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For ewor d

The purpose of this report is to present the results of a research and
devel opment project which was initiated by the menbers of the Ship Production
conmittee of the Society of Naval Architects and Marine Engineers (SNAME) and
financed largely by the U S Mritime Admnistration, the U S. Navy, and
Newport News Shipbuilding (NNS). The focus of this project was directed to the
devel opnent, testing and qualification of consumable guide El ectroslag \elding
of carbon steel castings from4 to 24 inches in thickness.

M. B. C. Howse of NNS was the Chairman of the SP-7 Panel and M. M I.
Tanner also of NNS, was the SP-7 Program Manager. M. R W Heid, NNS, was
the Project Minager, and Messrs. L. A Craig and P. D. Thomas of NNS were the
Principal Investigators.

Speci al acknow edgenent is extended to the nenbers of SP-7 Wl ding Panel
of the SNAME Ship Production Conmittee who served as technical advisors in the
preparation of inquiries and evaluation of subcontract proposals, and to
M. M 1. Tanner for nmaking possible the report conpilation.



SUMVARY

This paper presents the results of an sp-7 Welding Panel research and
devel opnent project recently conpleted by Newport News Shipbuilding. The focus
of this project was directed toward the developnent, testing and qualification
of consumabl e guide Electroslag Wlding of carbon steel castings from4 to 24
inches in thickness.

Consumabl e guide Electroslag Wlding is a high deposition rate welding
process that is ideally suited for use on thick menbers. This process has
increased resistance to hot cracking, porosity, and underhead cracking, and
results in mnimal angular distortion. Joint preparation and fitup
requirements are sinplified and result in high quality weld deposits

The project consisted of cast carbon steel (ML-S 15083 Grade B) weldnents
ranging from4 to 24 inches thick. Nondestructive testing included magnetic
particle and radiographic inspection. Destructive testing included tensiles,
Charpy V-notch inpacts, and side bends. It is concluded that the use of
consunmabl e quide Electroslag Welding is an efficient process for joining thick
carbon steel castings when postweld heat treatment can be used to achieve
acceptabl e mechanical properties. Deposition rates of up to 85 Ibs/hr can be
achi eved.



Purpose

The purpose of this study was to devel op techniques, test, and qualify the
mul ti pl e consumabl e guide el ectroslag wel ding process for joining 4 to 24 inch
thick carbon steel castings.

Background

cast steel hull components have always presented unique problens for
wel ding fabrication and repair. Wth conventional nulti-pass welding processes
the requirenments for joint configuration and preparation, preheating and
interpass temperature control methods, weld sequencing for distortion control
and in-process dinensional checks become fabrication bottlenecks

The multiple consumabl e guide el ectroslag wel ding (ESW process provides
an alternative to these problens. The Anerican Wl ding Society (AW in AWS
A3.0 "Welding Terns and Definitions" defines electroslag welding as

A wel ding process produci ng coal escence of netals with
mol ten slag which nelts the filler netal and the surfaces

of the work to be welded. The molten weld pool is

shielded by this slag which moves along the full cross-

section of the joint as welding progresses. The process

is initiated by an arc which heats the slag. The arc is

then extinguished and the conductive slag is maintained

in a nmolten condition by its resistance to electric

current passing between the electrode and the work.

AWS defines a variation of ESW consunmable guide electroslag wel ding (ESWCG
as:

A method of electroslag welding in which filler metal is
supplied by an electrode and its guiding nember.

Initially, electroslag welding was patented in the United States in 1938
(and later in 1940) as the "Hopkins Process" after its inventor, R J.
Hopkins.  The process and equi pment were actual ly devel oped by the Russians;
nost notably B. E Paton, at the Paton Institute in Kiev, WUkraine, USSR  Their
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work began around 1951 and the ESW process was unveiled at the Brussels,
Bel gi um World Fair in 1958.

The advantages of using ESW i ncl ude:

hi gh deposition rates

100% operating efficiency

high quality weld deposits

increased resistance to hot cracking, porosity, and underbead
cracking

mniml joint preparation and fitup requirements

mnimal angular distortion

Its disadvantages include a microstructure with extremely large grain sizes

| ow toughness without post weld heat treatment (PWHT), susceptibility to
shrinkage or solidification cracking in the absence of an adequate run-off and
relatively high operator skill |evel

Even though the shipbuilding industry has used this process, very little
work has been done in the U.S. on welding thick menbers. Newport News
Shi pbui I ding has used electroslag welding since 1971. During construction of
Liquified Natural Gas (LNG tankers and Utra Large Crude Carriers (ULCC), both
the “plate crawl er” and single electrode consumable guide versions of the
process were used extensively. The plate craw er ESW method, as shown in
figure 1, was used for vertical butt welds in side shell and bul khead
plating. The single electrode ESWCG nethod, as shown in figure 2, was used
primarily to weld butt joints in transverse frames. Miltiple electrode ESWCG
as shown in figure 3, can be used for joining shaft strut arms, rudder stocks
and other thick castings. In many cases, it has not been feasible to cast
these items in one piece because of their size. The ESWCG process can
significantly reduce the cost of welding these itens.

Page
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Plate Crawler Electroslag Welding

78" t0 112"

DEPOSITION
(Ib/hr)
Approx. 50



o e Liem

o _SEE _WerDNG DATA | SeeT Me85-)

DESTRUCTIVE TESTING

L t

AMPERAGE
(A)
275-560

PARAMETERS

MECHANICAL PROPERTIES ABS GRADE C (NORM)

TENSILE
(PSI)
68,000 to
71,000

ABS GRADE AH-36
TENSILE
(PSI)
76,000

Figure 2

Single-Wire Consumable Guide Electroslag Welding

VOLTAGE

(v)
30-39

CHARPY “Vv”
(ftlbs at 32°F)
WELD 28 - 39

CHARPY “V”
(ftlbs at +32°F)
WELD 35

F.L. 55

HAZ 34 to 71

DEPOSITION
(Ib/hr)

Approx. 18

BEND
(2T)
SATISFACTORY

BEND
(2T)
SATISFACTORY



G afied

Wire Reel(s)

\U%

Jainy

W Feed Drive Motor(s)

1
@ o SO o Control
1 [+
Torch - o° o Box(es)
In-Line Assembly(ies) ° —
Thermometer
= BT Kool
TTT ): Work
l : | Piece \
| : s
T Work f ! 0] O O
Piece : ' ®
1 i
1 | - +
ﬁﬁ_ L&

Cooling

/ Shoes
Water | I
Coolers

Figure 3
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Task

The original proposal for this project is presented in Appendix A The
task was divided into two distinct phases:

PHASE |

(a) Research of present information available on ESW
t echni ques.

(b) Weld carbon steel castings in progressive thicknesses
from4“ through 10".

(c) weld nmockup of a shaft strut arm

(d) Wite Phase | report

PHASE | |

(a) Weld castings from 10" through 24" using information from
Phase |.

(b) Weld nockup of a rudder stock

(c) Wite final report

Some of these objectives were redefined after the study began. The Phase |
report was dropped in favor of further devel opment work for production use on
shaft struts. The rudder stock nocku-.was not specifically performed, but the
ability to weld the larger thicknesses (16”+) covers the range needed for these
stocks . An investigation into starting technique was added to Phase Il. The
corrected task is shown bel ow

PHASE I

(a) Research present information available on ESWtechniques.

(b) Weld carbon steel castings in progressive thicknesses
from 4“through 11".

(c) Devel opnent work for use of ESWfor welding 11" thick
shaft struts, including a nockup.
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PHASE | |

(a) Weld carbon steel castings in progressive thicknesses
from 11" through 24".

(b) Conpare Hobart PS-588 vs. Hobart H25P ESWwires in the
as-wel ded condition.

(c) Conpare starting flux vs. running flux in the stress-
relieved condition.

(d) Investigate starting techniques for larger guide tube
spaci ngs.

(e) Wite final report to include assenbly, fitup, welding
stress-relief, and NDT details

Plan
The plan to acconplish the above task is shown bel ow
PHASE |
(a) Research present information: Develop a bibliography

during ‘the course of the project; also, run the DI ALOG
“\Wl dasearch” program and provide that infornation.

(b) weld castings from4* through 11" thick:  Use 4“, 6, 8",
and 11" thick castings to establish techniques.

(c) Procedure devel opnent of shaft strut welds: Use 117
techniques and weld a 50" [ong mockup. Also, weld three
consecutive radiographically (rr) acceptable 11" thick
joints to prove technique consistency.
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PHASE 11

(a) Weld castings from 11" through 24": Use 13", 16", 19"
22" and 24" thick castings to establish techniques.

(b) Conpare PS-588 and H 25P el ectrodes: Weld 24" castings
under the sane conditions - one with each type of wre.

Use destructive testing for conparison.

(c) Conpare starting flux vs. running flux: Weld and stress-
relieve 8“ castings under the same conditions - one with

each type of flux. Use Charpy V-notch curves for

conpari son.

(d) Investigate starting techniques: Use special “starting
butts” that allow puddle visibility. Try different
fluxes for starting. Use a specially designed guide tube
rack to record sinmultaneous anperages in each guide tube
bel ow the bussed connection.

(e) Wite final report.

ent

During this project, the HOBART “Porta-Slag" multiwire system was used.
Figure 4 shows the equipment configuration used for the shaft strut mockup
wel ding and is conparable to nearly all ESW wel ding done during this project.
Figure 5 shows the HOBART RC- 1000 power supplies used for all welding. All
power and ground lines were conposed of doubled 4/0 cables to withstand the

hi gh anperages and duty cycles.
4 wires is listed bel ow

Speci fic equi pment used for welding with up to

Hobart RC- 1000 Constant Vol tage Power Supplies

Hobart Miltiwire Control
1 - oscillator box

1- dual control tray
2- single control trays

Panel

- Hobart Miltiwire Oscillating Unit ES-5
- Glliland Large Capacity Water Coolers with flow regulation

Page 8
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Figure 4
Equipment Configuration for Shaft Strut Mockup
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Wat er-cool ed copper retaining shoes with hoses and in-line thernoneters
Smal | magnetic base mrrors (for seeing into the joint)

Lincoln digital wire feed speed indicator

Weston 0-100 V calibrated voltneter

Markal tenperature crayons

Steel wool

Oxyfuel heating torch with large tip.

Stopwat ch (for checking dwell tinme, start tine)

-Arc time recorder

Heat-resistant putty (for sealing shoes) - Caution: Some conpounds may
contai n ashest os!

Insul ated container for dispensing flux - Mist be able to hold 250°F
heated flux wi thout damage

Safety Iltens

The ESWCG process can rapidly becone dangerous when not properly
operated. Large quantities of nolten metal, near-boiling water, and the

usual popping and spitting of nolten flux can all cause severe injury. The
foll owi ng precautions should be taken:

(1) Head Cover - either a cap or hard hat (if overhead cranes are present)
i's needed

(2) Ear Protection - full coverage ear nuffs should be worn

(3) EyelFace Protection - War a protective full face shield during al
work near the weld. Safety glasses should always be worn. Use
burner's goggles (Shade 5 or 6) to look at the nolten slag in a mrror
only after the ESW node has been attained.

(4) Heavy welding clothing should be worn by anyone near the weld

(including observers!). doves should be worn at all tines except
when operating the control panel



Met hod

Initially, a thorough search of recent literature concerning ESWCG was
performed and, along with later articles of interest, conpiled into a
bi bl i ography. This search included use of the DI ALOG “Wl dasearch” programto
investigate a larger, international database.

After conpleting the literature search, the first range of thicknesses was
welded in the following increments: 4“, 6“, 8‘, and 11". The second range of
t hi cknesses consisted of 13", 16", 19", 22" and 24" joints. For the purposes
of this report, the joint dinensions shall be as shown in figure 6

Joints of each of the aforenmentioned thicknesses were welded until at
| east one acceptable joint of each thickness was obtained. An acceptable joint
is one that had no visible or RT (when the joint thickness was |ess than 20")
indications. Macro sections were used in lieu of RT for sonme thicknesses. In
the case of the 11”thickness, severaljoints, including a full scale nockup,
were welded to refine paraneters to be used on the production shaft struts

Starting the welding operation is the nost difficult and conplex aspect of
ESWCG  Two operators are required (particularly for greater thicknesses) and
must work closely together to get the process underway. One of the operators
shoul d be responsible for operating the control panel, checking paranmeters and
adjusting coolant flow. The other operator should be stationed. near the joint
opening in order to give the starting commands, add flux, make necessary
oscillation changes, and check the color of the joint sides and/or slag bath:
Both operators should be watching for wire stoppages, slag |eaks, excessive
water tenperature, excessive popping, etc

There are many different starting variations, but each variation follows
the same basic rules. Each arc nust be initiated and covered with dry flux.
This dry flux is melted by the heat of the open arc, and fornms a puddle of
nmolten slag. Fromthis point on, that arc is said to be in “the electroslag
nmode” and the slag remains nolten because of its resistance to the electrical
current passing fromthe wire to the work. Once in this node, the controls
were adjusted and the “running” paraneters were utilized. Wth nmore than one
wire, the start becones nore difficult because the number of variables
increases greatly. Wth larger guide tube spacings (usually during the greater
thi cknesses) it becomes harder to get the slag bath to traverse the entire
joint thickness without wire stoppages. During the course of this project
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Figure 6
Typical Joint Dimensions
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probl ens were encountered with starting techniques. As a result, an evaluation
of the starting process was perforned.

In order to evaluate the various starting variations, a special “starting
butt” was designed to allow the operator to easily see what was taking place at
all times. The “starting butt” configuration is shown in figure 7. After
working with the short starting butt, a sinple, reusable "blinder” was added to
similate actual joint conditions. This blinder had a small viewing port for an
observer to assist the operator in learning to read the puddle. Some of the
variabl es researched included: preplaced flux, oscillation during the start,
gui de tube cleaning nethods, voltage, anperage/wire feed speed, flux type and
gui de tube spacing. For exanple, the arrangenent shown in figure 8 was used to
record simultaneous anperages bel ow the last bussed connection - in this case
the last row of spacers. It showed the differences in process stability wth
different fluxes, and also the actual nechanism of an “arc-out” weld
stoppage. An “arc-out” can be encountered where nore than one wire is not in
the electroslag node, and a wire actually welds itself to the inside dianmeter
of the guide tube.

Nondestructive testing of welded joints included visual inspection, sonme
magnetic particle (M) testing and radiography (RT) when possible (NNS RT
capability is linited to 20 inches). Wen RT was not possible macro sections
were exanmined. Mechanical property testing included all-weld-netal tensiles
(AWMI), tranverse tensiles (RST), side bends (SB) and Charpy V-notch inpacts
(CVN). Mechanicals were performed on both heat-treated and as-welded joints

Resul ts

The sel ected bibliography and output fromthe bpa.cs “Wel dasearch” program
can be found in Appendix B. This appendix provides an excellent reference Iist
for both the first-time ESWusers who are just getting started, as well as the
experienced ESW users who are either problemsolving or expanding their
usage. O these references the two most hel pful documents were Cary’s
Ports-Slag -\l ding, and of course, the ANS English translation of Paton's

El ectroslag Wl ding which is still the nost conprehensive treatment of the
subject to date.

Figures CG1 thru C-25 in Appendix C show the sequence of operations
devel oped for fitup of the test assenbly, preparation and alignment of the
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gui de tube rack, and preparation for welding. 8vreading figures G1 thru G25
in order, preparation of nearly any butt joint should be possible. The only
difficulty in depicting weldnent preparation is the many different nethods of
supporting the weldnent. For the cast test blocks used to develop these

techni ques, the methods in Appendix C were used. Larger full size weldnents,
such as shaft struts require special supports based on configuration and

orientation. (Qther ideas for preparation can be found in Hobart's book Porta-

Slag welding). Included in each figure are “helpful hints” learned from
experience that can reduce the total preparation tinme.

Appendi x D contains the welding data sheets for joints welded during the
evaluation as well as the visual and nondestructive test results for those
joints. Mechanical testing results can be found in figures 9 through 14.
Figure 15 is a conparison of CVN values from a) the ML-S-15083 Grade B base
material, b) from a weld with Linde L-124 flux and c) a weld nade with
Hobart PF-203 starting flux. A conparison of sinultaneous anperages for
identical welds is shown in figure 16 using L-124 flux vs. PF-203 flux

Appendi x E contains information pertaining to the procedure qualification
of ESWfor use on production shaft struts, and includes the technical report
whi ch was submitted to and approved by NAVSEA

Di scussi on

The first range of thicknesses - 4 through 11 inches - presented very
little difficulty froma welding standpoint. M85-1 and -2, each 6" thick,
were both wel ded successfully and had acceptable RT results. M85-1 was heat -
treated at 1200°F for 6 hours, and conpared to the as-wel ded M685-2 through
standard nechanical testing (see figures 9 and 10). The heat-treated joint had
| ower (but acceptable) tensile and yield strength, higher inpact strength, and
satisfactory side bends. The joint tested w thout heat-treatment had
unsatisfactory side bends, as expected, because of the typically |arge coarse
grains.

Joints M685-3 and -4 were 4" thick and were wel ded with good results.
M685-3 was cross-sectioned and macro-etched with no visible discontinuities.
M685-4 was radi ographed and rejected due to indications near the top of the
wel d, originating in the run-off tab. Since acceptable nechanical results were
achieved with the 6" heat-treated joint, no mechanical testing was performed on
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Comparison of CVN Values: Base Metal, M685-32, M685-33
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4% thick joints. Later investigation (near the end of the project) showed these
types of discontinuities to be slag-filled shrinkage voids which are typical of
all ESWwelds in the absence of an adequate run-off. “Paton’s Electroslag

wel di n pages 160-162, states:

“Under all welding conditions, cracks and shrinkage
cavities are observed at the extremty of the
weld...it is essential to extend the weld 80-100mm
beyond the end of the joint”™ . . . . . ..

To avoid these types of defects, a run-off of at least 4“ is necessary.
This 4 inch dinmension is the length of weld needed beyond the top of the
casting to ensure that there are no shrinkage cracks or voids in the
wel dment. This was graphically illustrated during the project when the weld
was extended only one inch into the run-off tabs. This resulted in.the |ast
three inches of weld in some of the weldnents having shrinkage voids.
Figure 17 is a classic exanple of these shrinkage voids in a 22" thick casting

A total of four 8% thick joints were welded with acceptable results. The
first joint, M85-5, was RT acceptable after repairing shallow LOF indications
on one side. The next joint, M85-10, was wel ded essentially the sane, except
for a lower coolant flow rate which seemed to elimnate the previous LOF. No
mechani cal testing was performed on these two joints.

At the 11" thickness, several joints were welded to establish, develop,
and check the paraneters for the shaft strut weldment. See figure 18 for a
graphic description of the production shaft strut setup, procedure and
nmechani cal results. Figure 19 shows a conparison of the ESWjoint design and
welding time versus the old fabrication method. After the procedure
qualification was performed and subnmitted for approval, a 50" long nockup of
the strut was welded (figures 20 and 21). Three shorter joints (84-92-1,-2,-3)
were also welded to prove technique consistency. All of these joints were
visual ly and radiographically acceptable. Figures 22 through 24 are
phot ographs of the fitup and preparation of the actual production shaft
struts. As part of this project, six 11" joints were welded. Joints
M685- 6, -11,-12,-15 and -18 were all visually and radiographically acceptable.
Figure 25 shows a nicrophotograph of Ms85-18 in the as welded condition. only
M685- 13 was visually unacceptable, with LOF on both sides for the full length
of the joint, apparently due to |low coolant flow.
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Figure 17
Shrinkage Voids in 222" Thick Joint



STRUT ARM WELDMENT

(o=

WIDTH APPROX. 11* LENGTH APPROX. 48~

BASE METAL — MIL-S-1 5083 GRADE B

THREE GUIDE TUBES WITH OSCILLATION

8¢ afieg

PARAMETERS AMPERAGE VOLTAGE
(AMPS) (VOLTS)
300-440 50-55

MECHANICAL PROPERTIES TENSILE CHARPY  “v» % BENDS
(Psi) (ftlbs at +70°F) (27)
70,000 to WELD 31.4 SATISFACTORY
73,000 B.M. 14.2
Figure 18

Production Strut Setup, Procedure and Results
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Figure 20 pace 30
Shaft Strut Mockup Weldment age



Figure 21
Close Up of Shaft Strut Mockup Reinforcement
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Figure 22
Fitup of Production Shaft Strut



Figure 23
Installation of Guide Tubes in Production Shaft Strut




Figure 24
Installation of Cooling Shoes on Production Shaft Strut
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Figure 25
Macrophotograph of an 11” Thick Weld



The second range of thicknesses, 11 through 24 inches, was also
successfully covered during the project, but not as easily as the first
range. Two specific problens arose during this portion of the welding and will
be addressed with the discussion of individual joints. One problem centered
around the visual appearance of the weld reinforcement and the frequent
occurrence of LOF discontinuities in this area. The second problem was related
to the starting process for greater joint thicknesses and/or guide tube
spacings. Specifically, the ability to get all of the electrodes into the
el ectroslag node became very difficult during the larger welds

Many of the joints welded during the second range of thicknesses had
visible lack of fusion along the weld reinforcement as shown in figure 26
Al though the LOF rarely went nore than 1/8" deep, the causes for the
discontinuity were evaluated inorder to try and elininate any repair work
Several. items were identified as potential causes. Anong these were wire
strai ghtness, dwell time, cooling effect, cooling shoe |ocation and ground
location. Each of these was investigated and it became obvious that the
cooling shoes were the common focal point. This caused the devel opment of the
met hod of locating the cooling shoes shown in Appendix C, to avoid the
rei nforcement depression of the shoes being off-center from the root opening
Thus, the only probable cause was the coolant effect. Initial attenpts to
regul ate the coolant flow (measured in gallons per mnute), in the hope of
getting an acceptable cooling effect were difficult at best. This method stil
did not provide consistent=visual results. During the time we were studying
the cooling effect, larger capacity (15 gallon) water coolers were substituted
for the standard (3-5 gallon) welding torch cooling units. Al SO the cool ant
itself was changed from deionized (D.1.) water to a mxture of D.I. water and
antifreeze (50% D.1 water, 50% Ethylene Gycol). These changes caused a
drastic difference in the cooling effect for the same coolant flow rate, thus
the inconsistent visual results. The larger capacity coolers, and the
water/antifreeze mxture were chosen as standards and another method of
regulation was tried. Starting with the 19" thickness, thernonmeters in the
return line (the line that takes the hot coolant from the shoe back to the
reservoir) were observed and various tenperature levels were tried unti
consistent visual results were achieved. This method does not depend on
cool ant type or reservoir capacity, and it can be regulated by slowy adjusting
the flow of coolant through the system Tenperatures ranging from 155° - 175°F
provi ded acceptabl e reinforcenent appearance. The cool ant tenperatures should
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not be allowed to exceed 200°F, if water is used as a coolant, since this can
cause steamto formin the hoses and may exceed the tenperature rating of the
hose. This nethod of regulating the cooling effect of the shoes then becane
part of the standard weld procedure. The visual appearance of the
reinforcement of a successful 24" thick joint welded with this procedure can be
seen in figure 27. Note the smooth transition fromthe weld netal into the
base netal at the fusion line.

As the project reached the 13" thickness, serious difficulties with the
starting sequence began. Specifically, these difficulties appeared as wre
stoppages during the starting process. Wthout one or nore wires running, the
possibility of conpleting a successful joint was |lost. As nentioned earlier
an arc must be initiated under each electrode, and covered with dry flux. The
heat of the open arc nelts this flux, and at that point (when the open arc is
extingui shed and the slag remains nolten) the electrode is in the ESW node

Initial attenpts to determne the cause of the wire stoppages centered
around the heavy spatter observed during the welding of M85-18, 19, and 19A
In order to find the starting paraneters that caused the |east anmount of
spatter, joint M685-'19B was set up as shown in Appendix C. By using 2" thick
base plate, standard jack clanp washers, and a single electrode, it was
possible to witness (through a welding shield) the starting process. Various
conbi nations of wire feed speed, voltage and flux addition were utilized. From
these, it was concl uded that using |ower voltage (35-40) and preplaced fl ux
around the steel wool under each wire would reduce the harnful spatter to
al nost none

Joints MB85-19B-1, -19C, and -19D, each 13" thick were successfully
conpleted, but not wthout nore starting problens. M85-19D was nacro-etched
and showed no discontinuities. At the 16" thickness, three joints
(M685-20, -21,-22) were welded with satisfactory RT results. None of these
joints had a smooth start or acceptable visual appearance at the
reinforcenent. Later, another 16" joint, M85-25 was welded (after deternining
the proper nethod of controlling the cooling effect). This joint had
acceptabl e visual appearance, but was not RT'd due to the earlier RT success at
this thickness. Three 19" thick joints, M85-22F, -23 and -24, were wel ded.
MB85- 22F had satisfactory RT results, but none of these three joints had
visual |y acceptable reinforcenents; again due to the wong cooling effect. The
first 22" joint to be wel ded, M85-27 took 4 attenpts to get started. After
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re-preparing the joint, the fourth attenpt took 7-1/2 mnutes to get all four
wires into the ESWnode. After welding 14" of the 18" long joint, the #4 guide

tube arced against the sidewall and the weld was stopped.

At this point, it was decided to futher investigate starting parameters
and technique. This investigation involved researching all available reference
material, contacting vendors and other users of ESWand trying severa
different starting nethods. During this period, 36 "starting nockups"

(figure 7) were welded to optimze the technique before a decent consistenc