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ABSTRACT

An automatic seem tracking/adaptive control welding system the M 1000,
was evaluated by weld testing using the vertical position high heat input
pul sed gas netal arc welding process. During the course of the evaluation
period, nunerous hardware and software nodifications were nmade by the nmachine
desi gner/builder, CRC Automatic Welding, in response to Electric Boat Division
suggestions. Significant inprovements were nmade in bead shape and size, and
in the automatic selection of the type of bead required and the paraneters to
use as a function of the prevailing groove geonetry.

It was concluded that the thru-the-arc concept of seem tracking/ adaptive
control used by the M 1000 was a viable technology and potential savings in
wel ding time may be possible if the M 1000 could be made conpetitive with
current mechani zed systems in terns of weld quality and bead size deposited.
However, additional devel opment work, on both hardware and software, is

required to realize the potential of the M 1000
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FOREWORD

This report presents the results of an evaluation and devel opnment project
sponsored in part by the SP-7 Wlding Panel, one of the panels of the Ship
Production Conmttee of the Society of Naval Architects and Marine Engineers.
The equi prent was purchased by the Electric Boat Division of General Dynam cs
under a cost sharing programwith the US. Mritine Administration managed by
Newport News Shipbuilding and Drydock Conpany. The principal objective was to
eval uate and develop the Crutcher Resources Corporation (CRC) M 1000 Vel ding
System for shipbuilding applications.

The technical contributions and expertise of Messrs. Joseph H Krause and

David C. Min of Electric Boat Division are gratefully acknow edged.
Acknow edgement is also nmade to the nenbers of the SP-7 Wl ding Panel, to M.
B. C. Howser, Newport News Shipbuilding, SP-7 Panel Chairman, and to MI.
Tanner, Newport News Shipbuilding, SP-7 Program Manager.

In addition, the contributions of Crutcher Resources Corporation (CRC)

Houston, Texas are acknow edged with special thanks to Floyd Thonpson and his

staff.
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1.0 Introduction

During the last decade, sem-automatic and mechani zed welding processes
have been devel oped for many shipyard applications including gas tungsten arc
wel ding (GTAW for orbital and horizontal rolled pipe welding, gas netal arc
wel ding (GVAW and flux cored arc welding (FCAW for hull butts and seans,
and subnerged arc welding (SAW for heavy section and Panel |ine
applications. Use of such processes and equipment has resulted in increased
deposition rates, inproved quality, and a reduction in overall manhours.
Exi sting systems, however, still require considerable operator control and
intervention during the welding process, or the use of extensive fixturing
I npendent control of the various welding parameters requires that the
operator continually monitor the weld process and take rapid corrective
action to assure consistent, controllable quality and high deposition rates.
Poor joint fitup hinders the operator’s ability to conpensate for irregular
joint conditions and taxes his ability to provide maxi num arc-on tine,
resulting in less than optinum productivity. An automated wel ding system
capable of detecting joint conditions and welding paraneter deviations, and
making corrective changes in real tine, would alleviate the operator’s
on-going problens and provide higher operator efficiency and |ower welding
costs . In addition, welding times and quality may also be inproved by the
automatic selection of the optimm welding paraneters and techniques for the

prevailing joint conditions.



An automatic seam tracking/adaptive control welding system was first
exhi bited by CRC Automatic Wl ding at the American Wl ding Society Show in
April 1982. This system designated the M 1000, was primarily designed for
the pipeline industry. However, it appeared to be adaptable to shipyard
applications. Its unique features included: 1) automatic thru-the-arc seam
tracking; 2) automatic selection of the optinum welding parameters based on
prevailing joint conditions and pre-prograrmred al gorithns describing the
wel ding technique, and 3) adaptive control of all welding parameters to make
automatic, in process, real tinme corrections in welding paraneters in
response to changes in joint or underbead geonetry. Added features provided
for control of welding heat input and maintaining a constant bead fill
height.  Successful application of these features to shipbuilding may inprove
weld quality and operator factor.

A CRC M 1000 wel ding systemwas purchased under a cost sharing program
between the U S. Maritime Admnistration and the Electric Boat Division of
General Dynamics. The principal objective was to evaluate and develop the
M 1000 system for shipbuilding applications. It soon becane apparent that
addi tional hardware and software devel opnent work would  be required in order
to acconplish pulsed gas nmetal arc welding using techniques representative of
those used at Electric Boat. Because of the potential benefits to the
shipyard, Electric Boat elected to fund the weldin g  phases of this
devel opment under its Manufacturing and Production Engineering Program CRC
agreed to support this effort with internal funding. It is this devel opment
wor k conducted by Electric Boat during 1983 and 1984 that is described in

this report.



2.0 Objectives

The end objective of this programis to develop an automatic wel ding
system suitable for shipyard use that reduces welding |abor hours and if
possi bl e, support trade |abor hours (such as grinding), wthout reducing weld
quality, conmpared to mechanized equi pment and techniques currently used

The objective of the current phase of this programis to evaluate and
nmodi fy the CRC H 1000 system to the point that it nmeets the end objective

stated above for a limted shipyard application.

3.0 Approach

An objective equi pment evaluation necessitates the establishnment of
reasonabl e performance requirements based on currently used welding equi pnent
and techniques. Additional requirenents may also be necessary to insure that
wel ding times are really reduced w thout manhour increases in associated
trades, such as shipfitting and grinding. After establishment of the
performance requirenments, evaluation of the new equi prent may be acconplished
by wel ding plates designed to test one or more of the machine's
capabilities. Analysis of the results and conparison with conparable
information obtained with ship yard equi pment and techniques forms the basis

for equi pment nodification and re-eval uation



4.0 CRC System Description (Mirch 1983)

The CRC M 1000 is an automatic, adaptive, closed-loop feedback welding
system whi ch automatically controls most welding parameters by thru-the-arc
sensing. It is adaptable to the gas metal arc, subnerged arc, and gas
tungsten arc processes. The system consists Of an integrated trave
carriage/torch/oscillator unit (Figure 1) and a microconputer with keypad
which would normally be located with the wel ding power supply. Conmunication
between the two units is via a high speed serial line. Also |ocated with the
wel ding power supply is a snell box containing a current shunt and an
external contactor.

The only controls on the travel carriage are travel and wire feed jog
switches, a travel forward/reverse switch, and a weld on/off switch. The
torch, which is gas-cooled, uses a collet to hold the contact tip. Gas cups
either a 0.625 in. |I. D. ceramc nozzle or 0.43 in. by 1.1 in. elongated
al um num nozzle, are screwed into the end of the torch barrel. A solenoid
mounted on the bottom of the conputer enclosure controls the supply of
shielding gas to the torch.

The m croconputer (8-bit RCA 1802 microprocessor) is responsible for
alnost the entire welding operation. This includes: selection of the
initial welding parameters in accordance with preprogrammed data and
al gorithms describing the welding technique; sensing of joint sidewalls and
underbead contour; adaptive control during the course of welding; display of
information including welding paraneters and joint profile informtion

detection of inproper welding conditions; etc



Photoaraph of Travel Carriace/Torch/Oscillator Unit

Figure 1



5,0 Basic Operational Theory and Startup Procedure (Mirch 1983)

The M 1000 system is designed to select the optimuminitial welding
parameters based on the joint geonetry at the start location and nake |ogica
adjustments in tracking and welding paraneters during the course of welding
The initial parameters are calculated by the conputer based on preset data
(such as wire dianeter, shielding gas, and maxi num heat input),
pre-programed al gorithms describing the welding technique (such as the
relationship between bead thickness and width, travel speed, and sidewall
dwel I's), and the joint geonetry. The joint geonetry at the start |ocation is
determned by a nodeling routine which involves touching the contact tip or
the end of the filler wire extending fromthe contact tip to severa
| ocations within the joint groove and on the plate surface. The conputer
recogni zes that contact has been nade with the base metal because an
electrical circuit is conpleted. These contact points define such things as

location of the plate surface, depth of the groove remaining, and slope of

the sidewal |s. | Figure 2 |shows the details of one of several nodeling

routines and the startup procedure.

Figure 3 presents a nuch sinplified theory of operation. Using the

nmodel of the groove at the start location together with pre-programed
constants, algorithnms describing the welding technique are accessed. The
conputer selects the optimum initial welding parameters and establishes a
range of travel speeds to optimze the fill and welding efficiency wthout
sacrificing weld quality. Wth the program used at Electric Boat, each bead
was to be deposited with a constant thickness regardless of changes in joint

geonetry along its length. This is acconplished by varying the travel speed
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Turn weld on/off switch *“on”.
Torch rotates to preset lead/lag angle and locates surface of workpiece.
Torch retracts to preset contact tip to work distance.

Wire is fed until it contacts plate surface, establishing initial
electrode stickout.

As torch moves over joint, operator turns off switch near center of joint.
Operator turns on switch and torch lowers 0.150 in.

Locate inside wall.

Locate outside wall.

Compute and move to centerline.

Locate bottom of joint.

Retract torch 0.100 in.
Locate inside wall.

Locate outs outside wall.

Return to centerline, compute travel speed, oscillation dwells, etc.,
based on joint geometry.

Strike arc. Adjust tracking and welding parameters py thru-the-arc
sensing.

StartuD Procedure and Single Bead
Layer Modeling Routine (March 1983)

Figure 2
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CALCULATE PROPER
FILL HEIGHT, MOVING
SPOT HEAT SIZE AND
INITIAL PARAMETERS
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Theory of Operation

Figure 3
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in response to changes in groove width. However, restraints were inposed on
maxi mum and mni num heat inputs to maxinmze the welding efficiency and keep
the heat input at or below the maxi mum al | owed.

After initiation of the arc, the initial pre-prograrnmed contact tip to
work distance is maintained during the first four oscillation cycles. In
addition, no sidewall tracking or adaptive control is performed. Centerline
current and voltage sanples are taken. These values are averaged and serve
as a reference. Thereafter, sidewall tracking is acconplished by anal yzing
and processing current and vol tage signals obtained during each sidewall
dwel | period and conparing it to reference anperage and voltage signals
extracted at the center of each oscillation stroke. In response to these
signals, the oscillation stroke inboard and outboard of center is adjusted
In nore detail, a quantity called AC is conputed based on the change in
contact tip to work distance required to give a certain change in arc power
at the sidewall, knowing the sidewall slope, wire dianeter, etc. This
enpirical quantity controls, in effect, the depth of penetration into the
sidewal|. During each sidewall dwell period, the difference between the
change in arc power over a distance near the centerline and the change in arc
power as the arc approaches the sidewall is calculated and conpared to AC
If the calculated value is less or greater than AC, then it indicates that
the arc is not properly located with respect to the sidewall. If this
occurs, then on the next oscillation stroke the torch will oscillate 0.020
in. towards or away fromthe sidewall, as appropriate. [|f two successive
corrections are made on one sidewall, no further corrections will be nade

This is to prevent the possibility of the machine continuously w dening the



oscillation stroke in search of a sidewall that may not exist. In addition,
CRC claimed that a mnimum of 0.100 in. of sidewall is required for automatic
tracking, Therefore, if the sidewall height fell below 0.100 in. during the
course of welding, tracking on that sidewall would cease and no further
changes in the extent of oscillation would occur.

Torch to work distance is maintained by conparing the current and
voltage sanpled at the centerline on each oscillation stroke to the reference
val ues taken during the first four oscillation cycles. An increase in torch
to work distance, such as if the depth of the groove was suddenly increased
as a result of metal excavation, or if the workpiece was moving away from the
wel di ng machine, would produce |ower currents and higher arc voltages at the
centerline conpared to the reference values. This would result in the
conmputer driving the torch in towards the weld wuntil the centerline sanples
mat ched the reference val ues.

During the course of welding, variations in the joint width are
compensated for by the automatic tracking feature. The M 1000 adjusts the
oscillation stroke inboard and outboard of the centerline while still
mai ntaining a constant sidewall penetration. In response to these width
changes, the travel speed is adjusted, within the limts of the allowed heat
input range, to maintain a constant bead thickness and bead shape. Qher
parameters, such as sidewall dwells and wire feed speed, may also be
adaptively changed in response to the changes in bead wi dth and travel
speed. Average arc voltage is mintained through conputer control of the

power supply open circuit voltage.

-10-



ldeal Iy, no input should be required from the operator during the course
of welding since the conputer is performng automatic tracking and adaptively
controlling all welding paraneters. However, the operator has the ability to
change the average arc voltage by using the keypad on the conputer. This
allows the operator some adjustment of the arc length to conpensate for
variations in wire coating, wire chemstry, contact tip condition, |ocation

of bead within groove, etc.

The nodeling routine presented in[ Figure 2 yas designed for single bead

layer fill passes, i.e. , heads where two sidewalls of sufficient height are
present.  Four other routines were available to handle two bead fill [ayers

and single and two bead finish layers. These routines are outlined in

Figures 4,56 hnf 7. [Figure 8 Joresents the single bead layer fill pass

routine for conparison. | Figure 4 |shows the routine for a bead in a two bead

fill pass layer. Automatic tracking is performed only on one sidewall; the
width of oscillation is fixed and is dependent on the distance between points

5and 6 inthe figure. The routine in[Figure 5 fray be used for either bead

of a two pass fill layer or either bead of a two pass finish pass |ayer.

This routine is simlar to that inexcept that a | ower value of AC

is used to reduce the anount of sidewall required for tracking. The routine

in Figure 6 uses the reduced A Cas in the routine in| Figure 5,|but allows

tracking on both sidewalls. The routine in| Figure 7 |deposits a fixed wdth

bead with no sidewall tracking.

-11-



7/

Stop torch travel over bevel; turn switch on.

Stop wire short of sidewall not to be tracked; turn
switch on.

Locate tracking Wall (upper).
Locate bottom of groove.

Stop wire at location where toe of weld should be
(non-tracked side); turn switch On.

Locate tracking wall (lower).
Strike arc.

Routine for First Bead of Two Bead Fill Pass
Layer (Outboard Tracking Wall Shown)

Figure 4



Stop torch travel over deepest part of groove; turn
switch on; turn switch off; turn switch on.

Locate deepest part of groove
Locate tracking wall

Filler wire will trace path up existing bead surface;
turn switch off at location desired for weld toe
(non-tracked).

Turn switch on and strike arc.

Routine for Second Bead of Two Bead Fill Pass Layer
(Inboard Tracking Wall Shown) Or Either Bead of Two

Bead Finish Layer With One Tracking Sidewall

Figure 5
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1. Stop torch travel over groove; turn switch on; turn
switch off; turn switch on.

2. Locate bottom of groove.

3. & 4. Locate inboard sidewall; wire climbs up sidewall; stop
when desired.

5. Turn on switch; as 3 & 4 above, except for outboard
sidewall.

6. Turn switch on and strike arc.

Routine for Single Bead Finish Layer With Automatic Tracking

Figure 6

-14-
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1. Stop torch travel over deepest part of groove; turn
switch on, off, then on.

2. Locate bottom of groove.

3. Stop torch travel at desired location on inboard
side; turn switch on, off, then on.

4. as 3 except on outboard side.
5. Strike arc.

Finish Layer Bead - No Automatic Tracking

Figure 7
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Stop torch travel over bevel; turn switch on
Locate inboard sidewall (upper)

Locate outboard sidewall (upper)

Locate bottom of groove

Locate inboard sidewall (lower)

Locate outboard sidewall (lower)

Strike arc .

Single Bead Layer Fill Pass Routine

Figure 8



6.0 Summary of Expected Advantages of the M 1000

7.0

As previously nentioned, the M1000 is designed to automatically select
the optimum wel ding conditions based on the joint conditions at the start and
perform automatic seam tracking and adaptive control of welding paranmeter
during the course of welding. These features would hopefully inprove
operator efficiency and weld consistency and quality. Concurrent with the
automatic tracking and adaptive control features, the M1000 is claimed to he
capable of adapting to bevel irregularities, such as sidewall gouges caused
by inproper flame cutting or grinding, or irregularities in the underbead

surf ace, such as tack welds.

Criteria Used for Evaluation of the M 1000

In order to objectively evaluate the M 1000 a reasonable performance
criteria was devel oped based on high heat input (wto 100 kj/in) pul sed gas
metal arc welding (PGVAW practice currentlY used at Electric Boat Division.
This practice uses 0.045 in. diameter ML-loos-1 electrode (M L-E-23765/2B),
95% Ar/ 5% Co, shielding gas, and 120 hertz pulse power (Airco PA-3A power
supply) to weld steel in all positions at wire feed speeds up to 325 ipm (8.6
| bs. per hour net) and heat inputs up to 100 kj /in. hows wel di ng
time vs. operator factor for three different wire feed speeds (200, 250 and
325 ipm using the assumed joint design and deposition efficiency shown.

Note that since the total welding time for a given joint is dependent only on

the arc tine and the operator factor, heat input has no effect on total

welding time. Thus, each of the three lines in|Figure 9|actually represents

any heat input. It should be noted that the wire feed speed range of 200 to

-17-
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25 ipmand heat input range of 45 to 90 kj/in. represents the practica

range of conditions used in thick plate PGMAW at El ectric Boat. An average

wel der using shipyard mechani zed PGVAW equi pment routinely welds vertica

joints at 250 ipm (or nore) wire feed speed at a nomnal 90 kj/in. The

vertical welding position probably represents the largest proportion of heavy

plate PGVAW perforned at Electric Boat Division. In addition, it is judged

to be the position easiest in which to maximze the fill rate, the heat

input, and puddie control while also the easiest in which to Jnimze

defects. Therefore, vertical position welding at 250 ipmwre feed speed was

selected as a mninum performance requirement for evaluation of the M-1000
AIthougshows that heat input for a given wire feed speed,

joint design, and operator factor does not effect the welding tine, actua

Electric Boat Division experience is to the centrary. The reason for this is

the way in which operator factor is traditionally applied, as in Figure 9.

The arc time to weld a given joint is only dependent on the wire dianeter
wire feed speed, and deposition efficiency. Changing the heat input (by
changing the travel speed) w thout changing these three paraneters only
effects the number of beads required to fill the joint. The arc time remains
the sane. Thus, application of an operator factor to an arc tine to
calculate the welding tinme does not take into account any beneficial effects
of higher welding heat inputs.

Increasing the heat input wthout changing the wire dianeter, wre feed
speed, deposition efficiency, or joint design results in a reduction in the
welding time. The reason for this is that the welding tinme includes the arc
time and the tinme between each bead. If the tine between each bead and the

arc time remain constant, increasing the heat input reduces the nunber of

-10-



beads required for a given joint. This reduces the welding tinme because
there is less total tine between beads. iIIustrates this point.
For exanple, for a given wire feed speed, doubling the heat input halves the
required nunber of beads. At a constant time between beads, the higher heat
input procedure requires |ess overall welding tine. The percentage savings
in welding time between the high and |ow heat input procedures increases as
the tinme between beads increases. This occurs bacause the overall
contribution of interpass time to the total welding tine increases as the
interpass time increases. Assumng that the time between beads for the high
and |ow heat input process variations is the same, the high heat input

variation welds a joint faster than the |ow heat input variation.

Figure 10 plso shows that for a given joint, wire dianeter, deposition

efficiency, interpass time and heat input, increasing the wire feed speed
decreases the total welding time. This is mainly a result of the decrease in
arc tine.

It has therefore been shown that for a given joint, wre diameter
deposition efficiency and interpass tine, welding tine can be mnimzed by
maximzing the wire feed speed (deposition rate) and minimzing the nunber of

beads (by maximzing the heat input). Additional savings can also be

realized by minimzing the interpass time. [Figure 10 proves these points by

considering all three variables: deposition rate, heat input and interpass
tim. This is the preferred method for calculating the welding tinme.

Calculation of welding time based on deposition rate and operator factor

(Figure 9) |for a variety of heat inputs is possible only if the relationship

between heat input, interpass time and operator factor is known for the
specific application.

Thus, in order to be conpetitive with existing mechani zed PGVAW
equi prent used in the vertical position, new equipment, such as the M 1000

-20-
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nmust be capable of depositing metal with at least the same wire feed speeds
(250 ipm and heat inputs (90 kj/in, nomnal) as currently used in actual
production. In addition, interpass times should not be greater than with
current equi pment and techniques because of nore involved setup between
heads, more grinding due to poor bead shapes, etc.

Several other inportant performance requirenents nust be established for

the M 1000 systemto be conpetitive with currently used mechanized
equi pnent.  These are summarized bel ow.

1) The equi pment nust be capable of welding plate prepared in the same
manner (thermal cut, ground) and with the same fitup dinensional
variations (root gap, included angle, out of fairness, etc. ) as
normal | y  encountered in shipyard production and wel dable with
exi sting mechani zed equi pnment.

2) The contour of the beads deposited shall be such that automatic
tracking and adaptive control can be acconmodated. No specia

grindin g between beads is required to allow the use of automatic
t racki ng/ adaptive control

3) The welding system shall automatically adapt to bevel irregularities
such as sidewal | gouges, varying root gaps and tack welds, as well
as varying track to work distances. The response to changes in the
bevel or underbead shape shall be fast enough so that radiographic
defects do not occur. The system should be capable of successfully
adapting to the same degree of bevel/underbead shape variation that
can be accommodated by existing mechani zed equi pment.

4)  The wel ding system shall provide welds wth radi ographic and
ultrasonic inspection quality at |east equal to that currently

attained with present shipyard nechanized equi pnent.
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5) The system shall be capable of depositing root passes against
backing bars, ceramc backing naterials, and in open root joint
configurations. Al conbinations of root condition and root gap
normal |y wel dabl e using existing mechanized equipnent shall be
wel dabl e.

6) Weld finish passes deposited with the H 1000 shall be regular and
snooth in appearance and shall blend in wth the plate surface and
adj acent finish passes. Reinforcenent  shall be a nominal 1/8 in
The nunber of finish paases required shall be mnimzed by

maximzing the bead size, except in cases where the final bead
required is of smaller size

7)  The welding system shall require a minimum of input and attention
fromthe operator.

8) The welding system nust be reliable and stand up to the shipyard
envi ronment .

9) The welding system nust be serviceable by shipyard equipnent repair
peopl e.

The above nine requirenents and the previously discussed requirenments

for maximzing the wire feed speed and heat input and mnimzing the time
bet ween wel ded passes were used in the Electric Boat evaluation of the

Mlooo . This is prsented in the follow ng sections.
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8,0 Initial Evaluation: Mirch 1983-Decenber 1983

Vertical position test welds were made in 1 in. thick HY-80 steel using
0.045 in. dianeter ML-100S-1 el ectrode and 95% Ar/57% C0, shi el di ng gas.
45° included angle single-V joints with backing bar were used. Backing bar
joints were used in the initial evaluation to elimnate the many extra
consi derations required of ceramc backed or open root joints. Root gaps
ranged from1/16 in. to 1 in. Mst  work was performed at 250 ipmwre feed
speed, although several initial test plates were run at 175 ipm because of
the lack of software for 250 ipm

Results of the initial testing using adaptive software were that, in
general, the travel carriage was a well designed, precision unit,
thru-the-arc tracking was successful, and good quality welds could be
produced in standard joint designs. This is especially true at 175 ipmwire
feed speed. Figure 11 shows a photomscrograph of a plate welded using
175 ipmwire feed speed adaptive software. A 5/8 in. root gap was used
Ei ght beads were deposited at heat inputs ranging from76.2 to 90.0 kj/in.
no def ects were detectable by radi ography and contour and reinforcements
provi ded by the finish |ayer beads were satisfactory. However, other plates
wel ded with the sane software were not as successful. In joints with root
gaps closer to those encountered in production, such as 1/4 in., the adaptive
software called for travel speeds faster than actually required. As
previously explained, this results in greater welding time conpared to what
is possible with current nechanized equipnent, especially at the relatively
low wire feed speed used. In addition, it became apparent that proper finish
bead contours were not always obtained using this software. In severa

cases, reinforcements up to 3/8 in. were obtained.
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Magnification 2.5%

Photomacrograph of 1 in. Thick Weld PD 14758:

459 Included Angle, 5/8 in. Root Gap, 175 ipm

Wire Feed Speed, 76.2-90.0 kj/in Heat Input
(Adaptive Software)

Fiqure 11
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The remainder of the initial evaluation work was perforned using 250 ipm
wire feed speed adaptive software. The welds produced were all of
unacceptable quality, principally because of unacceptable root, fill and
finish pass bead shapes, base nmetal undercut on root and finish pass welding
and the inability to properly track on finish passes. Figure 12 shows a
representative root pass in a joint with a 1/2 in. root gap. (Note that this
plate was part of a parallel program which used reduced included angles. )

The bead contour features a high crown and sidewall undercut up to 1/16 in.
deep (although not readily visible in the photograph). subsequent depGsitiOn
of a quality bead over this root pass would be very difficult and prone to
def ects.

Figure 13 is a photomacrograph of a section taken froma weld where the
root gap ranged from 3/32 to 1/2 in. over its 24 in. length. The root gap
was approximtely 11/32 in. at the point shown in the figure. The root pass
had excessive convexity along its entire length, simlar to that shown in
Figure 12. This convexity was nost severe when the root gap was between 3/32
and 5/16 in. Travel speeds ranged from3.8 ipmat the 3/32 in. root gap end
down to 2.5 ipmat the 1/2 in. end. Oscillation dwells varied as well. This
denonstrated adaptive control; as the root wdth increased, the oscillation
width increased and adjustnments were made in travel speed and dwell in an
attenpt to maintain bead thickness and shape. After grinding off the
convexity, three fill passes were deposited. These beads had acceptable
contours; tracking and adaptive control appeared to function properly. After
the third fill pass, the weld was 5/32 in. underflush at the 3/32 in. “root
gap end and 1/16 in. underflush at the 1/2 in. root gap end. As shown in

Figure 13, the first bead of a required two bead finish |ayer was deposited.
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Magnification 2.5X

Photomacrograph of Root Pass in 1 in. Thick
Weld PD 14785: 209 Included Angle, 1/2 in.
Foot GaP, 250 ipm Wire Feed Speed
(Adaptive Software)

Figure 12
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Magnification 2.5X

Photomacrograph of 1 in. Thick Weld
No. 7: 459 Included Angle, 11/32 in.
Root Gap, 250 ipm Wire Feed Speed
(Adaptive Software)
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CGenerally, the arc was too far fromthe tracking sidewall. This caused

i nadequate fill and undercut on that side, although not clearly visible in
Figure 13. In addition, the bead shape was unacceptably convex wi th about
1/4 in. of reinforcenent. The second finish bead was not deposited. No
defects were detected in the specimen shown in Figure 13.

Al'though the above test plate showed promising results, several mgjor
probl ems were evident. The root and finish beads had poor shapes and require
extensive grinding. Aso, undercut may occur at the finish bead toe due to
i nproper positioning of the arc. The convexity of the finish pass was caused
by inproper selection of welding and oscillation paraneters by the conputer
The poor root pass shape, especially at the narrower root gaps, was also
caused by inproper selection of welding and oscillation paranmeters by the
conputer. In effect, nmost of the welding heat in the root passes deposited
is absorbed by the backing bar. This increases the freezing tine greatly and
produces a convex bead, as shown in Figure 12. In order to produce flat bead
contours at the relatively high anperages and heat inputs used, the arc
position nust be higher up on the sidewall. This technique, which greatly
decreases the freezing tine, is successfully used at Electric Boat Division
to maximze deposition rates and heat inputs in vertical and overhead
position welding with PGMW Heat inputs up to 100 kj /in may be used for
nearly every passs in a joint, even root passes where the root gap is at
least 1/8 in. The ability to maximze the heat input for all passes reduces
the nunber of beads required, thus reducing the total welding time. This did

not occur with the M1000 as denonstrated by the test plate shown in Figure

13 and the associated data presented in| Table 1.|The data in the table

clearly shows that in each |ayer, the heat input increased as the root gap
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Bead Root Gap (in. )
0.16 0.23 0.30 0.36 0.47
1 58.8 60.3 72.1 89.4 89.4
2 67.1 74.1 97.7 102.3 97.7
3 72.8 75.5 81.5 92.6 97.1
4 95.0 104.0 104.0 104.0 104.0
5 76.0 76.0 76.0 76.0 76.0
Average 73.9 78.0 86.3 92.9 92.8
Heat
Input
kj/in

Heat Input (Kj/Zin) Per 8ead at Various Root Gaps
(From Test Pl ate Shown in Figure 13)

Table 1




8.1

increased. Al so, as successive beads were deposited and the width of the
bottom of the groove increased, the heat input increased. However, heat
inputs of nearly 100 kj /in could have been used for each of the five beads
over their entire length, regardless of the root gap. Therefore, the first
several beads deposited in joints with relatively narrow root gap a, such as
3/8 in. or less, are done so at heat inputs well below what is possible and
economical. As the root gap increases, this problem|essens. However, in
relatively thin plate (such as 1 in. ) with root gaps typical O shipbuilding
(Oto 1/4 in.), the M100O will take longer to weld the joint than currently
avai | abl e mechani zed equipment with currently used techniques.

In addition to the problems with the bead shape and | ow heat input in
narrower portions of the groove identified above, other problenms were
identified during the initial testing phase. These problenms are described

bel ow.

Less Serious Probl ens

1) El ectrical Conponent Failures: Several failures in electrical
conponents occurred. Crcuit nodification and/or conponent upgrade
sol ved nost of the problens.

2) Galling and Wear in Torch Parts: This was caused by dirt getting
between two torch parts (torch carriage and torch extender) which are
frequently noved to adjust the gas cup to work distance. The galling
made movenent of these pieces extrenely difficult. CRC coated one of

the pieces with teflon which greatly reduced the problem
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Electrically Hot Areas: Several areas around the wire feeder were
electrically hot and easily touched by the operator. The torch barre
and anything touching it (such as the metal gas cuwr previously

described) were also electrically hot. This was a potentially serious
probl em because of the consequences of accidentally touching the gas cup
to the bevel sidewall and because of internal arcing which could (and
did) occur within the torch. CRC appears to have corrected this problem
with insulation

On/Of Switch Location: The original location of this switch was on the
travel carriage body. This was an awkward |ocation because parts of the
wire feed systemrestricted its access. The switch was therefore noved
to the torch assenbly housing.

Keypad: The 16 key capacitive touch keypad provides the operator
interface to the conputer software. Using this keypad, the operator can
perform system tests, input the desired arc voltage before welding, and
read parameters and change the voltage during welding. It was found
that the sequence of keystrokes required to perform several operations
was overly long. In addition, because of the lack of tactile feedback,
it was easy to enter erroneous data. CRC nodified the software to
reduce the required nunber of keystrokes, but minor problems still exist
because of the lack of tactile. feedback.

Cal cul ation of Current, Voltage and Heat Input: The conputer displayed
wel ding current and arc voltage did not match those obtained with
Electric Boat instrumentation. In addition, displayed heat inputs were

significantly higher than calculated based on Electric Boat
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measurenents. This is serious because with a maxi mum al |l owed heat input
for several materials used in shipbuilding (such as HY-80, HY-100, the
heat input measured as per standard shipyard techniques wll be below
the maxi num al | owed when the conputer says it & at the maxi mum Thus,
smal | er beads than possible will be deposited resulting in reduced
productivity. The problem was caused by the conputer using RVS current
and vol tage neasurenments in place of average current and voltage
neasurenents traditionally used in shipyard welding. CRC changed the
software to convert the RVS readings to average which has solved the
probl am

Renmote Voltage Adjustment: It was found that satisfactory arc
characteristics were not always obtained with the target arc voltaga
entered into the conmputer prior to welding. This was probably due to
several things, among which are variations in contact tip condition,
variations in wire chemstry and surface condition of the wire, and
fluctuations in power supply output during welding. Since the conputer
i's supposed to be located with the power supply under actual production
conditions, under nost circunstances the welder would not have the
ability to change the voltage. Therefore, renote voltage up and down
buttons were installed on the travel carriage unit. These buttons may
be operated during the course of welding and change the voltage at a

nore suitable (faster) rate than if the change were input via the keypad.
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8.2 More Serious Problens

8)

| nproper Travel Speed: The travel systemrelies on the friction

devel oped between two pol yurethane drive wheels and a stainless steel
track. Repeated neasurenents of the actual travel speed showed that it
was “10 to 12% sl ower than that reported by the conputer. This is
serious since the algorithmthat determne the optinum paraneters
depend on geonetric calculations and if the travel speed is not correct,
the bead shape will be incorrect. In addition, the actual heat input
will be 10 to 12% higher, which may put the welding operation over the
maxi mum al | owed heat input that several shipyard materials require. The
probl em was determned to be caused by slippage between the wheels and
the track. Switching to neoprene wheels did not help. Finally, the
conputer program was nodified to account for the slippage, but the
travel speeds were still about 47% In addition, it was found that
other sets of supposedly identical wheels could not be used with the
same nodified conputer program because of speed variations up to + 10%
The wheels that produced the + 4% travel speed error were used for the
remai nder of the testing.

Contact Tip Life: Using the H 1000 an excessive rate of contact tip
wear was observed. Tips lasted anywhere from 2 to 20 mnutes of arc
time. A tip was considered to be “worn out” when the arc quality became
unacceptable. This type of problemis especially severe on the H 1000
because the operator has no recourse but to stop welding and change
tips; no in-process adjustnents of wire feed speed or contact tip to

work distance to conpensate for the tip wear are possible because
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10)

11)

of the conputer control. Wth standard shipyard mechanized equi pment
and techniques, contact tips normally last for several arc hours.
Substitution of 6% tungsten/94% copper tips on the M-1000 di d not

help. It was also believed that because the torch was not water cool ed,
the contact tips could be overheating resulting in premature failure.
Therefore, CRC re-designed the torch to be water cooled. Use of this
torch at Electric Boat did not show any beneficial effects on tip life
Finally, grooved wire drive wheels were substituted for the knurled
wheel s used up to that point. Contact tip life inproved greatly; tips
generally lasted 20 to 60 minutes of arc time. Apparently, the knurled
rolls severely cut into the surface of the wire. The wire then acted as
a cutting tool as it passed through the contact tip.

Loss of Sidewall Tracking: “Using the automatic tracking finish pass

routines shown in[Figures 5|[and 6,] loss of sidewall tracking frequently
occurred with sidewal | heights of 3/32 to 1/8 in. Wth this anmount of

sidewal | remaining, the arc easily burned away the sidewall such that
with each successive oscillation stroke, the torch noved nore towards
the sidewall. It was concluded that with the relatively deep
penetrating arc produced using high heat input PGVAW nore than the
0.100 in. of sidewall is required for tracking, contrary to the claim
made by CRC. It should be noted that once |oss of sidewall tracking
occurs, the welder has no choice but to stop welding and restart.
Finish Pass Bead Shape: In those cases where adequate sidewall was
present for finish bead tracking, the bead shape was |ess than

satisfactory and, as previously described and shown in Figure 13, an
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12)

13)

underfill area existed at the toe because of inproper positioning of the
arc.

Finish Bead Routine Wth NO sidewal | Tracking: These passes generally
had superior shape conpared to automatic sidewal | tracked finish

passes. No underfill was present at the toes since the operator |ocated
the extent of oscillation so that it overlapped onto the surface of the
base plate. However, a major problemwth this routine was that no
changes in centerline position or bead width were possible once the arc
was struck. Therefore, if the groove width changed along the weld

| ength, the operator could not make the appropriate change in bead

width. Likew se, if the edge of the bevel was not parallel with the

track, the appropriate adjustment in bead |ocation could not be made

Routine Setup Problenms: Acshown in(Figures 4|fo 8,| several routines

exi st for depositing root/f ill pasaes and finish passes. It is the
responsibility of the operator to select the appropriate routine. In
addition, the operator is responsible for determning the oscillation
width in the routines where only one sidewall is tracked. Al the
routines, except for the single bead layer fill pass routine (Figure 8)
were judged to be difficult to set up because of the nunber of
operations requirad of the on/off switch. Also, it was difficult for
the operator to judge where to place the filler wire without seeing the
actual weld puddle. It was also very difficult to stop the filler wre
exactly where the operator wanted it. If it is stopped at the wong
location, the routina nust be started over again. Therefore, less than
opti mum bead shapes resulted. Again, because of the conputer control
the operator’s only choice was to stop welding if the bead shape was not

proper.
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4)

15)

16)

Starting Problems: Arc startup frequently resulted in poor initial bead
shape and porosity. This problem was caused by the torch maintaining a
preset contact tip to work distance during the first four oscillation
cycles. During this period, adjustnments in width are not perforned
After this initial period, tip to work and width adjustments are nade
but they may not reach their proper values for several oscillation
cycles. During this time, the M100O is traveling forward. Thus, a
portion of weld may not have proper bead shape. In addition, the gas
cup to work distance may be such that porosity results and, because of a
less than ideal tip to work distance, proper fusion may not occur in the
root or with the underbead surface.

Restarting Problens: The four oscillation cycle sanpling and the del ay
in assumng proper tip to work distance and oscillation width proved to
be a severe problemon arc restarts. It frequently appeared that |ack
of fusion with the underbead surface occurred. In addition, it was
necessary to model the joint at the point where the arc was to be
restarted. This was usually on the crater (dressed by grinding) of the
wel d stop. However, because of the rapid change over a short distance
in underbead width and depth on going fromthe crater to the previous
bead surface, adjustments in tip to work distance and width were delayad

| ong enough (during the initial 4 oscillation cycles) so as to produce

doubt ful fusion |(See Figure 14).

Sl ow Tracking Response: A possible problem was found when the depth of
the groove suddenly increased, such as when welding into a ground area

or welding over a tack and the end of the tack is reached. The second
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exanple is particularly severe and is simlar to the situation for
restarting on a weld crater as shown in[Figure 14. |As the arc comes
down off the tack, the depth of the groove increases. Because it takes
several oscillation sweeps for re-adjustment to the proper contact tip
to work distance, a long “soft” arc exists until the adjustment takes
place. During this time there is questionable underbead fusion. On the
other hand, if welding was proceeding froma low area onto a high area
(opposite direction of travel shown in good fusion takes
pl ace even though there is the same delay in re-adjustment in tip to
work distance. This occurs, because during the transition, the arc does
not |ose penetrating power since the tip to work distance is shorter
than called for instead of longer than called for

There is also a potential problemwth tracking rapid changes in
sidewal | contour, such as going into a sidewall gouge caused by inproper
flanme cutting. A limted anount of testing was perforned using ground
sidewal | gouges approxinately 1/8 in. deep by 1/4 to 7/16 in. long. It
appeared that the H 1000 could not always be counted on to make the
required adjustments in the extent of oscillation to successfully weld
the gouges. Considering a typical travel speed range of 1.6 to 2.0 ipm
an oscillation width of 0.3 to O 7 in. , an oscillation velocity of O 75
in. per second, and sidewall dwells of 0.6 seconds, the arc travels
between 0.05 and 0.10 in. forward each oscillation cycle. Because there
Is a one oscillation cycle delay between when the need to change the
extent of oscillation is detected and when the correction takes place,
the arc may have traveled past the point where it could successfully

fuse the leading edge of the gouge. This is especially true if on the
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oscillation sweep hefore the need to change is detected, the |eading
edge of the gouge is nearly under the arc, but the change in geonetry
isn't radical enough to call for an oscillation change. These potentia
probl ens may be conpounded by the fact that only 0.020 in. of correction
in the extent of oscillation is allowed per aweep on each aide of
centerline for a maximum of up to two successive corrections on each
side. Thus, if a 1/8 in. deep by 1/4 in. long sidewal|l gouge was
present, and its presence was detected at its leading edge, after two
successive corrections the extent of oscillation will have nmoved 0.040
in. closer to the sidewall while the machine has noved forward 0.05 to
0.1 in. This correction may or may not be enough to successfully weld
the gouge.

17) Joint deaning Requirement: The nodeling routines performed prior to
wel ding rely on the electrode touching different areas on the plate
surface and within the weld groove and conpleting an electrical
circuit. If poor contact is nsde when the el ectrode touches the joint,
the circuit will not be conpleted and the torch will continue
traveling. Wen this occurs, the circuit is frequently conpleted as the
extra pressure inposed by the excess torch excursion forces electrica
contact. However, because the sidewall is located by how far the torch
physically traverses, this location will be inproper. If this is not
noted by the operator and the nodeling routine is allowed to continue
i mproper bead shape may result. Therefore, it is extremely inportant to
thoroughly clean the area in the vicinity of the start to renove all

signs of oxide and slag. Unfortunately, power wire brushing may not
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9.0

fully remove all the slag between the weld ripples; light burring is usually

required.

M 1000 Upgrade (Decenber 1983-April 1984

During the initial evaluation period, nunerous discussions and meetings
between Electric Boat Division and CRC Automatic Velding were held to
eval uate the project progress and to try to solve the many technica
problens. It was agreed that a major upgrade in the software was required to
enable the M1000 to run optim zed procedures for 250 ipmwire feed speed and
to sinplify the setup routines to the point where all of the najor decisions
woul d be made by the conputer. This software upgrade also required a
hardware upgrade in the conputer to accept additional EPROM chips and in the
travel carriage to accept additional controls for oscillation wdth and
centerline position. Wat follows is a description of the key points of the
upgr ade.

Set up Routi nes

As previously discussed, the setup routines were clifficult to use and
the operator was responsible for determning what type of bead was called for
(split fill, single bead fill, etc. ). It was proposed to solve these
probl ens by upgrading the joint nodeling performed by the M 1000 to the point
where the conputer would make the decision as to the type of bead required
This would also allow the use of a single setup routine. These changes woul d
make the operator’s job easier and elinminate the chance of making inproper
deci sions concerning bead width, type of bead required, etc. Thus, this
i mprovement has the potential for savings in welding tine through automatic

selection of the optinum type of bead.
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The new setup routine follows Steps 1 to 4 in|Figure 2, |but is much
sinpler thereafter. After Step 4, the torch noves outboard toward the

bevel. The operator nust stop the electrode about 1/8 in. inboard of the top

i nboard corner of the beveI|(Figure 15)J As with the previously discussed

routines, the traverse of the torch is started and stopped with the weld
on/off switch. If the operator over or undershoots the proper |ocation,
inboard and outboard torch centerline adjustnent buttons, now present on the
upgraded M1000, may be used to adjust the position. The on/off switch is
turned on and the torch drives in until the electrode touches the plate
surface. Then the sanme operation is perfornmed for the outboard side. This
is the only part of the setup routine the operator is responsible for; the
rest is automatic. Note that with the plate surface |ocated on each side of
the bevel, the conmputer has the ability to calculate the area of the

remai ning groove based on nodeling performed within the groove and a
reference line joining the two surface |ocations.

The automatic portion of the setup routine nodels the joint to the
extent necessary to determne what type of bead is required, where it should
be |ocated, and what the wel ding paraneters should be. If it determnes that
enough sidewal | is present for tracking, then a short nodeling routine is
performed to determine if a single bead |ayer can be deposited. This
decision is based on the calculated single bead wi dth not exceeding a
pre-programmed value. If a single bead cannot be deposited, then a nore
extensive nodeling routine .is performed to fully characterize the contour of
the underbead surface. A split bead is then automatically deposited on the

deeper side of the bevel. The oscillation width is fixed at 75% of the wi dth
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stop torch travel so electrode is “1/8 in. from inboard
bevel edge. Use centerline position adjustment buttons
to shift position, if required.

Turn switch on; W|re touch? 8-? torch retracts and
travels outboard. Stop at loca hori 2

Turn switch on; wire touches plate; groove modeled
automatically.

Upgraded M-~1000 Modeling Routine

Fiqure 15
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of a hypothetical single bead |ayer deposited at that l|ocation or a
pre-determ ned maxi mum split bead w dth, whichever is less. The pattern of
split beads continues until it is determned that not enough sidewall exists
for tracking. Wth between 0.350 and 0.200 in. of sidewall renaining, a |ast
fill routine is automatically run. In this routine, the conputer deposits
single or split beads, as appropriate, but does not perform automatic
tracking. “Optinunt parameters, however, are calculated and set by the
computer before the arc is struck. In this “manual tracking mode”’, the
operator uses the width and centerline position adjustment buttons to nake
appropriate adjustments. Adjustnents in travel speed, dwell, etc., are not
possible. The value of this routine is that it theoretically permts the
automatic selection and running of the optinum parameters and maxi num heat”

i nput where sidewal | conditions have a chance of becoming unsuitable for
automatic tracking at some point.

If the detected groove depth is Iess than 0.200 in. then the finish
routine is automatically run. The object of this routine is to deposit a
finish layer with a nomnal 1/8 in. reinforcement in as few passes as
possible.  Through the use of detailed modeling of the underbead surface, the
conputer determines if one or nore passes are required. When nore than one
head is required, all beads but the |ast one are deposited at the naximm
pre-programmred heat input to reduce the nunber of beads required. The
oscillation width of each bead is automatically set to produce a nom nal
1/8 in. reinforcement. If the maximum heat input is not required on the
final pass of a nulti-bead finish layer, that bead is deposited at a |ower
heat input. However, the mnimum width of this last bead is 1 in. to contro

the bead shape. Conpared to the finish pass routines previously discussed,

S44—



underfill and/or base meal undercut is less likely to occur with this
upgraded routine because the arc is brought up onto the surface of the base
plate, about 1/8 in. fromthe top corner of the bevel. It should also be
noted that the operator has the ability to adjust bead width and centerline
position within certain limts during the course of welding through use of
buttons nounted on the travel carriage.

In sunmary, with the upgraded routine, only one setup procedure is
requi red, regardless of the type of bead required. The conputer
automatically determnes the type of bead required and the optinmum
parameters. Wth less than 0.350 in. of groove depth renmaining, optinmum
parameters are set by the conputer, but no tracking is performed. In this
case, the operator has control of the bead width and centerline position
(wWithin certain limts). On finish passes, paranmeters are set by the
conputer to produce a nominal 1/8 in. reinforcanent height.

Bead Shape and Size

One of the conclusions fromthe initial evaluation was that beads were
frequently deposited at heat inputs far less than routinely used wth
mechani zed equipment. In addition, bead shapes were not always
satisfactory. Therefore, revised algorithnms describing the welding technique
were devel oped to inprove bead shape and size. To facilitate the devel opnent
of the inproved algorithms, Electric Boat Division welded vertical position
test plates at 250 ipmwire feed speed using the M 1000 and a special program
that allowed manual input and control of all welding paraneters. 45°
included angle single-V joints were welded at what was considered to be
optimum paraneters (maxi num possible heat input, best possible bead shape)

for root gaps of 1/16, 1/8, 1/4, 3/8, 1/2 and 1 in. For each bead of
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each plate, measurenents of bead thickness and width were made. Table II
shows the bead pattern and heat input used for each plate. (It should be
noted that at times the 100 kj /in heat input limt was exceeded because of
the inaccuracy of the M 1000 travel speed). Figures 16, 17 and 18 are
macrosections renoved from three of the plates. Al six plates met magnetic
particle (backing bar renmoved) and radiographic inspection requirenents

This data, along with other parametric data from previous EBDiv. work, were
supplied to CRC and aided in the devel opnent of inproved welding technique

al gorithns.

The six plates discussed above proved that the M 1000 was capable of
depositing sound weld netal with good bead shapes at maximum heat inputs if
the wel ding parameters are selected and controlled by the operator.

Transl ation of the optinmum welding paraneters into algorithms is not an easy
task because aspects of the welding technique nust also be considered. Four
areas of technique of particular inportance are: single bead root passes;
single and split bead fill passes; and finish passes. A good single bead
root pass over a backing bar is deposited at the nmaxi num feasible heat input,
provides full root fusion, and is not overly convex or concave in shape. The
techni que used varies with the root gap. For a constant wire feed speed, as
the root gap decreaaes below a certain value, the travel speed nmust generally
increase to prevent the arc fromriding excessively high on the puddle. In
addition, it is beneficial to decrease the contact tip to work distance to
increase the penetration. As showm by the data in Table II, it is possible
to deposit successful root passes at over 80 kj /in heat input if the root gap
is at least 1/8 in. Below 1/8 in. root gap, the travel speed nust be

increased to insure full penetration. For all of the root gaps represented
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Bead Patterns and Heat Inputs: Optimum

Parameters and Heat Input - Manual Input Program
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Heat Input (kj/in)

1/ 2 in. Root Gap

Bead 1

Heat Input (kj/in)|100

1 in. Root Gap

Table Il (continued)



Magnification 2,5X

Photomacrograph of 1 in. Thick Weld
PD14875: 45° Included Angle, 1/16 in.
Root Gap, 250 ipm Wire Feed Speed
(Manual Input of Parauﬁterag

Figure 16
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Magnification 2.5X

Photomacrograph of 1 in. Thick Weld
PD14881: 45°2 Included Angle, 1/2 in.

Root Gap, 250 ipm Wire Feed Speed
(Manual Input of Parameters)

Figure 17
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Maanification 2.5

Photomacrograph of 1 in. Thick Weld

PD14909: 459 Included Angle, 1 in.

Root Gap, 250 ipm Wire Feed Speed
(Manual Input of Parameters)

Figure 18
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in|Table 11, the oscillation parameters were adjusted to provide for a

relatively flat bead contour while still allowing full penetration. Thus
there is a delicate balance between penetration, bead shape, and bead size
In order to nmaximze the heat input and maintain a good bead shape, the arc
must inpinge on the sidewall to provide a sufficient heat sink. However, if
too nuch of the arc energy is absorbed by the sidewalls, penetration wll be
reduced. In addition, if the arc characteristics are not proper (such as arc
too soft, too broad, too Iong), penetration will be reduced. Dif f erencea of
1/16 in. in root gap may greatly change the paraneters and technique
required. Therefore, algorithnms which accurately reflect root pass
parameters and techniques are essential for successful root pass welding
using the M 1000

The sensitivity of single and split fill pass bead shape and quality to
the exact paraneters and technique used is slightly nore forgiving than for
root passes, but a fine balance still exists between parameters that produce
good beads and those which produce unacceptabl e beads. Heat inputs in excess
of 90 kj /in are alnost always usable for the first fill pass over the root,
and in fact, for all additional single bead layer fill passes. However, in
order to maintain a flat bead contour, the arc nust be properly positioned
with respect to the sidewall and proper oscillation parameters are required
As the groove width increases, the bead thickness for a given travel speed
decreases. Acthis occurs, the proper positioning of the arc and oscillation

parameter requirements change
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To deposit successful split bead fill passes wth maxi mum bead si ze,
|l ocation of each bead with respect to the sidewall and bead shape are
critical. In the Electric Boat technique, all split passes are deposited in
such a way and with such a ahape to allow use of heat inputs in excess of
90 kj /in for each bead. Again, oscillation parameters and arc location are
critical.

Deposition of successful finish passes is also challenging because the
bead shape is very sensitive to the oscillation parameters and the underbead
contour at the high heat inputa used. Deposition of unacceptable finish
passes featuring high crowns or excessive reinforcement, undercut, or
underfill will result in extensive rework.

In sunnmery, successful high heat input PGVAW is highly dependent on
oscillation paraneters, arc characteristics, and technique. Developnent of
al gorithms which accurately describe the welding procedure are essential for
successful application of the M1000. A gorithnms which produce good quality
beads at heat inputs below that possible wth mechanized equipnent or
al gorithms which produce beads of size equal to those possible with
mechani zed equi pnent, but with poor bead shape or defects, are unacceptable.

Change to Constant End Face Vol une Routine

As previously discussed, the H 1000 was programmed to nmaintain a
constant bead thickness, within the limts of the allowed heat input range,
even though the groove geonetry mght change during the course of welding.
Al'though this may appear desirable, it may actually result in a problemif
wel ding is perforned over tacks or excavations. Considering the case of

tacks, the H 1000 is programred with the ability to deposit a continuous root
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pass regardl ess of any small tacks in the groove. Wth the constant bead

thi ckness routine, the shape of the tacks will be carried up through each

| ayer, possibly resulting in a finish |ayer of varying thickness. In an
attenpt to correct this problem a constant end face volume routine was
inplenented in place of the constant bead thickness routine. In this

routine, a constant bead thickness is maintained unless the conputer detects
a rapid change in groove depth. when this occurs, the change in depth is
subtracted from or added to the current bead thickness. The conputer makes
adaptive changes in AC, dwell, travel speed, etc. , to conpensate for the new
bead thickness. These changes are acconplished to the extent possible wthir'
the allowable heat input range. Successful inplenmentation of this routine
should help to sutornatically produce |evel beads even though the depth of the
groove varied at some point during welding.

Restarting Problens

One of the problems found with restarting a weld was the inability to
nmodel the actual portion of the groove to be welded; nodeling on the crater
of the partially deposited bead was required. This resulted in an incorrect
nodel of the groove at the start location. The software was nodified to
allow the groove to be nodeled at any |ocation along the length of the weld
After the nodeling is conplete, the operator can nove the start position to
the point desired. By nodeling the groove a short distance ahead of the
crater of the partial bead and restarting the arc on the crater, oscillation
and wel ding paranmeters closer to those desired may be obtained sooner than if

nmodel ing had been performed on the crater itself.
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| nprove Tracki ng Adj ust ment

The limt on the nunber of consecutive corrections of oscillation

position was elimnated to allow nore flegibility in tracking adjustnent.

10.0 Eval uation of Uograded M 1000 (Decenber 1983-April 1984)

Sixteen 1 in. thick test plates were wel ded between Decenber 1983 and
April 1984 using the upgraded M1000. During this period, four different
revisions of adaptive software were used. The root gaps used ranged from
1/8 to 3/4 in.; the included angle was held constant at 45°. 250 ipm
wire feed speed was used exclusively.

Results of the weld tests were encouraging in that good quality fil
passes, both single and split bead, could be deposited and the startup
routine was nuch sinpler to use. The automatic rmodeling routines perforned
wel | and generally made the correct decisions as to the type of bead
required. The width and oscillation centerline adjustnments now possible
with the last fill and finish pass routines also appeared to function
satisfactorily. Finally, higher heat inputs were used than before the
M 1000 update, resulting in larger size weld beads. However, although the
results showed that significant progress had been made, serious problens
still remained with bead shape, root pass penetration, contact tip life
arc starting and restarting, tracking response, and inadequate cleaning for

proper operation of the nodeling routines. Each of these problenms wll be

di scussed bel ow.
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1)  Bead Shape/Guality Problens

When used with the last revision software tested, travel speeds were
generally in the range desired to maximze the bead size and mnimze the
nunber of beads required. However, there were deficiencies in bead ahape and
quality, especially with root and finish passes. Wth root gaps |ess than
1/2 in., inconplete root penetration consistently resulted, although bead
contours were generally flat. This problem appears to be related to the
manner in which the M 1000 adjusts its contact tip to work distance. The
M 1000 adjusts its tip to work distance based on current and voltage sanples
obtained at the centerline position of the oscillation stroke. Wen the arc
mainly inpinges on the leading edge of the weld puddle as the torch position
crosses centerline, the current and voltage sanples reflect the physica
contact tip to work distance. However, if the bead thickness is increased
the arc tends to ride up somewhat nmore on the surface of the puddle. Wth
standard nechani zed wel ding, the physical tip to work distance may be
mechanically held at the same distance as if the bead thickness were |ess
Howaver, with the M 1000, the tip to work distance is actually the distance
fromthe tip to the point where the arc inpinges on the nolten netal. Thus,
if the arc is riding up on the surface of the puddle, the tip to backing bar
(or underbead surface) distance will be greater than desired. This greatly
reduces the penetration into the backing bar or underbead surface. (It
should be noted that this is usually not a problemwth vertical mechanized
wel ding because the tip to work distance is maintained with respect to the

underbead surface). In addition, because the arc is riding too high up on
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the puddle, the oscillation width (driven by the requirenent to perform
sidewal | tracking) will be greater than OPtinmum This further reduces the
penetration into the root because the arc nust penetrate through a greater
thickness of base nmetal to reach the backing bar. At this point, the M-1000
was found to respond in one of two ways. The nore common response was for
the oscillation width to continue to increase (as a result of the high Ac
used and the riding up on the puddlie), and the travel speed to slow dowmin
response to the increasing width. Wen the maxinum allowed heat input for
that bead is reached, the oscillation width continues to increase. This
results in a decrease in the puddle thickness, which then causes the torch to
drive in towards the weld puddle to maintain the required tip to work
distance. This causes the physical tip to work distance to decrease. In
response to the decrease in physical tip to work distance, the arc now

i npi nges higher up on the sidewalls than required to satisfy AC.  This
causes a decrease in the oscillation width and an increase. in travel speed.
After a short period of time the cycle repeats itself.

The other observed response to the arc riding too high up on the puddle
is for the physical tip to work distance to slowy increase acconpanied by an
increase in the oscillation width and the corresponding decrease in trave
spead. This occurs up to the point when the maxinmum heat input is reached.
Unlike the former case, the paranmeters hold steady for the remainder of the
joint, as long as the groove dinensions do not change. This phenonmenon is
illustrated in Figure 19. In this constant root gap (1/4 in. ) joint, the
oscillation width is shown to increase along the length of the weld.
Macrosections froma sinmlar weld are shown in Figures 20 and 21. Figure 20

was renoved from a point near the weld start, while Figure 21 represents a
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Magnification ~1X

Photograph of 1/4 in. Root Gap Test Weld
Showing Effects of Slowing Down of Travel Speed
Due To Arc Riding Too High on Puddle.
(Adaptive Software)

Figure 19
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Magnification 2.5X

Photomacrograph of 1/4 in. Root Gap
Test Weld Mear Start Location (Similar
to Weld in Fiqure 19).
(Adaptive Softare)

Figure 20
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Magnification 2.5X

Photomacrograph of 1/4 in. Root Gap Test Weld Near
Stop Location (Similar to Weld in Figure 19)
(Adaptive Software)

Figure 21
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point near the weld stop. It is clearly shown in Figure 20 that only mnim
penetration into the backing bar occurred. In Figure 21, no backing bar
penetration took place and, in fact, there was lack of fusion against the
bevel at the root. A though a root pass as shown in Figure 20 is technically
acceptable, it is so close to being unacceptable that the quality of actua
production root passes could not be guaranteed.

The problens described above can be reduced or eliminated by reducing
the heat input. However, this wll increase welding times by increasing the
nunber of beads required.

Figures 22, 23 and 24 show photonacrographs of welds with root gaps of
3/8, 1/8 and 1/4 in. , respectively. These welds were produced with the |ast
revision of adaptive softwaree tested. Cenerally root pass penetration was
margi nal to unacceptable but root pass shape was good . On all three test
plates, the travel speed either started out fast then slowed down or started
out slow then increased. This resulted in uneven fill over the length of the
joint. Because of this, the fill passes (which used automatic tracking and
adaptive control), all followed the trend of the root pass. That is, the
uneven root pass thickness was carried up through all the fill passes neaning
that when the joint was nearly flush on one end, it was up to 1/4 in.
underf lush on the other end. Since finish passes are deposited without the
ability to change the travel speed, uneven reinforcement height resulted.

As shown in Figures 22-24, quality fill passes were deposited. Bead

sizes were reasonably close to those deposited using the manual input program

(Table 11).| Bead shapes were generally satisfactory. However, finish pass
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Magnification 2.5X

Photomacrograph of 3/8 in. Root Gap Test Weld 40T
(Adaptive Software)

Figure 22
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Magnification 2.5X

Photomacrograph of 1/8 in. Root Gap Test Weld 41T
(Adaptive Software)

Figure 23
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Magnification 2.5X

Photomacrograph of 1/4 in. Root Gap Test Weld 42B
(Adaptive Software)

Figure 24



shapes were less than ideal. Single bead finish passes tended to have too
nuch netal at the toes and were concave near the center. Split bead finish
passes tended to be overly convex and generally produced excessive
reinforcement. This was caused by the choice of leas than optinmum
oscillation paranmeters by the algorithns.

In summary, problems with root pass penetration and maintenance of
constant root pass paraneters existed. Fill passes were generally of good
quality with good bead shapes. Finish bead shapes were generally
undesirable. Bead by bead heat inputs were close to those considered
Optimum  Overall, significant inprovements were made in bead size and shape
over software available prior to the M-1000 upgrade.

2) Arc Starting and Restarting

Qccasional |y porosity appeared at the start. This was caused by an
excessive gas cup to work distance during the four oscillation cycle period
at the start where current and voltage sanples are taken and during the
following oscillation cycles where the conputer is making adjustment in
width, tip to work distance, etc. It should be noted that the contact tip
nmust be extended at least 3/32 in. past the end of the gas cup to allow it to
make el ectrical contact with the base plate surf ace during modeling. This
requirement results in greater cup to work distances than in nechanized
wel ding and contributes to poorer shielding.

The new restart routine which allows rnodeling at any location and
restarting at any location was tested. Although the routine worked well, the
probl em previously described with the delay in assuming proper tip to work
distance was still present. As a result, by the time the proper contact tip

to work distance was established, the arc was well past the restart point.
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3)  Uneven Fill Height

In mechanized welding, it is desirable to have a relatively constant
depth of groove remaining along the weld length before depositing finish
paases. It was hoped that the M 1000 with the “constant end face vol une”
routine previously discussed would provide this automatically. On tast
pl ates where the root pass thickness varied along the length, this condition
was carried up through the finish layer. The reason for this was that in
order for the conputer to detect that a change in bead thickness is required,
the underbead profile nust change by at |east 0.100 in. over two consecutive
oscillation sweeps. For a typical travel speed of 2 ipm and oscillation
period of 3.9 sec. , a height change of 0.100 in. over 0.131 in. of trave
(37°) is requirad. This is a relatively steep incline which may only occur
with sone tacks or starts/stops

4) Tracking. Response

Using the last revision program tracking appeared to work well in
single bead root and fill passes. Tracking response was not teated.

5) C eani ng Requirenents

Extrenely good cleaning was required in the area to be nodeled to
prevent nis-nodeling and/or bad starts. This was especially true when
extensiva nodeling of the groove was required, such as for split bead fil
passes or finish passes. Generally light burring or grinding was required to

inaura a successful nodeling routine.
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NOTE: The following observations were made using the upgraded M 1000
hardware with the manual input software. Vertical position test plates
50 to 75 in. long were welded at heat inputs wto 110 kj /in. Automatic
and manual tracking beads were both possible with this progrsm

6) Contact Tip Life

As discussed in Section 8.2, the contact tip life was 20 to 60 arc
mnutes. This was based on arc appearance and quality. However, while
welding the 75 in. test plates, several new factors appeared. Using
automatic tracking, the arc quality would start to degrade slightly after 15

to 20 arc mnutes. This was indicated by an increase in anperage and voltage

ranges on chart racorder traces |(Figure 25). Coincident with this was the

begi nning of tracking problems. This was characterized by excessive
corrections of the arc position with respect to the sidewalls which increased
in frequency as the arc time on the tip increased. Several tines the bead
shape was affected to the point where it became unacceptable (usually overly
convex), and welding had to be stopped to change the contact tip. In beads

deposited using manual tracking, arc quality also began to degrade after 15

to 20 arc mnutes [(see Figure 26). | However, welding could be successfully

continued for the duration of the bead because manual tracking was used.
Thus, when automatic tracking is used, contact tip life is measured by how
long tracking can be successfully performed. Wth manual tracking, contact
tip life is nmeasured by how Iong acceptable arc characteristics can be
maintained. It is estimated that tip life with automatic tracking is about
50% of that wth manual tracking

7) Travel Drive and Oscillator Problens

Mechni cal problenms were encountered with the travel drive and oscillator

assenblies. On three occasions, bearings in the travel drive assenbly
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failed. This is considered serious based on the relatively |ow nunber of
hours of use between failures and because failure of a bearing may disengage

the drive motor fromthe drive wheels. This nakes the travel carriage “free

the full extent of the stroke, and sudden shifts in oscillation centerline
position (up to in. ) during the course of welding. These problems were
caused by small amounts of shop dirt on the oscillator shaft or msalignnent
of the oscillator shaft. These problens arise with enough frequency to be
consi dered a serious problem

8) Automatic Stoppage of Wlding

The M 1000 has built-in software routines to detect fault conditions
such as electrical shorts, inechanical limts on torch and oscillator
positions, |oss of conmunication between travel carriage and conputer, |0ss
of current (welding current below 100 anps), loss of voltage (arc voltage
bel ow 15.0 volts), etc. This fault detection is required for automatic,
unattended operation of the unit. However, during the course of the
eval uation program welding was automatically stopped on several occasions
with the report of “loss of voltage” or “loas of current”. Al though the
conputer may have detected the current or voltage loss for a nonent due to
spatter _nonentarily shorting the contact tip or the filler wire nmonentarily
touching the weld puddl e, these are not reasons to stop welding. Therefore
it is believed that sone re-examnation of the automatic stop routines is in

order.
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9) Effect of Shop Environnent

The wire feed unit and torch housing were found to be poorly sealed from
shop dirt, including metal chips fromgrinding and burring. Small amounts of
metal chips found their way inside of the torch housing and were attracted to
the magnet used to signal the torch “home” position to a hall effect swtch
This resulted in problems with extending the torch. Metal chips also easily
found their way into places around the wire feed drive rolls which produced
“short” faults or nmade it inpossible to performthe nodeling routine. The
same problem also occurred with metal chips formng a short between the
travel carriage case and the copper block which accepts the water and gas
hoses and the positive power supply lead. Finally, as previously mentioned,
shop dirt on the oscillator shaft contributed to oscillation problems. It is
beliaved that the frequency of problens caused by shop dirt would be
intolerable in an actual production environnent based on what was observed in

the wel ding |aboratory environnent.

11.0 Summary and Concl usi ons

The M 1000 concept of thru-the-arc seam tracking and adaptive contro
was found to be a viable technology as evidenced by the many teat plates
welded. In addition, software was denonstrated that was capable of making
correct, logical decisions as to type of bead required and wel ding paraneters
to be used. Potential savings in welding costs could be realized through an
increase in operator factor if the M 1000 could be nade conpetitive with

mechani zed equipment in terms of weld quality and bead size deposited.
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owever, major software and hardware problems were found which effectively
limt serious production inplementation at this time. Software problens
i ncl uded:
« Non-optinmum wel ding paraneters on root and finish passes
resulting in quality and/or bead shape problens.
o« Controlling the physical contact tip to work distance
(especially when the arc rides up on the puddle).
o« Starting problens (porosity, poor initial bead shape and
quality).
o Restarting problems (porosity, poor fusion at start
| ocation).
o« The requirement for at least 0.350 in. of sidewall for
successful tracking with high heat input PGVAW
o Problens associated with overall uneven level of fill
with respect to the plate surface due to deposition of
constant thickness beads.
o« Slow tracking response with respect to sudden sidewall
gouges and changes in underbead height.
« Unnecessary automatic stoppage of welding due to
monentary "loss of current” or “loss of voltage”.
Har dware probl ems included
e Inability to automatically track reliably after contact
tip starts to wear. (Note that at this tinme the tip is
still capable of depositing sound netal with manua
tracking.)
s Inaccurate travel speed caused by drive wheel slippage

which varies with each set of wheels used
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1)

A travel drive system prone to mechanical failure.
Au oscillator system overly sensitive to shop dirt and mechani cal
m sal i gnnent .
| nadequat e sealing of conponents from shop dirt which results in
frequent nechanical and electrical problsns.

Three additional potential problens nust also he addressed:

Root Gaps Less Than 1/8 in.

A potential problem exists with automatic tracking of root passes
injoints with less then 1/8 in. root gap. In order to track, the
physical oscillation width nmust be at least 1/8 in. Wth less
oscillation width, the conputer may get erroneous current sanples at
the centerline due to arc flare or the arc inpinging partly on both.
sidewalls. In order to fully penetrate roots with gaps less than
/8 in. , it is frequently necessary to deposit a stringer bead or to
oscillate only slightly. Wth the requirenment for a mninum 1/8 in.
physical oscillation width, it appears that full penetration root
passes with automatic tracking may not be possible in joints with |ess
than 1/8 in. root gap.

Root Passes Deposited Over Ceramcs or Wth Open Root Techni que:

Deposition of root passes using an open root technique or ceramc
backing materials may be nmore difficult for the M 1000 conpared to
using a backing bar. Using an open root or ceramcs, a very fine
bal ance exists between root pass quality and wel ding parameters,
especially travel speed, tip to work distance, and oscillation width
and velocity. Small changes in root gap along the joint length require
changes in paraneters to keep from “blow ng through” or stubbing the

el ectrode into the ceramcs.
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12.0

Wth the M 1000 potential problens exist with sensing these changes
and meking appropriate adjustnents fast enough to continue successful
welding. This potential problemis related to the speed of tracking
correction and. possible problems with differentiating between the actua
sidewal | at the root and puddle wash or the keyhole formed when proper
open root and ceram ¢ backed wel ding techniques are used.

Tracki ng Bead to Bead

In thick plate joints, a point arises during welding when a sidewall
may not always be available for tracking, such as with three or four
bead wide layers. In order to deposit the large size beads obtained
with high wire feed speeds and high heat inputs, a substantial amount of
sidewal | is required to maintain automatic tracking. It is unlikely
that successful automatic- tracking could be carried out using the side
of a previously deposited bead for tracking because it is likely that
i nadequate geonetry exists to prevent erosion of the side of the bead by

the arc.

Recommendat i ons

Work should be continued to develop this pronmising technology to the
point where it is conpetitive with existing mechanized equi pment
operated by a good welder with a good welding procedure.

Initial work should concentrate on: (1) reducing the sensitivity
of automatic tracking to contact tip condition; (2) inproving the
reliability and. accuracy of the travel drive; (3) inproving the
oscillator reliability; (4) reducing hardware problems due to shop
dirt; (5) optimzing the algorithns describing the welding technique,
especially for root and finish passes and (6) inproving starting and

re-starting
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