEE
GENERAL DYNAMICS
5329

Wolf Cell Controller (WCC)

WELD ENt IGINEERIN G

"
GENERAL DYNAMICS
95389

POSIOC ABB
Robot controller Cabinet

WELD ENGINEERING




" N

GENERAL DYNAMICS

Bottles of Argon 100%, Compressed Air
and 10% CO02 / 90% Argon

WELD ENGINEERING

"

GENERAL DYNAMICS

View of the inter cell
doors close




" N

GENERAL DYNAMICS

View of the inter cell
doors open
"

GENERAL DYNAMICS

Work tables and pipe tacking area

WELD ENGINEERING
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GENERAL DYNAMICS
5329

Operator teaches welding position

WELD ENGINEERING

"
GENERAL DYNAMICS
95389

6” Pipe (Tacked)
in Positioner

WELD ENGINEERING




" N
GENERAL DYNAMICS
5329

"
GENERAL DYNAMICS
95389

2
4

Inter-lock of secondary door

WELD ENGINEERING




" N

GENERAL DYNAMICS

Robot Welding

WELD ENGINEERING

"

GENERAL DYNAMICS

Test weld sample complete

WELD ENGINEERING
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GENERAL DYNAMICS

Close up of the out side of the
welded pipe

"

GENERAL DYNAMICS

Close up of the inside of the
welded pipe

WELD ENGINEERING
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" NN

GENERAL DYNAMICS

Welded test samples completed
4" sch. 40/ 4" sch. 80/ 6" sch. 40

WELD ENGINEERING

"

GENERAL DYNAMICS

Aerial Views

WELD ENGINEERING
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GENERAL DYNAMICS

More Aerial Views

WELD ENGINEERING

"
GENERAL DYNAMICS

Welded samples

WELD ENGINEERING
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" JEE
GENERAL DYNAMICS
5329

Actual 8” pipe welded in the pipe shop
compared to Hybrid welding

EERING

"
GENERAL DYNAMICS
95389

To do board

Over 70 pipe samples welded to date

WELD ENGINEERING
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GENERAL DYNAMICS

Small production test was run with these
10 pipe samples

WELD ENGINEERING

GENERAL DYNAMICS

Small Production Test Run

Test No. Pipe Size Pipe Sch. Start Time Load Set up & Taught Welded
07-221 4" 40 0:00 32 sec. 5 min. 25 sec. 6 min. 35 sec.
07-222 6" 40 X 11 min. 05 sec. 14 min. 15 sec. 16 min 05 sec.
07-223 4" 80 X 18 min. 30 sec. 22 min. 55 sec. 24 min. 00 sec.
07-224 8" 40 X 25 min. 25 sec. 29 min. 35 sec. 30 min. 35 sec.
07-225 8" 80 X 33 min. 15 sec. 36 min. 55 sec. 38 min. 35 sec.
07-226 4" 40 X 39 min. 50 sec. 42 min. 40 sec. 44 min. 20 sec.
07-227 6" 40 X 46 min. 10 sec. 49 min. 35 sec. 50 min. 55 sec.
07-228 4" 80 X 52 min. 10 sec. 55 min. 10 sec. 57 min. 10 sec.
07-229 8" 40 X 58 min. 00 sec. 61 min. 10 sec. 62 min. 35 sec.
07-230 8" 80 X 64 min. 00 sec. 67 min. 05 sec. 68 min. 40 sec.

TOTAL 68 min. 40 sec.
PROCEDURE:
“Load”

To load the test pipe onto the rotating positioner for welding.
Check cover glass to laser, wipe surface clean.
Off loading previous pipe from positioner.

“Set up & Taught”
Input set up data at the WCC including serial number.
Teach weld starting point.
Finish set up with pendant and WCC.

“Welded”
Weld the pipe
Inspect the weld

WELD ENGINEERING
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GENERAL DYNAMICS

S .
i s e
Aty i £ &

WELD ENGINEERING

" JEE
GENERAL DYNAMICS

] GENERAL DYNAMICS / NASSCO
QesCo e

PROCEDURE
Provedurs ualification Weenrd Yo, __ NP

Wik s

WELD
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GENERAL DYNAMICS

WELD ENGINEERING

" JEE
GENERAL DYNAMICS

WELD ENGINEERING
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GENERAL DYNAMICS

Procedare (Quabfication Recerd No. _SPIIALY  Reviiion No_— D21, Mgk 207

TESTS CONDOCTED Y : __ NASSO0, Generl

1) Maces-Fich Wid Specimem

ESTS CONDUCTED BY : _

RT bnspecnon (ARG & A ware Vemel Code. Secton ¥ Rogurenent) (171 Job N

Resdocod section Tems e (ABS R T e N[04

2 Rt el (7} Face Besd Testn (ABS Ralen, 1 ok N _ 017

i feciond e comect e that e it ek weer

red, ekl e kesied im accondisce

Proparcd by

NIOTES

WELD ENGINEERING

"
GENERAL DYNAMICS

Record No. __ NPUIALL  Revision No D

ATTACHMENTS

Photes Macr of weld ¢

Bane Material Cenifications

ASTM A SUA Stamdand Specificason § Sacel, Blsck ased Hot

Dipped Zine Coated

Centified Filler Mital Teat Regorts

Saper-Arc L rode, ERTIS61 AWS AL 18

Wekd [htlap Requseree

WELD ENGINEERING
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GENERAL DYNAMICS

Tel. 1) 2.

- s GAMMA TECH INDUSTRIES, INC,
36dS DALBFRGIA STREET

.
(| AN DIEGO. CALIFORNIA 92113-2813
3808 FAX (41%) 231.3801

BASCIGRLMAT WORE & NTIPRITANCN ESC D

WELD ENGINEERING

WELD P

WENRTVREA 1B |

MANTIEL
HABIUS

MES
WIITH

N TERTING
5

MECHANICAL TEST REPORT
WELD PROCEDURE QUALIFICATION

SPECIMEN
THICKNESS

WESTLIA

WELD ENGINEERING
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GENERAL DYNAMICS

NGEECO)

Praedurs Guaiifcation Recard Se.__SP-1IALL the 21 b

ROOT BENDS

WELD ENGINEERING

GENERAL DYNAMICS
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WELD ENGINEERING
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GENERAL DYNAMICS
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[Gert Mo 0560 |

LINCOLN WIRE
Super Arc L-56
ER 70S-6 / Dia. .045

WELD ENGINEERING

GENERAL DYNAMICS

WELD ENGINEERING
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GENERAL DYNAMICS

I Start of 1® Ramp

End of 2nd Ramp

Start of 1% Ramp

End of 1® Ramp
— e End of 2nd GMAW
Start of 1% GMAW i |

Start of 2" Ramp

Star of 2nd Ramy
End of 2* Ramp — e - e

End of 2% GMAW

Star of 1st GMAW
"

le End of 1*
~ Ramp

N

7

Distance - | Distance +

WELD ENGINEERING

= JEE
GENERAL DYNAMICS
aseco (PQR)

NP-11A1.1

| - A

X-RAY Results

WELD ENGINEERING
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GENERAL DYNAMICS

MACRO AND BEND TESTS

This phase of testing consisted of weld evaluation with specified pipes sizes
and establishing parameter setting that provided acceptable weldability

And satisfied V.T. Acceptance Criteria. (Next two pages)

TEST ID No. PIPE SIZE JOINT TYPE W.F.S
07-214 4 in. dia., Sch 40, 0.237 in. wall Butt 250 ipm
07-215 6 in. dia., Sch 40, 0.280 in. wall Butt 250 ipm
07-211 8 in. dia., Sch 40, 0.337 in. wall Butt 250 ipm
07-212 4 in. dia., Sch 80, 0.337 in. wall Butt 250 ipm
07-202 8 in. dia., Sch 80, 0.380 in. wall Butt 400 ipm

Test ID No. 07-214 Test ID No. 07-215

WELD ENGINEERING

"
GENERAL DYNAMICS

MACRO AND BEND TESTS

Test ID No. 07-202

WELD ENGINEERING
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GENERAL DYNAMICS

aseCo RADIOGRAPHIC TEST RESULTS

The next set of pipes were X-Rayed and radiographic test results were acceptble. Mechanical Testing
will include bends and tensiles to qualify these sizes.

TEST ID No. PIPE SIZE JOINT TYPE W.F.S.

07-213 4 in. dia., Sch. 40, 0.237 in. wall Butt 250 ipm

Results -- Acceptable

Defects -- 9-12 in. view, 6 Pores =0.030" dia. @ 10 = 0.004 sq. in.s (Total porosity area allowed is
0.007 sq in. per 3 in. weld length)

07-209 6 in. dia., Sch. 40, 0.280 in. wall Butt 250 ipm

Results -- Acceptable

Defects -- 7-11in. view, 11 Pores <= 1/64" dia. = disregard

6 Pores = 0.030" dia. = 0.004 sq. in.s (Total porosity area allowed is 0.0112 sq in. per 4 in. weld length)

07-216 8 in. dia., Sch. 40, 0.322 in. wall Butt 250 ipm
Results -- Acceptable

07-218 4 in. dia., Sch. 80, 0.337 in. wall Butt 250 ipm
Results -- Acceptable

Defects -- 0-3in. view, 11 Pores <= 1/64" dia. = disregard

3-6 in. view, 1 Pores = 0.030” dia.

WELD ENGINEERING

"
GENERAL DYNAMICS

GAMMA TECH INDUSTRIES, INC. .

w 3445 DALBERGLA STREET e
SAN NEGO, CALFORNIA 93113-3812 3
Tel, (61%) 231-3608 FAX (41%) 231.3811

Test No.
07- 216

WELD ENGINEERING
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GENERAL DYNAMICS

3645 DALBERGIA STREET B
SAN DIEGO, CALIFORNIA 92113-3812
Tel. (615) 231-2808 FAX (819 231.3811

BADIOCEAC WO & IMTERPEFTARCHN E5 D
2007

CUTTOMER_MATCNAL STTTL AND SHPBUECRNG C0M o _rgnm
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GENERAL DYNAMICS
0&eCO WELDING ENGINEERING

04/23/07

FIRST PRODUCTION PIPE WELDED BY HYBRID LASER

FLANGE

First welded

joint >

Second welded
07-348 joint

07-379 2

e ,,

04/11/07 — 4/12/07

FLANGE

1. 4" NPS PIPE, SCH. 40 STEEL (48mm LENGTH) SAW CUT JOINTS, BOTH ENDS
2. 4" NPS PIPE, SCH. 40 STEEL (621mm LENGTH) SAW CUT JOINTS, BOTH ENDS
3. 4" NPS ELBOW 90°, BUTT. STEEL, MACHINED OFF BEVELS

HOURS USED

To machine both ends of the Elbow by Machine Shop =30 min

. . . . _ . FLANGES WHERE INSTALLED AFTER
To fit the (2) pipes by Pipe fitter = 30 min LASER WELDING WAS COMPLETED

GENERAL NOTE:

Set-up and Weld both joints =15 min
Weld repair on ID, first welded joint = 15 min

1 HOUR 30 MIN. TOTAL




GENERAL DYNAMICS

a&CO WELDING ENGINEERING

04/23/07

SECOND PRODUCTION PIPE WELDED BY HYBRID LASER 0418107

First welded
joint

07-403
Second welded

joint

07-404

1/

4" NPS PIPE, SCH. 80 STEEL (140mm LENGTH) SAW CUT JOINTS, BOTH ENDS
4" NPS PIPE, SCH. 80 STEEL (1436mm LENGTH) SAW CUT JOINTS, BOTH ENDS
4" NPS ELBOW 90°, BUTT. STEEL, MACHINED OFF BEVELS

HOURS USED

To machine both ends of the Elbow by Machine Shop =1 Hr
To fit the (2) pipes by Pipe fitter = 30 min
Set-up and Weld both joints = 20 min

wn e

1 HOUR 50 MIN TOTAL




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING

04/23/07

THIRD PRODUCTION PIPE WELDED BY HYBRID LASER

FLANGE

Second welded
joint

07-435

I

JONVH

1. 8" NPS PIPE, SCH. 40 STEEL (133mm LENGTH) SAW CUT JOINTS, BOTH ENDS
2. 8" NPS PIPE, SCH. 40 STEEL (87mm LENGTH) SAW CUT JOINTS, BOTH ENDS
3. 8" NPS ELBOW 90°, BUTT. STEEL, MACHINED OFF BEVELS

HOURS USED

To machine both ends of the Elbow by Machine Shop = 1.30 hrs
To grind and fit up (2) pipes by Pipe fitter =1 hr
Set-up and Weld both joints = 30 min

3 HOURS TOTAL

«—

First welded
joint

07-434

04/25/07

GENERAL NOTE:

FLANGES WHERE INSTALLED AFTER
LASER WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

FOURTH PRODUCTION PIPE WELDED BY HYBRID LASER

05/10/07

COUPLING

SPOOL #1 HAS A HOURS USED

<+ 2.7 DEGREE BEND

To set-up & machine Elbow & Pipes =2 hrs

Fit up (2) pipes by Pipe fitter =1 hr

Set-up and Weld both joints = 30 min

Repaired ID weld on first joint, ID under = 45 min

Second welded
joint ——»

07-464 4.2 HOURS TOTAL

First welded
joint 2
07-463

| !

COUPLING

1. 10" NPS PIPE, SCH. 40 STEEL (442mm LENGTH) SAW CUT JOINTS, BOTH ENDS GENERAL NOTE:
2. 10" NPS PIPE, SCH. 40 STEEL (350mm LENGTH) SAW CUT JOINTS, BOTH ENDS COUPLINGS WHERE INSTALLED AFTER
3. 10" NPS ELBOW 90°, BUTT. STEEL, MACHINED OFF BEVELS LASER WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

FIFTH PRODUCTION PIPE WELDED BY HYBRID LASER

05/18/07

COUPLING

Second welded
— joint

Firs}ov;/rc]a:ded 07-468 HOU RS USED

07-467

To set-up & machine both ends of Elbow = 1.5 hrs
. To grind and fit up (2) pipes by Pipe fitter = 1.0 Hr
Set-up and Weld both joints = 0.5 Hr

Repaired ID weld on first joint, ID under = 1.2 Hrs

AN 4.2 HOURS TOTAL for (2 joints)

GENERAL NOTE:

COUPLING WAS INSTALLED AFTER
LASER WELDING WAS COMPLETED

1. 8" NPS PIPE, SCH. 80 STEEL (252mm LENGTH) SAW CUT JOINTS, THEN MACHINED
2. 8" NPS PIPE, SCH. 80 STEEL (234mm LENGTH) SAW CUT JOINTS, THEN MACHINED
3. 8" NPS ELBOW 90°, BUTT. STEEL, MACHINED OFF BEVELS




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

SIXTH PRODUCTION PIPE WELDED BY HYBRID LASER

05/23/07

JONVId

FLANGE
2 > HOURS USED
To set-up & machine both ends of Elbow = 45 min
First welded < e To grind and fit up (1_) pipe by Pi_pe fitter = 45 min.
1 joint becausepipe  Set-up and Weld (1) joint = 30 min
07-491 arm bracket Repaired ID weld on first joint, ID 2" concave = 10 min
v w TOTAL 2.2 HOURS for (1 joint)
\ ;
1. 8" NPS PIPE, SCH. 40 STEEL (261mm LENGTH) SAW CUT JOINTS, THEN MACHINED GENERAL NOTE:
2. 8" NPS PIPE, SCH. 40 STEEL (191mm LENGTH) SAW CUT JOINTS, THEN MACHINED R R e hoap TR
3. 8" NPS ELBOW 90°, SHORT R, BUTT. STEEL, MACHINED OFF BEVELS
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WELDING ENGINEERING 04/23/07

SEVENTH PRODUCTION PIPE WELDED BY HYBRID LASER

FLANGE

First welded
Joint

Third welded

FLANGE

&
e
6
6

e

Joint 07-518
07-520 1
REDUCER
f T

Second welded
Joint

07-519

06/05

HOURS USED
To set-up & machine both pipe ends, Elbow
and one side of the reducer =15Hr
To grind and fit up (3) pipe joints by Pipe fitter = 1.2 Hr
Set-up and Weld (3) joints =45 min
Repaired (2) tie-ends on OD. =20 min

TOTAL 3.7 HOURS FOR (3 joints)

NPS PIPE, SCH. 40 STEEL (132mm LENGTH) SAW CUT JOINTS, THEN MACHINED
NPS PIPE, SCH. 40 STEEL (147mm LENGTH) SAW CUT JOINTS, THEN MACHINED

NPS ELBOW 90°, LONG R, BUTT. STEEL, MACHINED OFF BEVELS
X'5” NPS REDUCER, CONCENTRIC, STEEL. MACHINED ON THE 6”

SIDE ONLY GENERAL NOTE:

FLANGES WHERE INSTALLED AFTER
LASER WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

First welded

joint

07-523

wh e

EIGHTH PRODUCTION PIPE WELDED BY HYBRID LASER

06/06

HOURS USED
«— 1
To set-up & machine both ends of Elbow
and one end of both pipes =34 Hr
To grind and fit up (3) pipe joints by Pipe fitter = .5 Hr
Set-up and Weld (2) joints =.5Hr
Second welded Repaired (1) tie-end on OD. =.2Hr
07-524 2
l/ TOTAL 4.6 HOURS FOR (2 joints)
v

6” NPS PIPE, XS STEEL (358mm LENGTH) SAW CUT JOINTS, THEN ONE SIDE MACHINED W/ .350 LAND.
6” NPS PIPE, XS STEEL (1354mm LENGTH) SAW CUT JOINTS, THEN ONE SIDE MACHINED W/ .350 LAND.
6" NPS ELBOW 90°, LONG R, BUTT. STEEL, MACHINED OFF BEVELS AND W/ .350 LAND

& ONE SIDE (MACHINE) CUT 87.4 DEG.

GENERAL NOTE:

FLANGES WHERE INSTALLED AFTER
LASER WELDING WAS COMPLETED
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WELDING ENGINEERING

04/23/07

First Production Pipe
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WELDING ENGINEERING

04/23/07

Second Production Pipe




GENERAL
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DY NAMICS
WELDING ENGINEERING

04/23/07

Third Production Pipe




GENERAL
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DY NAMICS

WELDING ENGINEERING

04/23/07

Fourth Production Pipe




GENERAL DYNAMICS
RIQe) WELDING ENGINEERING 04/23/07

oT-4be

S faswucnon
Pipet

Fifth Production Pipe




GENERAL DYNAMICS
RIQTe) WELDING ENGINEERING 04/23/07

Sixth Production Pipe




GENERAL DYNAMICS
RIQe) WELDING ENGINEERING 04/23/07

Seventh Production Pipe




GENERAL DYNAMICS
RIQe) WELDING ENGINEERING 04/23/07

Eiahth Production Pipe




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING

04/23/07
NINTH PRODUCTION PIPE WELDED BY HYBRID LASER
E
FLA ) HOURS USED
el
5 To set-up & machine both ends of Elbow
and one end of both pipes =2.0Hrs
l To grind and fit up (2) pipe joints by Pipe fitter = 1.0 Hr
Second welded Set-up and Weld (2) joints =0.5Hr
Joint ¥ Repairs (None) - =0Hrs
07-557
o
§ 3.5 HOURS TOTAL for (2 joints)
s V

!

First welded
Joint

07-556

1. 12" NPS PIPE, SCH. 40 STEEL (321mm LENGTH) SAW CUT JOINTS, THEN MACHINED

2. 12" NPS PIPE, SCH. 40 STEEL (369mm LENGTH) SAW CUT JOINTS, THEN MACHINED
3. 12" NPS ELBOW. 45°, STEEL, MACHINED OFF BEVELS

GENERAL NOTE:

FLANGE AND COUPLING WHERE
INSTALLED AFTER LASER WELDING
WAS COMPLETED




GENERAL DYNAMICS

WELDING ENGINEERING 04/23/07

TENTH PRODUCTION PIPE WELDED BY HYBRID LASER

FLANGE (SLIP-ON)

t

First joint
welded
07-558

REDUCER
10" X 8

i

Second joint
welded

07-559

FLANGE (SLIP-ON)

HOURS USED
To set-up & machine both ends of Reducer
and one end of both pipes =1.2 Hrs
To grind and fit up (3) pipe joints by Pipe fitter = 0.5 Hr
Set-up and Weld (2) joints =0.5Hr
Repaired ID on (2”djoint) half w/concavity ----- =0.5Hr

TOTAL 2.7 HOURS TOTAL for (2 joints)

1. 10" NPS PIPE, SCH. 40 STEEL (55mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
2. 8" NPS PIPE, SCH. 40 STEEL (50mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
3. 10 x 8 IN. NPS REDUCER, SCH. 40, STEEL, MACHINED OFF BEVELS TO 90°

GENERAL NOTE:

SLIP ON FLANGES AND SOCKOLET
WHERE INSTALLED AFTER LASER
WELDING WAS COMPLETED




GENERAL DYNAMICS

WELDING ENGINEERING 04/23/07

ELEVENTH PRODUCTION PIPE WELDED BY HYBRID LASER

=

REDUCER
10" X 8"

FLANGE (SLIP-ON)

_

First joint
welded
07-560

Second joint
welded

07-561

FLANGE (BUTT WELD)

HOURS USED
To set-up & machine one end of Reducer and
the Butt Weld Flange, also both ends of pipe ----- = 2.0 Hrs
To grind and fit up (3) pipe joints by Pipe fitter --- = 0.5 Hr
Set-up and Weld (2) joints =0.5Hr
Repairs (None) ---=0.0 Hr

3 HOURS TOTAL for (2 joints)

1. 8" NPS PIPE, SCH. 40 STEEL (67mm LENGTH) SAW CUT JOINTS, THEN MACHINED 90°

2. 10 x 8 NPS REDUCER, STEEL, MACHINED OFF BEVEL TO 90°

3. 8" NPS FLANGE. BUTT WELD, FLAT FACE, MACHINED OFF BEVEL TO 90°

GENERAL NOTE:

SLIP ON FLANGE AND SOCKOLET
WHERE INSTALLED AFTER LASER
WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

TWELFTH PRODUCTION PIPE WELDED BY HYBRID LASER

Second welded
Joint

07-563 2
1
l - HOURS USED
Set-up to machine both ends of Reducer & pipes --------------- =4.0 Hrs
To fit up & grind (2) pipe joints by Pipe fitter =0.5Hr
Set-up and Weld (2) joints =0.5Hr

Repaired 2" joint, root (4" of No Penn) & Cover undercut all = 1.0 Hr

REDUCER
12" X 10"

FLANGE
FLANGE

6 HOURS TOTAL for (2 joints)

First welded T

Joint
07-562

1. 10" NPS PIPE, SCH. XS 80 STEEL (150mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
2. 12" NPS PIPE, SCH. XS 80 STEEL (143mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
3. 12 x 10 NPS REDUCER, STEEL, MACHINED OFF BEVELS AND ROUNDED ID.

GENERAL NOTE:

FLANGES WHERE INSTALLED AFTER
LASER WELDING WAS COMPLETED




GENERAL DYNAMICS

WELDING ENGINEERING 04/23/07

13TH PRODUCTION PIPE WELDED BY HYBRID LASER

COUPLING

Second joint

First joint
welded
07-566

v

COUPLING

1

welded —>
07-567

07/02/07

HOURS USED
Set-up to machine both ends of Elbow & pipes -- =2 Hrs
To fit up & grind (2) pipe joints by Pipe fitter ------ =1Hr
Set-up and Weld (2) joints =.5Hr
Repaired root on both joints concavity 12” total - =.7 Hr

4.2 HOURS TOTAL for (2 joints)

1. 10" NPS PIPE, SCH. 40 STEEL (287mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
2. 10" NPS PIPE, SCH. 40 STEEL (260mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
3. 10" NPS ELBOW LONG R, 90°, STEEL, MACHINED OFF BEVEL TO 90°

GENERAL NOTE:

COUPLING WHERE INSTALLED
AFTER LASER WELDING WAS
COMPLETED




GENERAL DYNAMICS

WELDING ENGINEERING 04/23/07

14TH PRODUCTION PIPE WELDED BY HYBRID LASER

First welded
joint

07-571

COUPLING

HOURS USED

Set-up & machine both ends of Elbow & pipes =1 Hr
To grind and fit up (2) pipe joints by Pipe fitter = 1 Hr

Set-up and Weld (2) joints =.5Hr
Repaired 1% joint, Root Convex, 2 spots & Cover
pass had under cut, all =1Hr

3.5 HOURS TOTAL for (2 joints)

Second welded
joint

07-572

1. 8" NPS PIPE, SCH. 40 STEEL (731mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END TO 90°
2. 8" NPS PIPE, SCH. 40 STEEL (162mm LENGTH) SAW CUT JOINTS THEN MACHINED ONE END TO 90°

3. 8" NPS SR ELBOW, 90°, STEEL, MACHINED OFF BEVELS TO 90°

GENERAL NOTE:

COUPLING WAS INSTALLED AFTER
LASER WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

15TH PRODUCTION PIPE WELDED BY HYBRID LASER

FLANGE (SLIP-ON)

HOURS USED
First welded 2 Set-up to machine both ends of Elbow and pipes = 1.5 Hr
foint To grind and fit up (2) pipe joints by Pipe fitter--- = 1.0 Hr
07-573 Set-up and Weld (2) joints =0.5Hr
Repairs (None) ---- = 0.0 Hr
! 3 HOURS TOTAL for (2 joints)

PENETRATION
SLEEVE

Second welded
joint

07-576

1. 6” IPS PIPE, SCH 80 STEEL (1143mm LENGTH) SAW CUT JOINTS, THEN ONE SIDE MACHINED W/ .350 LAND & 35° BEVEL.
2. 6" IPS PIPE, SCH 80 STEEL (130mm LENGTH) SAW CUT JOINTS, THEN ONE SIDE MACHINED W/ .350 LAND & 35° BEVEL.
3. 6" NPS ELBOW 90°, LONG R. STEEL, MACHINED OFF BEVELS AND W/ .350 LAND & 35° BEVEL.

GENERAL NOTE:

SLIP ON FLANGE AND PENETRATION
SLEEVE WHERE INSTALLED AFTER
LASER WELDING WAS COMPLETED




GENERAL DYNAMICS
0&eCO WELDING ENGINEERING 04/23/07

16TH PRODUCTION PIPE WELDED BY HYBRID LASER 07/09/07
wme [

[

HOURS USED
Set-up & machine one end of Reducer and pipe -------- =1.5Hrs
To grind and fit up (1) pipe joint by Pipe fitter ------------ =0.7 Hr
Set-up and Weld (1) joints =0.5Hr
Repaired root pass, concavity 5” also fixed tie-end ---- = 0.5 Hr

REDUCER
18" X 16”

3.2 HOURS TOTAL for (1 joint)

FLANGE (SLIP-ON)
COUPLING

\

1. 16" NPS PIPE, SCH. 40 STEEL (90mm LENGTH) SAW CUT JOINTS, THEN MACHINED ONE END 90°
2. 18 x 16 NPS REDUCER, STEEL, MACHINED OFF BEVEL TO 90°

GENERAL NOTE:

SLIP ON FLANGE AND COUPLING
WHERE INSTALLED AFTER LASER
WELDING WAS COMPLETED
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Ninth Production Pipe
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04/23/07

Tenth Production Pipe
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WELDING ENGINEERING

04/23/07

Eleventh Production Pipe
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Twelfth Production Pipe
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WELDING ENGINEERING

04/23/07

Thirteenth Production Pipe
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14th Production Pipe
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15th Production Pipe
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16" Production Pipe
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