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ABSTRACT

As part of a programto deternine
the viability of underwater wet wel ding
for repair of U S Navy surface ships,
eight commercially available shielded
nmetal arc wet welding electrodes were
evaluated by a series of screening
tests. Two E7014 “type” electrodes pro-
vided superior results and were used for

wel di n%\;/l procedure qualification testing
on ASTM A-36 steel with a carbon equiva-
| ent of O0.35. Qualification testing
i ncluded visual, liquid penetrant and
radi ographi ¢ inspection, as well as bend
testing, reduced section tensile test-
i ng, al | -wel d- et al tensile testing,
Charpy inpact testing, macroscopic exam
i nation, hardness testing, and chem cal
analyses. The wet welding was perforned
in the vertical, overhead and horizontal
posi tions. The wel ding took place at
seven and thirty-three feet of sea
wat er.

Nondestructive and destructive test
results show that both el ectrodes exceed

the requirenents of American Wl ding
Society specification for underwater
wel ding, AWS D3.6 (Ref. 2) Type B. Wld

quality and strength were found to be
approxi mately on a par with welds nade
in an air environnent. Weldment ductil -
ity and toughness were appreciably |ower
than woul d be expected of air welds.

1.0 | NTRODUCTI ON

The term “wet welding” refers to
wet hyperbaric welding (welding in the
wet at anbient pressures greater than
one atnosphere) as opposed to dry hyper-
baric welding (sometinmes referred to as
dry chamber wel ding). In wet welding
there is no nechanical barrier separat-
ing the welding arc from the surrounding
water; and the only physical barrier are
t he bubbl es being generated by the heat
of weld|n? and deconposition of the
el ectrode flux and waterproofing materi-

als. The work covered by this paper, as
well as all coments contained herein,
are in reference to wet welding using
the shielded netal arc (covered el ec-

trode) welding process.
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Until the late nineteen sixties
and early nineteen seventies, wet weld-
ing was considered appropriate only for
non-critical applications, such as
emergency tenporary repairs and sal vage
wor k. Until the |ate nineteen seven-
ties, sone ship fabrication docunents
consi dered wet welds to be only sixty-
ercent efficient. Private industry
egan producing structural quality wet
wel ds, for permanent repair to offshore
structures, in the early nineteen sev-
enties. These welds were produced by
diving conpanies using their own in-
house, proprietary wet weldi nﬂ el ec-
trodes; the welds devel oped the full
strength of the mld steel base netal,
and thus were considered one hundred
percent efficient. However, weld metal
toughness, ductility and internal qual-
ity were less than what would be ex-
pected of welds nmade in a normal air
envi ronnent ; and base netal heat -
af fect ed-zone hardness was hi gher than
that normally associated with welds
made in a dry environnent. Today,
internal quality of wet welds has im
proved sonewhat; but weld netal ductil-
Ity and toughness, and base netal heat-
affected-zone hardness, are still not
on a par with welds nade in the dry.
However, for commercial applications,
wet wel ds have been shown to exhibit
acceptabl e structural properties under
a nunber of |oading conditions.

_Because of the success of
welding in the various comercial ap-
plications, and the large costs asso-
ciated with the drydocking of ships,
the U S Navy has started a programto
evaluate and, where appropriate, de-
vel op and inplenent underwater welding
for repair of Navy ships. Both dry
habitzt and wet wel'ding are enconpassed
in the program The work descri bed
herein represents a portion of the
overall program Wet wel ding has been
successfully used in permanent and tem
porary re[pa| rs on ships and other com
mercial floating structures. The scope
of this work was as follows:

wet

- Evaluation and conparison of
commercial ly available wet weld-
ing electrodes, to determnne



t hose exhibiting superior
properties.

- Performance of wet wel ding pro-
cedure qualification testing
usi ng those el ectrodes found to
be superior during the el ectrode
eval uation or screening tests.
The qualification testing used
steel produced to the require-
ments of ML-s-22698 (Ref. 5).

- Devel opnent of welding procedure
specifications based on the
qualification welding performed.

2.0 PROGRAM TESTI NG AND EVALUATI ON
2.1 Facilities

Diving and welding facilities were
provi defd b Glolbgl Di verf‘ and Contrac-
tors o w eria, oui siana; he
d obal test tank is shown in
The wet wel ding tank was 36 feet high,
20 feet in dianeter, and contai ned sea
water. The filtering system maintained
clear water throughout the welding ope-
rations. The air conpressor and vol une
tank were adequate for the support of
two wel der/divers working at the sane
tine. The wel di ng machi nes were both

400 anpere MIler diesel driven genera- )
tors. FIGURE 1. dobal Divers Test Tank

2.2 Materials and Exam nations

The base nmetal consisted of both
hi gh carbon equivalent (CE) and | ow CE
st eel fl ate nmeeting the requirements of
ML-S-22698. MIIl certificates were ob-
tained for each steel, and independent
chem cal analyses were also nmade. The
followi ng represents the properties of
t hese steels:

*Car bon Urs YS

St eel Thi ckness Equi val ent KSI / MPa KSI / MPa El ongati on
ASTM A36 3/ 8" 0.280 67.7/ 467 50. 6/ 349 25%
' 12" 0. 376 67. 6/ 466 47.71 329 29%
34 0. 350 71.1/490 50. 0/ 345 29%
DH 36 3/ 8" 0. 449 80. 0/ 552 60. 0/ 414 25%
! 1/ 2" 0. 443 78. 3/ 540 55. 3/ 381 21%
3/ 4" 0.435 77.7/536 60. 3/ 416 25%

*CE=C+ M/6 + (O + M + V)/5+ (CU+ N)/15
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Six mld steel and two austenitic
steel el ectrodes were eval uated. The
el ectrodes are identified by nunbers 1
through 8. Al electrodes, "except Num
ber 8, were 1/8" in dianeter;
Nurmber 8 was 5/32" i
trode Nunbers 1,

r El ectrode
in dianeter. Elec-
2, 3 and 8 were E7014
“types”; Electrode Nunbers 6 and 7 were
E6013 “types”; Electrode Number 4 was
E309- 16; Electrode No. 5 was an E310 16

utypeu )

Al nondestructive exam nation was
acconpl i shed in accordance with M L-STD
271 (Ref. 4). Destructive exam nation
speci nens were prepared and tested in

accordance with AWS B4. O (Ref. 1) and
AWS [D3. 6.
2.3 Environnental Conditions

The tenperature of the water in the
tank ranged from 75F to 85F. \elding

was acconplished at depths of 33 FSW and
7 FSW Visibility was excellent at all
times. The divers’ breathing nedium was
air. The pressure at depth was 14.7 PS|
gage at 33 FSW and 3.1 PSI gage at 7
FSW. Allowable tinmes at 33 FSW were
determ ned using the 40-foot criteria of
the U S. Navy dive tables.

2.4 Test Plate Design & Testing

2.4.1 The ei ght conmercial ly
avai l abl e wet wel ding electrodes were
initial Ig tested during the screening
tests. ased on these tests, two el ec-

trodes were chosen for qualification
testing.
2.4.2 Screeni ng tests. All

screening tests were acconplished at a
33 foot water depth using two wel der/
divers. This allowed duplication of all
tests, reducing the chances of accepting
an el ectrode which would run successful -
Iy only when a unique style of weldin
was utilized. Test plates consisted o
cruci form speci nrens and grooved pl ate
speci he design of which is shown
in |Fi gure 2.| DH 36 steel, 3/8" thick,
was U r the cruciform specinmens
foll owi ng the wel ding sequence shown in
Figure 3. The object of the welding se-
quence was to induce relatively high
restraint to allow determ nati on of any
propensity for cracking in either the
weld or base netal heat-affected-zone.
The cruciform specimens were |I$UId
penetrant inspected after welding. hey
were then sectioned to provide two MACRO
sections, 1 1/2” from each end; the
MACROS were sanded to a 120 grit finish,

etched, and examned at a magnification
of 7x. The wel di ng electrodes which
were found acceptable were further

eval uated using the grooved plates.

The grooved plates were prepared to
all ow both a vertical and an overhead
weld to be nade in each plate. Bot h
high CE (DH 36) and |ow CE (A36) steel
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were used for the grooved plates. After
wel ding and visual inspection, the
plates were |iquid penetrant inspected,

radi ographed, and sectioned to provide
two MACROS and 12 face bend speci nens
for each weld. The MACRGCs were pre-
pared and eval uated as specified above

for the cruciform MACRCS. Four face
bends were perforned over radii of 6T,
4T and 2T, T being the bend specinen
thi ckness  (3/8"). When four bends
passed the 6T bend test, four nore
speci nens were. then tested over the 4T

bend radi us; success over the 4T bend
radius warranted four additional bends
over the 2T bend radius. The 6T bend
radius is specified by the American
Vel di ng Society  specification for
underwater welding AWs D3.6 for Type B
wel ds, whereas the 2T radius is typica

of that specified for in-air surface
wel ding and dry hyperbaric underwater
wel di ng.

The cruci form and grooved pl ate
wel dments were evaluated using the form
shown in Figure 4; one of these forms
was completed, for the vertical and
overhead positions, for each wet weld-
ing electrode being eval uated. Those
electrodes wth the highest total
scores were selected for qualification
testing at 33 and 7 FSW respectively.
A an bhe seen fromthe form shown in
| Figure 4, [the “GRADING CRITERI A" speci -
i es ree grades for each type of test

t he | owest %rade bei ng one, and the
hi ghest grade being three. The grade
is multiplied by the weight factor
(indicates the relative inportance of
the specific evaluation criterion) to

obtain the score for each test per-
formed.

2.4.3 Qualification tests. Test
plates consisted of 374" ASTM A36
steel. Test plate X, which was 20"
long, was used to obtain two reduced
section tensiles, four side bends, one

VI CRO section with Vickers hardness

readings, five weld netal Charpy inpact
sPem mens, and five base netal heat-
af fected-zone Charpy inpact specinens.

Charpy inpact test tenperature was 28F.
Test plate Y, which was 16" long, was
used to obtain two all-weld-netal ten-
sile specinmens and weld netal chem s-

tries. Test plate X and Y designs are
shown i n[Figure 5. |

Each wet wel ding el ectrode, se-
lected for qualification testing, was
qualification tested in accordance with
the follow ng:
Test

Position Plate Type

Y X &Y

H X
OH X &Y

Dept h,
33&7

33
33&7
of nine butt welds
Pl ate X and four for

FS?wW

a total
Test

Accordingly,
(five for
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FIGURE 3. Typi cal
Test Plate Y) were attenpted for each
wet wel ding el ectrode chosen for quali-

fication testing. Qualification tests
were summari zed using the form shown in
Figure 6.

2.5 Test Results

2.5.1 Screening tests

2.5.1.1 Cruciform Al cruci-
form were nade usmgtﬁ h|ghCEDHS6
steel . J 1 Cruciform ppear ance
range rom good [ Fi ures 7 to
poo? (Egures 9] qmd gJ.U). |hmi -
form were wel dedH vertical and
overhead positions at a water depth of

33 feet. Three layers of weld netal

sere deposited in each corner (see
Figure 3).

Wl dabi lity, vi sual and liquid
penetrant inspection, and MACRO sec-
tions were eval uated and graded using
the form shown in Repr esen-
tative photographs_o e MACRO sec-
tions are shown in|Figures 11

t hr ough

Wl di ng Sequence for
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Cruci form Speci nmen

18. MIld steel electrode Nunbers 2, 6,
7 and 8 were rejected based on wel da-
bility and surface appearance; each of
the el ectrodes suffered arc outages
during wel di -- resulting in rough
wel d beads. E ectrode

7 MACROS are shown in|Figures 13

and 18. MACRO sections Wwere not taKen
fromthe electrode No. 8 cruciform
since the irregularity of the weld
beads were obviously unacceptable. The
el ectrode woul d hardly sustain an arc
(see[E W|th the el ectrode nelg -
tive -- Is the polarity norma

used with the mld steel electrodes;

when the polarity was changed to el ec-
trode positive ﬁsee“mn , better,
but unacceptabl e EST were ob-

t ai ned. The wat erproof coating integ-
rity of the electrode was poor, allow
ing some of the electrode flux coating
to dissolve in the water, which proba-
bly caused nost of the probl ens.

The austenitic stainless steel
el ectrodes, Nunbers 4 ad 5, were re-
jected based on longitudinal, center
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VET WELDI NG SCREENI NG EVALUATI ON FORM

EVALUATION CRITERIA FACTCR G | SO0 | GRADSOORE | SotRE| VTG T Db
Arc stability 1/ 1 x GP -

Arc start/restart 1/ 1 Veld I.D. Nunmber
Puddl e control 1/ 1

Puddl e visibility 1/ 1

Slag renoval 1/ 1 Wel der/ di ver
CGen. visual weld appearance 1/ 1

Interpass grinding 2/ 2 N/A N A

Visual Inspection 3/ 3 Posi tion
MT/PT inspection 3/ 4

MACRO examination 4/ 4 ) .
RT inspection 5/ 4 N/A N/A :g ((gcrrgg\'légrg‘l ;t'('e)' et)
Bend testing 6/ 5 N/A N/A

SCORE: weight factor x grade

1/Poor=~~1 2/Complete weld pass(es)---I 3
Fair---2 Starts/stops, occas. pinhole---2 Meets N'S 0900-003-8000, C. 2--2

Good---3 None---3

4/Meets AWS D3.6, Type B---1
Meeks AWS D3.6, Type A---2
Mbetts MiL-STD-248---3

5/Meets AWS D3.6, Type B-~--1
Meets AWS D3.6, Type A~-—2

CRADING CRITERI A

3/Meets AWS D3.6, Type B--=1
Neets N'S 0900-003-80001 O, 1 --3

6/6T meets M L-STD 248---1
= 4T meets MIL'STD-248---2

Meets N/S 0900-003-9000, Cl., 1=--3- 2T meets MILSTD-248---3

El ectrode Dianeter, Brand & Type

Start Time (cruciform:

Start Time (grooved plate)

Name of Evaluator 6 Firm

Fi nish Tine: Date :
Fi ni sh Tine: Date :




45

1 1 Z i
3747 N 3
' ' 1 ] '
_.l L.__ 3/1 6“-3/8'
h 20" 1 i
Joint land {(nose): None
Joint length: 20"
X PLATE
as°
we
clad

LS T I—.; '
. -—o-l] ‘5—*—1/2' 4
- 3/8" (approx.)

t hr ough

As a
the grooved plate weld was not

and no further welding was
El ec-

I 12° <
Joint land (nose): None
Joint length: 16"
Y PLATE
FIGURE 5. Qualification Test Plates
bead, cracking. This cracking tendency the cracking manifested itself
was nost pronounced in the root pass of the entire thickness of the root pass
t he wel ds. It is not known whether of the first grooved plate weld.
this cracking tendency is a result of result,
the dilution b¥ the carbon steel base conpleted, a .
netal, or due to the small weld cross attenpted using this el ectrode.
section of the initial (root) pass

coupled with high restraint and a known
tendency for hot cracking of the aus-
tenitic stainless steels. The No. 5
el ectrode did not show the cracking ten-
dency during cruciform welding; however,

19-7

trode No. 4 and No. 5 NACRCS are shown
in Figures 15 and 16.

No base netal or heat-affected-zone
cracking was detected in any weldnent by
visual or liquid penetrant 1nspection.
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PROCEDURE QUALI FI CATI ON TEST RESULTS

TYPE OF TEST TEST RESULTS OR ACCEPTANCE STANDARDS MET
Vi sual Inspection 1/ Test Plate X Test Plate Y:
Magnetic Particle Inspection 1/ | Test Plate X Test Plate Y:
Liquid Penetrant Inspection 1/ | Test Plate X Test Plate V:
Radiographic Inspection 1/ Test Plate X Test Plate Y.
Si de Bends 2/ ‘
Reduced Section Tensiles 2/ Fail. Locat.: urs : Ys El ong.
MACRO Evaluation 1/ 2/
war dness Val ues 2/ Avg. BM Avg. 11AZ Avg. WM
Char py-V-Notch 2/ Avg./Min. 1IAZ: / Avg./Min.  WM: ;o
Awm Tensile 3/ urs : Ys El ongati on:
WM Chemistry 3/ C Mh: Si: P: S. Cut Ni :

; Cr: oxygen:

)/ The test plan specifies a range of acceptance standards for these
inspecti‘ons. The most stri'ngent acceptance standard passed shall
be recorded.

2/ Test Plate X only 3/ Test Plate Y only

El ectrode Brand, Dianeter & Type:

Base Metal; Wel di ng Posi tion;
Nanme of Eval uator: Firm
VWeld |.D. Nunber: TEsST PLATE X! Vater Depth:

TEST PLATE V-




El ectrode No. 1
Vertical Fillet,

FIGURE 7.
33 FSW

e vt ——

FIGURE 9. Electrode No. 8
Vertical Fillet,

33 FSW

FI GUPW 8.

El ect rode No.

3
Overhead Fillet, 33 FSW

This is particularly significant for
the DH 36 steel, which had a carbon
equi val ent of 0.449. Neither was under-
bead cracking observed on the MACRO
surfaces when prepared to a 120 grit

finish and exanmined at a 7x magnifica-

tion. However, upon closer examn na-
tion, all the mld steel weldnents in
the DH 36 steel showed underbead crack-
i n% This will be discussed in Section
2.5.1.2 bel ow.

. Based on the cruciform scoring us-
ing the form of Figure 4 Electrode

Nos. 1, 3and 5 were chosen for further
testing using grooved plates.

- 2.5.1.2 Gooved plates. The aus-
tenitic stainl"ess steel electrode, No.

5, was elimnated as described in

19-9

FIGURE 10. Electrode No. 8
Vertical Fillet, 33 FSW
El ectrode Positive

25.1.1above based on root pass crack-

ing.

The two mild steel electrodes, Nos.
1 and 3, were further eval uaked using
3/8" high CE DH 36 steel grooved plates.

Wth respect to visual inspection, lig-

uid Penetrant inspection, bend testing,
and eval uation, 'hoth Electrode
Nos. 1 and 3 produced simlar results.
Wth respect to radiographic inspection,
Electrode No. 3 generslly produced a
cl eaner weld due to a significantly

lower porosity |evel. Represent ati ve
MACR(‘% of these welds ar% shown in

Figure 19.

of the high CE (DH 36
ate weld

O the 16 6T bend

Bend testi ng?
steel) grooved p
interesting results.



FI GURE 11. El ectrode No. 1

Vertical Fillet, 33 FSW

FIGURE 13. Electrode No. 2

Vertical Fillet, ,33 FSW

FIGURE 12. Electrode No. 1
Overhead Fillet, 33 FSW
specinens tested for each electrode,

el ectrode failed
and these failures
i ndi -
whi ch

only one speci nen per
to pass the test;
were a result of a single linear
cation, slightly longer than 1/8”
was clearly visible but did not “open
up “ (crack-like indication, as opposed
to atear). O the 16 4T bend specinmens
tested for each el ectrode, nine speci-
nmens failed for each el ectrode; although
nost of these failures were fractures,
a few had only small but rejectable
-- linear indications. The significance
of these results is that all failures
were in the heat-affected-zone of the
base nmetal, which attests somewhat to
the integrity of the wet welds. How-
ever, the failures caused some concern
as to whether or not underbead cracking

19-10

FI GURE 14

El ect rode No.

3
Overhead Fillet, 33 FSW

was present, but had not been detected
in the MACRO eval uations. Underbead
cracking is usually predicted when wet
wel ding high CE steels (ce greater than
0.40) using ferritic electrodes. Ac-
cordingly, a cruciform MACRO and a
grooved plate MACRO were prepared to a
400 grit finish (the earlier finish was
120 grit, which is normal for MACRO
exam nation) , etched and re-exam ned.

Underbead cracking, in the heat-
af fect ed- zone, was found in both sam
pl es. Figure 20 shows two of the
under bead cracks in a cruciform MACRO

As a result of the underbead
cracking problemw th the DH 36 steel/
ferritic electrode conbination, t he
grooved plate welds were repeated using



No. 4
Fillet,

El ectrode
Verti cal

FI GURE 15.
33 FSW

El ect rode No.

FI GURE 17. 6
Vertical Fillet,33 FSW

FIGURE 16. Electrode No. 5

Overhead Fillet, 33 FSW
the low CE A36 steel plate. These
tests show results simlar to those
obtained with the DH 36 steel grooved
pl ates, except for the bend tests. All
the 6T and 4T bends passed for Elec-
trode Nunbers 1 and 3 Eowever, none
of the 2T bends passed; these failures
occurred in the weld netal -- as op-
osed to the heat-affected-zone -- when

ent to an angle of approximately 30 to
45 degrees.

2.5.1.3 Screening tests summary
and _concl usi ons. Usi ng the grading
sheet of [Fiqure 4. the total score was
109. 67 for Electrode Number 1 and
115.29 for Electrode Nunber 3. The
hi gher score for Electrcde Nunber 3 is
a result of cleaner welds as shown by

19-11

FIGURE 18. Electrode No. 7
Overhead Fillet, 33 FSW
radi ographi c inspection; the Number 3

el ectrode tended to produce less weld
metal porosity in all positions of
wel di ng. This was al so confirned in
the MACRO eval uations. O herw se, the
two electrodes tended to be fairly
equal in terms of weldability and over-
all weld quality.

Both El ectrode Nunmbers 1 and 3
caused underbead cracking in the high
CE DH 36 steel; this underbead crack-
ing was found in both the cruciforns
and the grooved pl ates. Physi cal evi -
dence of the underbead cracking was
mani fested in the heat-affected-zone
failures of the bend tests. However,
when used on the | ow CE ASTM A36 st eel
pl ate, there was no evidence of the



under bead cracking, and all the bends
for the Ilow CE metal successfully
passed the 6T and 4T tests.

Both Electrode Numbers 1 and 3
exceeded the bend test requirenents of
AWS D3.6 fcr Type B welds, in that they
successful ly passed testing over a 4T
bend radius (one-third smaller than the
67 radius required by AWS D3.6). Al so,
each electrode occasionally net the
Class 1 radiographic acceptance stan-
dards of NAVSH PS  (0900- LP- Q03- 9000
(Ref. 7), which are nore stringent
standards than those of AWS D3.6 for
Type B or A Wlds. Based on these test
results,and the fact that the MACRO
specimens net the requirements of ML-
STD-248 (Ref. 3), both these electrodes

wer e considered suitable for welding
procedure qualification

testing.

FIGURE 19. G ooved Plate MACRCS

A - Elect. No. 1, Vertical 33 FSW

B- Elect. No. 1, Overhead 33 FSW

c - Elect. No. 3, Vertical 33 FSW

D- Elect. No. 3, Overhead 33 FSW
2.5.2 Qualification tests
2.5.2.1 El ect r ode Number 1.

Qualification testing was performed for
El ectrode Number 1 as shown in Table I.
The el ectrode nunmber is the first digit
of the specinen identification number.
Maxi num and m ni rum mechani cal ;])_r oper -
ties are shown in Table II. yp! cal
compl eted wel ds are shown in Figures 21
through 24 (weld nonenclatures are
shown in Table I) El ectrode Number 1
was found to consistently nmeet the fol -
lowing conditions at *7 FSW and 33 FSW

a. Radi ographi ¢ acceptance stan-
dalré:is of AW D3.6 for Type B
vel ds.
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FIGURE 20. HAZ Underbead Cracking
DH 36 Steel, 17.5 X
b. Cass 2 visual inspection
standards of NAVSH PS 0900- LP-
003-8000, Ref. 6, (except as

i ndi cated bel ow).

Class 1 liquid penetrant inspec-
tion standards of NAVSH PS 0900-

LP- 003- 8000.

d. Mre stringent bend test re-
quirenent- (4T vs 6T) than those
specified by AWs D3.6 for Type B
wel ds.

e. Tensile strengths exceeding that
of the ASTM A36 base netal .

Overhead position qualification

could not be acconplished at 7 FSW

FI GURE 21.

El ectrode No. 1

Verti cal
33 FSW

Qualification
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FIGURE 22. Electrode No. 1
Vertical Qualification
7 FSW

FIGURE 23. Electrode No. 1
Horizontal Qualification
33 FSW

El ectrode Nunber 1 did not denon-
strate the same degree of weldability at
7 FSWas at 33 FSW~  The electrode could
not be qualified in the overhead posi-
tion at 7 FSWdue to the high crowned,
narrow beads. The Y plate could not be
conpl eted; the X ﬂl ate was conpleted at
7 FSWin the overhead position, and the
rough capping beads were ground off
prior to radiographic inspection; how
ever, the weld failed the AWs D3.6 Type
B acceptance standards due to extensive
slag and | ack of fusion.

Electrode Number 1 also denpnstrat-
ed significant undercutting tendencies
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in the overhead position at both water

dept hs, one test plate (10Y-
H 33, igure 24)| failed to nmeet any
surface _Inspection acceptance stan-
dards. The el ectrode also tended to
undercut in the horizontal welding
position, but to a |esser extent than

In the overhead position.

FIGURE 24. Electrode No. 1 .
Overhead Qualification

33 FSW

The wat er proof coating of Elec-

trode Nunber 1 is soft and nust be pro-
tected fromthe water until the elec-
trode is ready for use. Accordingly,

each el ectrode comes in an individual
plastic bag, taped around the electrode
stub end. This allows the stub to be
inserted into the electrode hol der
Erior to renoving the bag. The bag can
e renoved conpletely, or the electrode
tip can be punched through the bag, al-
| owi ng the bag to be OIpushed up around
the electrode towar the electrode
hol der. The wel der/divers found the
bags to present visibility problens
unl'ess conpletely renpved. Since water
sonetimes |eaked into the taped end of
the bags, the in-water life of the
el ectrodes can be somewhat |imted.
The nmaxi mum water exposure time for the
el ectrodes was not deternined; however,
it was found that exposure (in the bag

overnight resulted in poor electrode
per f or mance.

El ectrode Number 1 can be used
with either the drag or the oscillation
wel di ng techni que; however, the oscil-
lation technique (type of swrling no-
tion) seened to produce better results
and was essential in the overhead weld-
inc}; position. The el ectrode deposited
a fairly tenacious “soot¥1” substance at
the wel'd toes in the horizontal and
overhead positions; this had to be



removed prior to making the next weld
pass. Slag removal was easy for the
electrode.

Electrode Number 1 can be de-
scribed as a high deposition, moderate-
ly euasy to use wet welding electrode.
Weld guality is good except for moder-
ate porosity which easily meets the
requirements of AWS D3.6 for Type B
welds; this porosity is more pronounced
in the vertical position. The porosity
does not appear to be detrimental in
terms of the mechanical testing which
was accomplished for the electrode.
oOverhead welding, at the seven foot
depth, produced unacceptable weld bead
profiles.

2.5.2.2 Electrode Numbex 3.
Qualification testing was performed for
Electrode Number 3 as shown in Table I;
maximum and minimum mechanical proper-
ties are shown in Table II. The com-
pleted welds are shown in Figures 25
through 29 (weld nomenclatures are
shown in Table I). Electrode Number 3
was found to consistently meet the fol-
lowing conditions at 7 FSW and 33 FSW:

a. Type B radiographic acceptance

standards of AWS D3.6.

b. Class
dards

8000.

2 visual inspection stan-
of NAVSHIPS 0900-LP-003-

Class 1 liquid penetrant in-
spection standards of NAVSHIPS
0900-LP-003-8000.

More stringent bend test re-
quirements (4T vs 6T) than
those required by AWS D3.6 for
Type B welds.

Electrode No. 3
Vertical Qualification
33, FsW

FIGURE 25.
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FIGURE 26.

Electrode No. 3
Vertical Qualification
7 FSW

e. Tensile strength exceeding that
of the ASTM A36 base metal.

Electrode Number 3 showed a de-
creased weldability in. the overhead
position at 7 FSW; as with Electrode
Number 1, the weld beads tended to be
narrower and higher crowned than at 33
FSW. However, both the X and Y plates
were successfully qualified in the
overhead position at 7 FSW. Radiographs
of the X plate showed linear indica-
tions at the weld toes in the root.
Removal of backing strap showed "wagon
track" type slag, sometimes associated
with root undercut. The weld was then
background and rewelded; radiographic
inspection was again performed and
showed the weld to meet the acceptance
standards of AWS D3.6 for Type B welds.
Therefore, at 7 FSW, Electrode Number 3
may be considered gualified for plate
butt welds in the overhead position
only where the weld can be cleaned and
welded from the back side.

Electrode Number 3 had a paraffin
coating over +the primary waterproof
coating. The paraffin tended to "bloom
out"” at the arc, reducing visibility.
The welder/divers sometimes removed the
paraffin by short circuiting the elec-
trode for three or four seconds (caus-
ing the electrode to heat up slightly)
and sliding the entire layer of paraf-
fin off the electrode. (The paraffin
was added by the electrode manufacturer
after the screening tests were complet-
ed; it was added due to the reported
oxidation of the primary watexrproof
coating, although the primary water-
proof coating never failed to adequate-
ly protect the electrode from the
water.)



Electrode Number 3 can be de-
scribed as a high deposition, easy to
use wet welding electrode. The overall
weldability and puddle control were
slightly better than Electrode Number
1, and weld porosity was significantly
lower than that of Electrode Number 1.
However, the mechanical properties of
the two electrodes were equivalent.
Electrode Number 3 can be used with
either the drag or the oscillation
technique. Electrode Number 3 had easy
slag removal.

FIGURE 27. Electrode No. 3
Horizontal Qualification
33 FSW

FIGURE 28. Electrode No. 3
Overhead Qualification
33 FSW

2.5.2.3 Qualification testing
summarv and conclusions. Both Electrode
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Numbers 1 and 3 were found to be suit-
able for making all-position welds in
nild steel, with the exception of Elec-
trode No. 1 in the overhead position at
7 FSW. Both electrodes can be used by
a welder/diver with average welding
ability; weldability and ease of slag
removal make the electrodes usable with
minimal training. Overhead welding is
more difficult than the other positions
due to decreased visibility of the
welding arc; this is a result of the
bubbles being hindered, by the plate,
in their movement toward the water sur-
face. This results in capping beads
which are a little more irregular than

hose of other weldin ogitions (see
II;éﬁ;land 29)[j Figure 28
shows 50 pe of the length of the
cap removed by grinding; this was done
to determine whether or not the irregu-
lar ("ropy") bead profile would inter-
fere with radiographic film interpreta-
ticn. It was found that the cap did
not interfere with film interpretation.
The undercut shown in is less
than 1/16 inch in depth.

FIGURE 29. Electrode No. 3
Overhead Qualification
7 FSW

Weld gquality for both Electrode
Number 1 and 3 is considered good and
represents state—of-the-art technology.
The weld gquality for both electrodes
can be further described as follows,
where the visability is good and prop-
erly trained welder/divers are used for
the welding:

&. Visual weld appearance should
consistently meet the Class 2
requirements of NAVSHIPS 0900-
LP-003-8000 and the Type B weld

£ AVIS D3.6.
Figures 30 and 31 [show close-up
views of Electrode Number 3




welds made in the vertical posi-
tion at 33 FSW.

b. Magnetic particle and liquid
penetrant inspections should
consistently meet the Class 1
requirements of NAVSHIPS 0900~
LP-003-8000.

c. Radicgraphic inspection should
consistently meet the Type B
weld requirements of AWS D3.6.
Where porosity less than 1/16
inch is ignored, both electrodes
are capable of meeting Class 1
requirements of NAVSHIPS 0900-
LP-9000 in certain instances,
and thev should meet the Class 3
requirements in most cases.
Based on mechanical test re~
sults, the varying degrees of
porosity (from none, to that al-
lowed by AWS D3.6 Type B) showed
no effect on either strength or
toughness. A comparison of po-
rosity levels between Electrode
Number 1 and 3 for identical 33
FSW vertical welds, as shown by
radiographic film comparison,
can be seen in Figures 32 and
33; Electrode No. 3 is shown to
produce significantly less po-
rosity.

Electrode No. 3
Vertical Qualification
33 FSW

FIGURE 30.

The strength, in terms of yield and
tensile, of both Electrode Numbers 1
and 3 is satisfactory. In comparing
base metal properties of 2.2 with weld
metal properties of Table II, and as
summarized in Table IIXII, the following
can be concluded:

a. Based on average values, the
weld metal ultimate strength
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FIGURE 31.

FIGURE 32.

exceeds that of the A36 steel
by approximately 13 percent;
the weld metal yield strength
exceeds that of the A36 steel
by approximately 45 percent.

Based on average values, the
weld metal ultimate strength
is less than that of the DH 36
steel by approximately one
percent. However, the weld

metal yield strength exceeds
that of the DH 36 steel by ap-
proximately 22 percent.

In-Air Butt Weld

(E7018, Single Pass Cap)
Intersecting a Wet Butt
Weld (Electrode No. 3)
Vertical, 33 FSW

Electrode No. 1
Radiograph of 33 FSW
Vertical Butt Weld



Weld ductility for both Electrode
Numbers 1 and 3 is obviously less than
that of the base metals. It can be
seen from Table III that the weld metal
elongation is less than one-third that
of the base metals and well below the
17 percent minimum required for air
welds. However, successful bend test-
ing using 6T (4% inch diameter) and 47T
{3 inch diameter) radius plungers
showed reasonable ductility (air welds
are usually bent using a 1% inch diame-
ter plunger). Since the tensile and
yield strengths of the weld metal were
considerably higher than that of the
A36 steel base metal, the base metal
sustained more of the bend elongation
than did the weld; however, since the
radius of the bend specimens was fairly
constant around the circumference of
the bend (no flat spots in the higher
strength weld area), the weld metal
apparently had reasonable elongation
and thus ductility. It should also be
kept in mind that 30 of 32 face bend
specimens passed the 6T radius bend
during the screening tests, and that
the base metal was DH 36 steel. 1In
addition, 14 of 32 specimens passed the
4T tests; those that failed did so in
the heat~-affected~-zone, as opposed to
the weld metal.

FIGURE 33.

Electrode No. 3
Radiocgraph of 33 FSW
Vertical Butt Weld

The weld metal toughness of Elec-
trode Number 1 and 3, as shown by the
Charpy impact test, is less than 1/2
that of the A36 base metal (see Table
ITII). However, the Charpy breaks ex-
hibited a ductile fracture mode (80 to
100 percent shear). The work of Ref.
8, which will be further discussed in
Section 3, showed that wet welds, dis-
playing similar results, were at or
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near upper shelf at 28 F. Porosity
shown in some heat-affected-zone speci-
men fracture surfaces, along with erra-
tic heat-affected-zone energy values,
indicate that the heat-affected-zone
Charpys were not always failing in only
the heat-affected~zone. The failures
were sometimes veering off toward the
weld metal. Heat-affected-zone Charpv
impact average values ranged from 28 to
61 foot-pounds.

With respect to macroscopic exami-
nation, all the wet welds met the Type
A (dry weld) requirements of AWS D3.6
-- except that some specimens had minor
root cracking associated with slag in-
clusions or gaps between the plate and
backing bar; AWS D3.6 allows no crack-
ing in the MACRO specimens. Most of
the MACRO specimen root cracking was
not in excess of 1/32 inch. However,
some of the specimens had slag inclu-
sions which exceeded 1/32 inch, which
is rejectable to the requirements of
MIL-STD-248C. Representative MACROs
are shown in Figures 34 through 40.
MIL-STD-248C recognizes +that backing
bar butt welds have an occasional ten-—
dency for minor cracking in the root,
and will accept these indications if
not longer than 1/32 inch. This crack-
ing tendency was demonstrated in the
wet welds, but only associated with
minor root slag or, on one occasion, a
gap between the plate surface and the
backing bar.

FIGURE 34.

Electrode No. 1
Overhead Gualification
33 FSW (3X)

There was no case where the weld
metal hardness exceeded the 325 H 10
maximum allowed by AWS D3.6 for Typg A
welds. In fact, the weld metal hard-
ness never reached 250 Hvlo, and the



majority of the readings were below 200
E_10. The only areas exceeding 325
EY10 were in the base metal heat-
a¥fected-zone just beneath the weld
cap. In other work, excessive HAZ
hardness, just under a wet weld cap,
have been reduced to acceptable values
by using the "temper bead technique”.
Bowever, this requires a well trained

welder/diver and good in-water visi-
bility.

Electrode No. 1
Vertical Qualification
7 FSW (3X)

FIGURE 35.

1
Vertical Qualification
33 FSW (3X)

FIGURE 36. Electrcde No.
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Electrode No. 3
Vertical Qualification
33 FSW (3X)

FIGURE 37.

3
Overhead Qualification
33 FSW (3X)

FIGURE 38. Electrode No.

3.0 DISCUSSION

Two commercially available mild
steel wet welding electrodes have been
qualified to the requirements of AWS
D3.6 for wet welding ordinary strength
structural carbon steel; as allowed by
AWS D3.6, this qualification extends to
a watexr depth of 66 feet. Based on the
requirements of AWS D3.6, this qualifi~
cation is 1limited to steels with a
maximum carbon equivalent of 0.350 and
a maximum carbon content of 0.17 per-
cent by weight. Additional testing
would be required to gualify the elec-
trodes to weld steels with a higher



carbon content and/or carbon equiva-
lent. (3 very promising stainless
steel electrode, for use in welding the
higher carbon equivalent steels, under-
went initial screening tests; however,

the screening tests could not be com-
pleted, because most of the electrodes
Refer to

were damaged in shipment.
Higures 41|and[4Z.T |

Electrode No. 3
Overheat Qualification
7 FSW (3X)

FIGURE 39.

FIGURE 40. Electrode No. 3
Vertical Qualification
7 FSW (3X)
The qualification testing has

established that the mild steel elec-
trodes meet a weld quality standard
somewhere between that considered ac-
ceptable for wet welds by the American
Welding Society, and that considered
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FIGURE 41.

Experimental Stainless
Steel Electrode
Vertical Fillet, 33 FSW

acceptable for dry welds by the U. S.
Navy. The primary weld discontinuity
was porosity -- the degree of which had
no observable impact on any of the me-
chanical test results. Neither did the
minor cracking, associated with xoot
discontinuities, have any impact on the
mechanical test results. Of the ini-
tial 36 side bend specimens, two failed
due to slag/incomplete xroot penetra-
tion; two additional bend specimens,
for each failed specimen, passed the
bend test for a total of 40 bends.

Bend tests exceeded AWS D3.6 re-
quirements for Type B welds, and ten-
sile and yield strengths far exceeded
minimum base metal requirements and the
requirements of applicable filler metal
specifications. Weldment toughness and
ductility are reduced compared to air
welds, but may be considered adequate
for certain applications. Weldment
hardness exceeded AWS D3.6 requirements
for Type A welds only in the heat-
affected-zone just under the weld cap.

Ref. 8, which is an undervater
welding study performed by the South-
west Research Institute for +he Ship
Structures Committee through the U. S.
Coast Guard, makes the following obser-
vation in the opening statement of the
"ABSTRACT": "Data reported herein indi-
cate that the wet......welding (SMaW)
process can produce welds suitable for
structural applications provided cer-
tain limitations of the welds are con-
sidered in design." ‘The SWRI Report
includes the same mechanical testing as
covered in this report, and in addi-
tion, fracture toughness (J. ) testing.
However, the SWRI work coVered welds
made only in the flat position, and the
welding took place in fresh water. Aall



test results in this report pretty much
paralleled these corresponding tests of
the SWRI Report. The mechanical prop-
erties of electrode Numbers 1 and 3
(E7014 "type" electrodes) appear to be
equivalent to those of the E6013 "type”
electrodes tested in the SWRI work. It
would be considered worthwhile to make
a detailed comparison between the re-
sults of this study and the results of
the SWRI work. The applicability of
the fracture toughness calculations and
weld design recommendations, estab-
lished in the SWRI work, could then be
assessed for the two wet welding elec-
trodes of this study.

Another previous study, Ref. 9,
addresses crack growth rate of wet
welds made with E6013 electrodes. The
welds were made in fresh water at a
depth of approximately 33 feet. Two
meaningful conclusions of the Ref. 8
study are as follows:

a. Crack growth rates increased
with porosity level.
b. At stress intensity factors of
approximately 30 KSIvin and
below, depending on porosity
level, crack growth rates for
the wet welds were less than
for surface or dry habitat
welds.

FIGURE 42.

Experimental Stainless
Steel Electrode
Overhead Bead-on-Plate
33 FsSwW

In regard to depth, the following

was found:

a. There was no significant dif-
ference in mechanical proper-
ties at 7 FSW, as compared to
33 FSW, except a slight
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increase in ultimate and yield
strengths.

Weld metal carbon and manganese
decreased somewhat at the deep-
er depth, which may account for
the lower strength levels. Weld
metal oxygen levels at 7 FSW
were only on the average about
1.4 percent of that at 33 FSW.

Overhead welding became more
difficult at 7 FSW, such that
Electrode Number 1 could not be
qualified.

The results achieved in this proj-
ect have shown that wet welding can
have a degree of integrity such that
its use may be justified for limited
applications in Naval surface ship re-
pair. Such applications would include:

- Permanent nonstructural repair
in low carbon eguivalent
steels.

- Temporary structural repairs,
performed on an emergency
basis, where replacement or
rewelding of the repaired area
might be deferred until the
next scheduled drydocking.
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€T-61

ELECTRODE AND
WATER DEPTH

TABLE 11,

TENSILE AND IMPACT QUALIFICATION TEST RESULTS

TENSILE STRENGTH, PSI

Minimum Maximum

YIELD STRENGTH, PSI

Minimum Maximum

ELONGATION, %

Minimum Maximum

IMPACT ENERGY AT
28° F, FT.LBS.
*Minimum  *Maximum

Electrode No. 1
33 FSW

Electrode No. 1
7 FSW

Electrode No. 3
33 Fsw

Electrode No. 3
7 FSW

73,400

74,700

77,050

78,350

74,500

75,900

83,050

84,050

65,300 68,100

65,800 68,350

70,900 76,550

74,500 82,400

* Based on average values for each weldment tested.

** Questionable value.

6.6

8.0

6.0

4.8**

9.3

8.8

8.3

8.8

29.8 31.8
33.5 33.5
25.1 32.0
28.2 24.5




TABLE Ill. COMPARATIVE WELD METAL/BASE METAL PROPERTIES

Average Average Base Metal Base Metal Spec.
Properties Weld Metal A36 DH 36 A36 DH 36
Tensile Strength** 77.6 68.8 78.7 50-80 71-90
KSi
Yield Strength** 71.5 4.4 '58.5 36 Min. 51 Min.
Ksi
Elongation, $** 7.6 27.7 23.7 23 Min. 22 Min.
Impact Energy at 29.8 75.5 No Tests Not N/A*
28° F, Ft.Lbs. Run Req'd.

* Different temperature requirements.

** Erom all-weld-metal testing.
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