
Introduction

Considering the growing number of
offshore floating production platforms in
operation, as well as the economic limita-
tions for dry docking these structures, wet
welding by shielded metal arc welding
(SMAW) is a very attractive technique for
maintenance and structural repairs (Ref.
1). Wet welds are classed as A and B ac-
cording to AWS D3.6M:2010, Underwater
Welding Code (Ref. 2). For Class A welds,
the requirements of toughness, strength,

ductility, hardness, and bending are simi-
lar to those required by the main engi-
neering codes for atmospheric welding.
There are very few reports in the literature
about achieving Class A in wet welding.
Class B welds are considered welds with
limited structural quality, where both the
tests applied for procedure qualification
and the acceptance criteria are less strict.
The improvement of wet weld quality has
been based on the improvement of the
commercially available atmospheric weld-
ing electrodes that presented the best

weldability and operability underwater.
Rutile-based electrodes are generally pre-
ferred due to their good operability. Com-
mercial electrode evaluations as well as
new coating compositions were made by
Stalker (Ref. 3), Nóbrega (Ref. 4), Gooch
(Refs. 5, 6), West  (Ref. 7), Liu (Ref. 8),
Ibarra (Ref. 9), and Sanchez-Osio (Ref.
10). The general conclusions of these
works can be summarized as follows:
Austenitic electrodes are susceptible to so-
lidification cracking and formation of
bands of hard martensite along the fusion
boundaries; ferritic electrodes have the
best performance and are divided into two
groups: rutile-based electrodes and iron
oxide-based (oxidizing) electrodes. The
former have good arc stability and other
running characteristics as well as tensile
strength and toughness. The oxidizing
electrodes have low diffusible hydrogen
content (Hdif) and poor operability. In
general, oxidizing electrodes have a rough
bead surface, and the slag is difficult to re-
move. The main properties of weldments
made by rutile- and oxidizing-type elec-
trodes in terms of weld metal properties
and weldability are summarized in Table 1.

In the 1970s, Nobrega (Ref. 4) carried
out work to develop an electrode with the
combined properties of the rutile- and ox-
idizing-type electrodes. In spite of the
good results achieved, no commercial
electrode based on this development can
be found on the market today. 

Due to expectations that the need for
underwater structural maintenance on off-
shore production platforms will grow, the
wet welding consumables (WWC) project
was launched to develop an oxyrutile elec-
trode for wet welding. The participants in
this project are two universities, an oil
company, and an electrode manufacturer.
The main aim was to develop an electrode
based on iron oxide and titanium oxide
with improved mechanical properties min-
imizing the Hdif. Also, operability should
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ABSTRACT

The present paper describes the experimental development of an oxyrutile electrode.
The aim of this experimental work was to improve the weld metal mechanical proper-
ties and minimize the diffusible hydrogen content compared to existing commercial
electrodes. Eighteen batches of electrodes were produced in industrial facilities. Nickel
and molybdenum were added to strengthen the weld metal. Most welding trials were
carried out using laboratory simulations and also by divers in the sea at 10 m depth,
thereby aiming for qualification up to 20 m according to AWS D3.6M:2010. The me-
chanical properties, chemical composition, porosity, and microstructures of the weld
metal among other features are presented. For comparison, three commercial elec-
trodes were also tested. The results and the progress toward achievement of structural
Class A welds are discussed. Most of the experimental electrodes had low porosity and
very few weld metal microcracks. The diffusible hydrogen content in this work was
equivalent to that of typical oxidizing electrodes. Generally, in comparison to the results
reported in the literature, the oxyrutile electrodes developed here showed lower poros-
ity and had superior performance in terms of toughness and ductility. Overall, the re-
sults represent a significant improvement in the quality of wet welds, and most of them
consistently exceeded the requirements for Class A. 
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be improved in relation to the typical oxi-
dizing types. Welding trials were carried
out in simulated depths of 10 m in the lab-
oratory and in the open sea, aiming pro-
cedures qualification for up to 20 m
according to AWS D3.6M:2010. The open
sea tests aimed a prequalification of two
wet welding procedures, applicable up to
20 m in order to enlarge the options for
the repair designer concerning the elec-
trode selection.

The first phase of the WWC project was
to select an optimized coating composition
as a base line for further developments. The
main criteria were to achieve the lowest pos-
sible Hdif, improve weldability, and maxi-
mize the rutile content. The second phase
targeted the improvement of weld metal
properties with the addition of alloying ele-
ments. The improvement of operability was
again included in the second phase, but this
development step is not presented in this
paper. Commercial electrodes were also
tested. Results have already been published
(Refs. 12, 13). 

The aim of the present paper is to de-

scribe the development of the WWC project
and present selected results emphasizing
weld metal mechanical properties and dif-
fusible hydrogen. Other features of the weld
metal such as porosity and microstructure
are also presented. Comparisons with the
state-of-the-art electrodes are made, and
the progress toward achievement of struc-
tural Class A welds is discussed.

Experimental Methods

Welding tests in Phase 1 of the WWC
project were carried out in the laboratory
by a mechanized gravity system at 0.5 m
water depth. This low depth was chosen in
order to guarantee that the experiments
could maximize the influences of the base
electrode coating composition and mini-
mize the influences of other variables that
could be affected by pressure, like pres-
ence of pores and weld metal chemical
composition. Eight experimental electrode
batches were produced for Phase 1. These
electrodes were named 1E to 8E accord-
ing to the increasing rutile content. The

coating formulations were based on the
combination of hematite (Fe2O3) ranging
from 40 to 60 wt-%, rutile (TiO2) ranging
from 5 to 25 wt-%, and silica (SiO2) rang-
ing from 10 to 40 wt-%, which totaled 85
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Table 1 —  Comparative Properties of Rutile and Oxidizing Type Electrodes Based on Literature Data 

Rutile Electrodes Oxidizing Electrodes

Weld metal chemical composition (Refs. 11–13) Increasing depth decreases manganese Low sensitivity to depth. High oxygen and
and silicon and increases oxygen. low manganese and silicon at all depths.

Diffusible hydrogen (Refs. 14–17) High (< 90 mL/100 g). Decreases Medium (< 20 mL/100 g). As low as 13 mL/100 g
with increasing pressure. has been reported.

Porosity (Refs. 18–23) Increases considerably with depth Increases moderately with 
depth in shallow waters. (<30 m)

Mechanical strength (Refs. 11, 24–28) Class E 70XX is commonly achieved. Low-strength deposits. Class E 60XX
is commonly achieved. 

Ductility (Refs. 12, 26, 28) Low elongation (< 15%) in the tensile test. Possible to achieve elongation
Decreases with depth. around 20% up to 20 m.

Toughness (Refs. 29, 30) Commonly meets the requirements Commonly meets requirements of the
of the main standards or codes. main standards or codes.

HAZ hydrogen cracking (Refs. 31, 32) High cracking susceptibility for C Low cracking susceptibility for 
> 0.15% and C.E. > 0.38%. structural steels in general.

WM hydrogen cracking (Refs. 12, 13) High cracking susceptibility in general. Low cracking susceptibility in general.

Fig. 1 — Influence of TiO2/(Fe2O3 + SiO2) in the
coating on the diffusible hydrogen (tests at 0.5 m
welding depth).

Fig. 2 — Microstructures. A — CR; B — CGR; C
— FGR. Representative of experimental electrode
(1E to 8E) weld metal microstructures. Nital 2%.
Welding depth: 0.5 m.

A B

C

Santos 12-12_Layout 1  11/9/12  1:34 PM  Page 320



wt-%. The remaining 15 wt-% had invari-
ant amounts of binding agents, gases and
slag formers, and arc stabilizers. The coat-
ing composition of the best electrode in
this phase was applied as the base compo-
sition for further improvements in Phase
2. In this second phase, Ni and FeMo were
added to improve mechanical properties
by alloying the weld metal.  

In Phase 2, 25 experimental electrode
batches were produced. In this phase, the
aim was to improve the weld metal prop-
erties by adding Ni and Mo and also to im-
prove operability by arc stabilizers and

minor additions of exothermic substances.
The electrodes named 1A, 2A, and 3A had
increasing additions of Ni. The electrodes
5A to 10A had increasing additions of Ni
plus Mo. The alloying additions, made by
Ni powder and Fe-Mo, never exceeded
3% and the reduction of the other ingre-
dients of the base formulation were pro-
portionally distributed. Therefore, it is
assumed that no relevant differences
would occur between either the oxiding
potential and operational behavior of the
electrodes 1A–10A, with the exception for
electrode 9A, which received an extra ad-

dition of arc stabilizer compounds. The re-
maining experimental electrodes were
those designed to improve operability, and
their results do not belong in the scope of
this paper. The commercial electrodes
tested were named 1C (oxidizing type),
and 2C and 3C (rutile type) electrodes.
Most of tests in Phase 2 were performed
in the laboratory by a mechanized gravity
system at pressure equivalent to 10 m
water depth. Some manual welding trials
were made in the open sea down to 10 m
with electrodes 9A and 2C. A few labora-
tory tests with selected electrodes were
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Fig. 3 — Groove joints welded at 10 m equivalent depth. A — Elec-
trode 8A surface aspect; B — electrode 2C surface aspect; C — elec-
trode 8A transversal section; D — electrode 2C transversal section.

Table 2 — Summary of Welding Conditions According to Depth

Phase Electrode Code Laboratory 0.5 m Laboratory 10 m Laboratory 20 m Open sea 10 m

1 1E to 8E X
2 1A and 2A X X X
2 3A, 5A to 8A X
2 4A X X
2 9A X X
2 10A X

Commercial 1C and 3C X X X
Commercial 2C X X X X

Table 3 — Electrodes Steel Rod and Base Metal Compositions (wt-%) 

C Si Mn P S Cr Ni Mo Cu

Electrodes steel rod Min spec. 0.04 — 0.40 — — — — — —
Max spec. 0.08 0.02 0.60 0.01 0.015 0.05 0.1 0.05 0.05

Typical 0.06 0.01 0.47 0.0065 0.011 0.025 0.04 0.004 0.028
Base metal ASTM A36 0.15 0.20 0.85 0.022 0.007 0.023 0.012 — 0.008
Base metal ASTM AH 36 0.16 0.23 1.41 0.016 0.006 0.01 0.01 0.001 0.01

A B

C D
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performed at 0.5 m water depth and at
pressure equivalent to 20 m to evaluate
the influence of pressure. The test matrix
for the whole project according to the
welding depth is presented in Table 2.

All electrodes had 3.25-mm diameters
and were 350 mm long. Commercial elec-
trodes 2C and 3C were provided with a
waterproof coating; however, the manu-
facturers did not disclose the composition
and application techniques. The electrode
1C and the experimental electrodes were
coated by dipping in a vinyl varnish. Elec-
trodes steel rods and base metal composi-
tions are presented in Table 3.

In the laboratory, welding tests were
carried out with a welding power source
operating on direct current electrode neg-
ative (DCEN) at a nominal 160 A. A tank
with capacity of 200 L was used for the
welds at 0.5 m water depth. A hyperbaric
welding simulator was used for the welds
of 10 m and 20 m equivalent depth. All the
welds were carried out in fresh water with
a mechanized gravity system and using the
drag technique in the flat position and
with an electrode angle of 60 deg. The
welding voltage and current were moni-
tored by an acquisition system with a rate

of 1000 Hz. The weld beads were de-
posited in V grooves with an opening
angle of 45 deg, root opening of 3.25 mm,
and 13.0 mm depth, machined on ASTM
A36, 16 × 280 × 150 mm plates.

Qualified AWS D3.6 Class B welders
carried out the open sea welding tests. The
power source was an electronic constant
current characteristic, specially built for
wet welding, operating on DCEN at a
nominal 160 A. The weld beads were de-
posited in V grooves with backing, an
opening angle of 45 deg, a root opening of
10 mm, and a root face of 3 mm. Base ma-
terials were ASTM AH36 16 × 280 × 150
mm plates.

A gas chromatography analyzer carried
out the diffusible hydrogen measurements
according to AWS A4.3, ASTM E260, and
E355. All samples were welded at 0.5 m.

The chemical composition (except oxy-
gen) was defined using optical emission
spectrometry. A gas analyzer (LECO) was
used for the oxygen content.

Metallographic preparation was car-
ried out by conventional polishing and
etching techniques. The quantities of the
weld metal columnar region (CR), coarse
grain reheated region (CGR), and fine

grain reheated region (FGR) were meas-
ured under 50× magnification in the cross
section, along a 10-mm line, perpendicu-
lar to the plate surface, located in the cen-
ter of the weld. The relative quantities of
microconstituents were determined by
counting points, applying a grid of 100
points over images with 500× magnifica-
tion. The grain size in the FGR was deter-
mined by the intersection method with
500× magnification.   

Energy X-ray dispersive spectroscopy
(EDS) was used to determine the chemi-
cal composition of at least 6 inclusions
with diameters between 4 and 8 µm.  

Vickers hardness loads of 1 and 10 kgf
were used to measure the weld metal
hardness. The all-weld tensile tests were
prepared in accordance with AWS
D3.6M:1999. The samples were 5 mm in
diameter and had a 25-mm gauge length,
or dimensions that are indicated in the
table footnotes. 

In the laboratory welding tests, 5000
voltage and current readings were ac-
quired between the 10th and 15th second.
The following parameters were calculated:
average current (Iave), average voltage
(Vave), current arc stability index (Si), volt-
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Fig. 4 — Porosity as a function of depth for selected experimental and com-
mercial electrodes.

Fig. 5 — Quantitative weld metal transverse crack evaluation in longitudinal
sections of groove welds as a function of pressure

Fig. 6 — Macrographs of groove joints welded at 10 m in open sea. A —
Electrode 9A; B —  electrode 2C. 
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Santos 12-12_Layout 1  11/9/12  1:34 PM  Page 322



age arc stability index (Sv), and indicative
number of short circuits (Nsc). The pa-
rameter Si is defined as the ratio of maxi-
mum to minimum values of current.
Similarly, for voltage, the values of Sv are
defined as the ratio of maximum to mini-
mum values of voltage. The following ap-
proach was used to calculate the values of
S: for each 10 points (0.01 second), values
of current were taken and the maximum
current (Imax) was divided by the mini-
mum current (Imin) obtaining 500 values
of S for each weld. With these values, the
average S was calculated. A short circuit
was assumed when any voltage value was
numerically lower than 5 V. 

Geometrical bead reinforcement
(R/W) and penetration (P/W) aspect ra-
tios related to the bead width (W) were
measured on transverse sections of the
bead on plate trials. 

Results

Phase 1 – Electrodes 1E to 8E 
(Tests at 0.5 m)

Diffusible Hydrogen. The results of dif-
fusible hydrogen measurements at 0.5 m
for the experimental electrodes (1E to 8E)
are listed in Table 4. For comparison, re-
sults for commercial electrodes are pre-
sented in the same table: typical rutile (2C
and 3C) and oxidizing (1C) electrodes.
Diffusible hydrogen values from the ex-
perimental electrodes are much lower
than the rutile electrodes and near to the
oxidizing electrode values. The influence
of the coating rutile content on the dif-
fusible hydrogen for the experimental
electrodes is shown in Fig. 1. As the
TiO2/(Fe2O3 + SiO2) ratio increases,
there is a tendency for the diffusible hy-
drogen to increase.

Weld Metal Chemical Composition

Table 5 lists the results of the weld metal
chemical composition for experimental
electrodes and, for comparison, commercial

electrodes. Despite the variations of rutile
and iron oxide contents, there was not a sig-
nificant change in the weld metal chemical
composition for the experimental elec-
trodes. The low contents of Mn and Si,
which are deoxidizer elements, are charac-
teristic of oxidizing-type electrodes (Refs.
3–6, 12, 13). Rutile electrodes 2C and 3C
had higher Si and Mn contents compared to
the high oxygen potential electrode 1C and
the experimental electrodes. Electrodes 2C
and 3C had consistently lower oxygen con-
tents in the weld metal. 

Microstructural Aspects

The quantitative results of microstruc-
tural characterization for the experimental
electrodes (1E to 8E) are listed in Table 6.
The columnar region is formed predomi-
nantly by proeutectoid ferrite for all elec-
trodes. Some regions of polygonal ferrite
and side plate ferrite can also be observed.
This fact is a consequence of the low carbon,
manganese, and silicon contents, which are
characteristic of oxidizing-type electrodes.
No significant microstructural differences
were observed between the experimental
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Table 4 — Diffusible Hydrogen Measured from Samples Welded at 0.5 m Water Depth
(mL/100 g)

Electrode Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average

1E 21.0 24.7 19.2 — — 21.6
2E 13.3 15.7 11.3 — — 13.4
3E 25.6 34.3 33.1 23.3 22.7 27.8
4E 26.8 13.6 17.3 17.6 18.8
5E 17.4 19.4 20.3 — — 19.0
6E 16.6 13.4 16.2 23.9 — 17.5
7E 15.4 21.4 28.1 16.3 30.3 22.3
8E 40.4 56.2 20.9 25.2 32.7 35.1
1C 18.7 24.5 18.1 — — 20.4
2C 85.1 105.2 78.9 72.3 — 85.4
3C 98.8 101.4 91.4 — — 97.2

Table 5 — Weld Metal Chemical Composition (wt-%) 

Electrode Mn Si P S C O Ni

1E 0.041 0.013 0.016 0.010 0.012 0.270 0.019
2E 0.041 0.012 0.015 0.008 0.022 0.242 0.021
3E 0.046 0.014 0.016 0.008 0.015 0.310 0.112
4E 0.072 0.070 0.019 0.009 0.016 0.320 0.029
5E 0.047 0.008 0.023 0.008 0.019 0.267 0.019
6E 0.049 0.015 0.021 0.031 0.011 0.255 0.024
7E 0.064 0.034 0.036 0.014 0.013 0.264 0.025
8E 0.044 0.009 0.025 0.007 0.014 0.276 0.019
1C 0.033 0.010 0.015 0.007 0.055 0.261 2.020
2C 0.513 0.384 0.014 0.009 0.070 0.092 0.069
3C 0.343 0.199 0.026 0.007 0.090 0.11 0.026

(a) Welding depth: 0.5 m.

Table 6 — Quantitative Microstructural Characterization 

Electrode PEF + PF + SPF 
in the CR (%) CR (%)b CGR (%)b FGR (%)b FGS (µm)

Average St. Dev
1E 100 25 13 62 8.0 1.8
2E 100 37 10 53 8.8 1.9
3E 100 27 9 64 7.3 1.5
4E 100 31 10 59 8.3 1.7
5E 100 26 9 65 6.9 1.4
6E 100 27 16 57 10.2 2.2
7E 100 38 10 52 7.3 1.1
8E 100 37 15 48 5.6 1.1

CR: columnar region. CGR: coarse-grain region in reheated zone. FGR: fine-grain region in reheated zone.  PEF: pro-eutectoid ferrite. PF: polygonal ferrite. SPF: side plate ferrite. FGS: grain diame-
ter in FGR.
(a) Welding depth: 0.5 m. 
(b) Average for 3 transversal sections.
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electrodes. The exception is the variation of
the grain size in the fine-grain region, which
may be attributed to variations in welding
parameters and conditions. Representative
images of the microstructures are shown in
Fig. 2. A large amount of nonmetallic inclu-
sions can be observed. The fine-grain region
corresponds to the major part of the weld
metal for all experimental electrodes. 

Mechanical Properties

The average hardness and Charpy val-
ues are listed in Table 7. The low hardness
and toughness values are typical of oxidiz-
ing-type electrodes. No consistent influ-
ence of rutile contents on hardness could
be noticed. Toughness seems to be slightly
increased with increasing rutile content.
These results are in agreement with mi-
crostructural analysis, which shows a non-
significant influence of rutile content in
the microstructure. The small variation of
toughness may be attributed to a small de-
crease of the grain size in the FGR with
increasing rutile content.

Analysis of Nonmetallic Inclusions

The results of EDS analysis are sum-
marized in Table 8. For comparison, the
results of the commercial electrodes are
also tabulated. Two groups of electrodes
can be identified. The group represented
by the commercial rutile electrodes 2C
and 3C has high Mn, Si, and Ti and low Fe
contents according to the lower oxidizing

potential of these electrodes. The group
represented by the experimental and com-
mercial 1C electrodes has high Fe and al-
most no Ti, indicating high oxidizing
potential during welding. The additions of
rutile did not induce a measurable effect
on the composition of the inclusions, since
it was not possible to identify significant
differences between the results of elec-
trodes 1E to 8E. 
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Table 7 — Weld Metal Hardness and Toughness

Hardness (HV1) Charpy V 0°C (J)
Electrode Average St. Dev. Average St. Dev.

1E 174 5 22.6 3.3
2E 152 2 15.0 1.5
3E 180 10 30.4 7.7
4E 153 2 21.3 6.3
5E 162 6 27.1 10.0
6E 148 4 22.6 5.1
7E 152 1 25.5 4.3
8E 179 7 37.3 6.8

(a) Welding depth: 0.5 m.

Table 8 — Chemical Composition of Inclusions in the Weld Metal for Experimental and Commercial Electrodes(a) (wt-%)

Fe Mn Si Ti O
St. St. St. St. St.

Electrode Average Dev. Average Dev. Average Dev. Average Dev. Average Dev. 

1E 66.3 4.2 3.5 0.9 4.8 2.2 0.0 — 25.5 1.4
2E 65.7 6.6 3.3 1.5 6.3 3.0 0.0 — 25.8 2.0
3E 66.6 3.9 4.6 1.1 3.9 1.9 0.0 — 24.9 1.2
4E 59.9 7.0 6.3 3.3 6.8 2.7 0.0 — 26.9 1.8
5E 54.7 10.0 6.7 1.9 9.7 5.1 0.0 — 28.8 3.3
6E 65.5 6.7 4.6 1.3 4.6 3.3 0.0 — 25.3 2.2
7E 64.7 4.0 5.9 1.9 4.0 1.3 0.0 — 25.0 0.9
8E 59.2 11.1 6.4 3.3 7.3 4.8 0.0 — 27.1 3.2
1C 55.8 7.6 7.3 2.7 8.5 3.1 0.0 — 28.3 2.0
2C 11.8 5.6 24.1 1.5 15.7 4.2 11.9 5.5 36.4 2.3
3C 12.5 5.5 20.7 2.9 20.7 5.5 7.3 2.5 38.3 3.1

(a) Welding depth: 0.5 m.

Fig. 7 — Charpy results of oxyrutile electrodes compared with the ones avail-
able in the technical literature (Refs. 1, 3, 4, 6, 7, 12, 27, 28, 33, 36, 38–41,
43). Oxyrutile data for 10 and 20 m are from WWC project. 

Fig. 8 — Elongation results of oxyrutile electrodes compared with the ones
available in the technical literature (Refs. 1, 3, 4, 7, 12, 27, 28, 33, 36, 38–43).
Oxyrutile data for 10 and 20 m are from WWC project. Minimum requirements
for high-strength steels (HSS) and low-strength steels (LSS) are represented by
dashed lines.
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The main requirement for selecting the
best performance electrode in Phase 1 was
the diffusible hydrogen content. There-
fore, to compare operational features
only, the four lowest Hdif electrodes were
considered. The results are listed in Table

9. Although the electrode 2E (Table 4)
had the lowest diffusible hydrogen result
(13.4 mL/100 g), the electrode 6E (17.5
mL/100 g) was selected as the basis for
Phase 2 based on its better operational
performance, as indicated by lower Nsc
and higher Vave and P/W. The higher ru-
tile content in the coating was also consid-
ered an important feature of the electrode
6E. The other weld metal properties (Ta-
bles 4 to 8) in general did not show suffi-
cient differences between the
experimental electrodes to influence the
final choice.  

Phase 2 — Electrodes 1A to 10A 
(Tests at 10 m)

The typical weld metal surface and
transverse aspects for experimental oxyru-
tile electrodes (8A) and for commercial
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Table 9 — Operability Parameters for the 
Lowest Diffusible Hydrogen Electrodes

2E 4E 5E 6E

Vave 22 25 20 27
Iave 161 162 166 160
Sv 2.0 1.6 2.2 1.6
Si 1.5 1.7 1.4 1.5
Nsc/5s 95 36 215 10
R/W 0.18 0.17 0.23 0.16
P/W 0.15 0.18 0.18 0.24

Table 10 — Weld Metal Properties of V-Grooved Joints Welded in the Laboratory at 10-m Simulated Depth Except for Diffusible Hydrogen Tests,
which Samples Were Welded at 0.5 m 

Electr. Y.S. U.T.S. Elong. Hardness (HV10)(b) Charpy V 0°C (J)(c) Side Bend Porosity Hdif (mL/100 g)(c)

(MPa)(a) (MPa)(a) (%)(a) (%)
Aver. Min/Max Aver. Min/Max 2T(d) Aver. Min/Max

1A 398 462 19.0 172 158/180 50 48/51 4/5 0.14 20.9 14.6/30.6
2A 399 464 13.8 155 151/157 58 56/61 4/7 0.13 18.8 15.6/24.0

399 461 18.4
3A 407 482 20.0 190 174/220 52 48/54 4/4 0.021 — —

417 479 18.8
4A 421 486 16.4 180 172/190 — — 5/6 0.15 21.4 14.5/28.7

427 493 20.00
5A 410 483 27.2 187 172/206 50 48/52 — 0.09 — —
6A 437 505 16.4 181 173/186 — — 1/4 0.03 20.7 16.0/27.7
7A 423 493 15.6 193 172/226 54 52/56 — 0.06 — —

441 504 23.4
8A 412 534 18.8 184 177/190 46 46/46 0/4 0.28 50.0 27.1/71.1

464 487 8.6
9A 441 515 16.0 174 171/177 — — 2/5 0.26 30.8 20.2/53.8

463 533 21.6
440 513 23.0

10A 434 496 10.2 194 184/218 51 50/54 — 0.014 — —

(a)  All-weld-metal tension tests for each specimen. Lowest elongation values correspond to a higher incidence of weld defects in the tensile specimen.
(b)  Average of five indentations  minimum.
(c)  Average for three specimens minimum. Samples welded at 0.5 m.
(d) Number of approvals/number of tests.

Table 11 — Chemical Composition (wt-%),Amount of Fine Grain Region (area %) and Minimum Grain Size (µm) in the Weld Metal  

Electrode
1A 2A 3A 4A 5A 6A 7A 8A 9A 10A

C 0.052 0.024 0.031 0.054 0.034 0.048 0.027 0.037 0.053 0.040
Si 0.009 0.018 0.010 0.014 0.011 0.015 0.022 0.016 0.016 0.019

Mn 0.048 0.048 0.048 0.046 0.047 0.046 0.058 0.049 0.047 0.057
Ni 2.01 1.82 2.70 2.55 1.98 2.55 2.17 2.56 2.37 2.52
Mo 0.00 0.00 0.00 0.05 0.09 0.10 0.125 0.11 0.18 0.20

FGR (area %) 76 87 — 69 81 74 75 — 56 79
FGS (µm) Average 3.9 3.7 3.7 2.9 3.1 2.8 3.0 — 3.1 3.1

Std. Dev. 0.7 0.4 0.3 0.3 0.4 0.3 0.3 — 0.4 0.4

P content range: 0.016 to 0.044 wt-%
S content range: 0.008 to 0.015 wt-%

(a) Multipass V-grooved joints welded in laboratory at 10 m simulated depth.

Fig. 9 — Porosity results of oxyrutile electrodes
compared with the ones available in the technical
literature (Refs. 12, 18, 33, 27, 43). Oxyrutile data
are from WWC project. 
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rutile-type electrodes (2C) are shown in
Fig. 3. The weld made with electrode 2C
exhibited a superior bead surface and a
higher porosity level.

Table 10 lists some selected weld metal
properties emphasizing mechanical proper-
ties related to the project phases in which
the main target was the improvement of
strength, ductility, and toughness by adding
alloying elements and keeping diffusible hy-
drogen and porosity at low levels. The ulti-
mate tensile strength (UTS) and elongation
results are mostly higher than 490 MPa and
14%, respectively, which are the minimum
levels required for AWS D3.6 Class A
welds. Hardness and Charpy tests data con-
formed to the same criteria. The rather un-
usually low porosity and diffusible hydrogen
levels responsible for obtaining elongation
values in the order of 20% should be noted.
Approval in the bend tests according to the
AWS D3.6 Class A criteria were not consis-
tently achieved. Failures occurred from
small defects such as pores despite the good
weld metal ductility. 

The weld metal chemical compositions
as well as the main microstructural fea-
tures responsible for promoting strength,
toughness, and ductility are presented in
Table 11. High amounts of the fine-grain
region can be observed. Small grain size in
the reheated zone indicates the beneficial
effects of Ni and Mo alloying made in the
Phase 2 of the project. 

Figure 4 shows the influence of equiv-
alent water depth on porosity for selected
electrodes. The experimental electrodes
show very little sensitivity to increasing

pressure in the range studied.  
An evaluation of the incidences of hy-

drogen cracks in the weld metal as a func-
tion of pressure was carried out by manual
counting on transversal sections micro-
scopic images. The results are shown in
Fig. 5. It is interesting to note the sharp
decrease of crack incidences with depth
for rutile type electrodes particularly for
electrode 3C. The lower crack incidence
for electrode 3C compared to electrode
2C in the welding at 10 m was consistent
with its lower weld metal hardness (~164
HV10). The value obtained for electrode
2C was ~209 HV10. Moreover, diffusible
hydrogen for rutile electrodes is consid-
ered to decrease with increasing pressure
(Ref. 34). Diffusible hydrogen and hard-
ness are assumed to be the main control-
ling factors of weld metal cracking in wet
welding. As a general tendency in this
work, it is pointed out that oxidizing and
oxyrutile electrodes showed lower inci-
dence of weld metal microcracks. A survey
for weld metal microcracks in all the Phase
2 samples welded at 10 m with oxyrutile
electrodes revealed practically no cracks.

Results of Open Sea Tests

Electrodes 2C and 9A were selected
for the open sea tests aiming for prequal-
ification of procedures with both types of
electrodes for welding high-strength struc-
tural ship steels. The electrode 9A was
chosen because it produced welds in labo-
ratory with UTS above 513 MPa and good
elongation results, reaching reliably the

UTS requirement for E70XX class, as
shown in Table 10. Tables 12 and 13 list the
mechanical properties and microstructural
characterization related to the joints
welded by divers down to 10 m, respec-
tively. Both electrodes had tensile strength
higher than 490 MPa compatible with
E70XX class. The commercial electrode
2C had low ductility. The bending test re-
sults for both electrodes satisfied the AWS
D3.6M:2010 Class B requirements but not
the Class A requirements. The fine-grain
region was the predominant region for the
electrode 9A in both field and laboratory
tests. Figure 6 shows macrographs for both
electrodes in which lower porosity and
smaller amount of columnar regions are
related to electrode 9A.

Discussion

Regarding the development of an opti-
mized base composition of an oxyrutile
electrode (objective of Phase 1), the tests
performed at 0.5-m water depth indicated
a composition in which the rutile oxide
content was maximized without changing
significantly the Hdif comparing to a typi-
cal oxidizing commercial electrode (both
are in the order of 20 mL/100 g). These re-
sults are in accordance with results ob-
tained by other authors (Refs. 3–6, 13–17)
and accredit oxyrutile electrodes for weld-
ing higher carbon equivalent and carbon
content steels without hydrogen cracking
compared to rutile electrodes. Regardless
of the different rutile contents in the coat-
ings of electrodes 1E to 8E, no significant
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Table 12 — Weld Metal Mechanical Properties of Multipass V Butt Jointsf

Electrode Y.S. U.T.S. Elong Rupture Stress Hardness Charpy V Side Bend Side Bend
(MPa)(a) (MPa)(a) (%)(a) (MPa)(b) (HV10)(c) 0°C (J)(d) 22/3T(e) 6T(e)

9A 488 547 14.4 527/515 221 42.3 2/4 4/4
Min Max Min Max
201 229 38 46

2C 488 506 6.4 527/494 223 44.0 0/4 4/4
Min Max Min Max
194 250 42 47

(a) All-weld-metal tension tests for each specimen.
(b) Transversal tensile test.
(c) Average of five indentations  minimum.
(d) Average for three specimens minimum.
(e) Number of approvals/number of tests.

(f) Welding at open sea down to 10 m.

Table 13 — Weld Metal Microstructural Characterization on Multipass V Butt Joints(d)

Electr. Cracks Porosity Weld metal regions Weld metal micro-constituents FGS (µm)
(number per cm2) (%) (%) (%)

CR CGR FGR AF PEF FSP PF AFC Aver. Std. Dev.

9A 0.0 0.09 2 30 68 3.4 2.8 1.0 89.0 3.8 2.3 0.3
2C 62.0 0.32 30 27 43 21.3 22.3 2.8 51.8 1.7 3.0 0.4

CR: Columnar region; CGR: Coarse-grain region; FGR: Fine-grain region; AF: Acicular ferrite; 
PEF: Pro-eutectoid ferrite; FSP: Ferrite with second phase; PF: Polygonal ferrite. FGS:  Ferritic grain size in the FGR 
(a) Welding at open sea down to 10 m. 
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changes in the weld metal and nonmetallic
inclusions in the chemical composition
were observed, as well as no observable
changes in the microstructural features.
Hardness and toughness seemed to show a
small increase with rutile content, but the
data were limited in extent and may not be
statistically significant. However, this was
not considered to be an important factor
for electrode selection in this phase of the
work. As the only powerful strengthening
mechanisms for high-oxygen weld metals
in wet welding are grain refinement and
solid solution, electrode selection criteria
were restricted to diffusible hydrogen and
operability. In view of these two proper-
ties, the electrode 6E was selected as the
basis for the composition development in
Phase 2.

In terms of improving the mechanical
properties, the addition of the alloying el-
ements Ni and Mo to the weld metal was
successful for most electrode batches as
shown in Table 10. The toughness meas-
ured by Charpy energy exceeds the limits
required by the AWS D3.6M:2010, Under-
water Welding Code. The tensile strength
results show that it is possible to overcome
the lower boundary value of 490 MPa re-
quired for class E70XX. Considering the
achievement of Class A welds, the ductil-
ity results, expressed by elongation and
bending, are promising. For the base metal
yield strength higher than 350 MPa, the
minimum limits for the values of elonga-
tion (14%) and bending (180 deg) were
mostly achieved. These good results of
ductility are associated not only to the high
portion of the reheated region and small
grain size (Table 11), but also to the low
porosity and absence of cracks in the weld
metal as shown in Table 10 and Figs.  3–5.  

The open sea results shown in Table 13
are useful to point out significant differ-
ences between microstructural features for
rutile and oxyrutile electrodes tested in
this project. In the oxyrutile type, the very
low content of acicular ferrite is counter-
balanced by the higher proportion of the
fine-grain region and polygonal ferrite.
According to Table 12, both electrodes
tested in the open sea had tensile strength,
hardness, and toughness results compati-
ble to electrodes class E70XX and the re-
quirements of AWSD3.6M:2010 Class A.
It is well known that especially in wet
welding, the properties of the weldments
depend strongly on several operational
factors, such as welder’s skills, sea condi-
tions, visibility, and other factors. The
open sea test results were similar to the
laboratory test results, suggesting that the
properties of the oxyrutile electrodes de-
veloped are reproducible and consistent
with laboratory results at depths up to 10
m. Nevertheless, considering their limited
number, other welding trials at sea are
necessary to assure the performance

under real conditions of the oxyrutile elec-
trodes developed in this project. For this
purpose, more welding trials with divers
will soon be performed.

The ductility of the experimental elec-
trode 9A measured by elongation and
bending results indicates an enhancement
in the achievable quality of wet welding
compared to the state of the art. At this
stage of the project, the bending test is
considered the main barrier to butt joint
weld procedure qualifications in AWS
D3.6 Class A.

The low ductility, typical of rutile wet
weld metal deposits in shallow waters, re-
ported by several authors (Refs. 7, 9, 28,
33) and confirmed in this project, is at-
tributed mainly to the presence of trans-
verse microcracks in the weld metal (Refs.
12, 13). The cracking phenomenon tends
to diminish with increasing pressure ac-
cording to Fig. 5. Two factors may explain
this feature: 1) the reduction of the dif-
fusible hydrogen, and 2) the reduction of
the weld metal hardness and yield strength
caused by the Mn and Si losses. Ando and
Asahina (Ref. 34) reported that diffusible
hydrogen decreases and porosity increases
with increasing pressure and a pore gas
composition of almost 100% hydrogen was
observed. Consistently, Santos et al. (Ref.
12) reported a decrease in the incidence of
HAZ hydrogen cracks with increasing
pressure. So, the occurrence of cold crack-
ing both in the weld metal and HAZ
seems to be dependent on the porosity.
The present results (Figs. 4, 5) suggest that
the hydrogen trapping in the pores is the
main mechanism responsible for this. The
pores can operate as sinks for the hydro-
gen atoms during their movement to the
metal surface and HAZ, thereby reducing
the amount of available hydrogen for the
cold cracking process.

In order to demonstrate the signifi-
cance of the present results to the state of
art in wet welding, plots of some critical
properties (toughness, ductility, and
porosity, Figs. 7 to 9, respectively) were
made. In these figures, results for the ex-
perimental electrodes 1A to 10A are com-
pared to data collected from the literature.
Regarding Charpy results, it is well known
that toughness has not been a significant
problem in wet welding in shallow waters,
as confirmed in Fig. 7. In this present lit-
erature survey, the commonly adopted
minimum of 27 J is exceeded for all rutile
and oxyrutile electrodes. Oxidizing and
acid electrodes sometimes failed. The re-
sults for oxyrutile electrodes were in gen-
eral the highest and, despite the scattering
presented in the results at 10 m, are con-
sistent regarding the possibility of obtain-
ing Class A welds. The lowest result (46 J)
is probably related to higher porosity and
diffusible hydrogen contents, according to
Table 10. Regarding ductility, it is well

known that good elongation results con-
stitute the strongest barrier to produce
structural quality welds at any depth. In
this literature survey, the 14% minimum
elongation established by D3.6M:2010 for
high-strength steels has not been consis-
tently reported until now — Fig. 8. Also
depicted in Fig. 8, three events for rutile
electrodes and ten for oxidizing electrodes
can be observed above the 14% border-
line. Nevertheless, despite the high scat-
tering caused by the presence of defects in
some tensile specimens, most of the oxi-
rutile results reported (~80%) exceeded
the 14% borderline, demonstrating an in-
creased feasibility of obtaining qualifica-
tion in Class A. Regarding porosity, the
very low values for oxyrutile electrodes
seem to be strongly associated to their low
diffusible hydrogen content. Regardless of
the method used by other authors to meas-
ure the porosity, it can be assumed that the
results presented in Fig. 9 distinguish the
oxyrutile electrodes from the others. It is
also important to note the repeatability in
the porosity results obtained for oxyrutile
electrodes and the high agreement with
the results obtained in the open sea tests
(Table 13). In summary, toughness, elon-
gation, and porosity results related to
oxyrutile electrodes are consistently better
compared to the rutile-type electrodes.
The most significant progress achieved in
this work is the consistent set of elonga-
tion results opening up new possibilities
for qualification in Class A. Low porosity
and absence of microcracks are under-
stood here to be the main features re-
sponsible for this breakthrough.

Conclusions

The diffusible hydrogen content of
about 20 mL/100 g achieved in the develop-
ment of oxyrutile electrodes is approxi-
mately equivalent to the content of typical
oxidizing electrodes and considerably lower
than the typical contents of the rutile-type
electrodes. Low porosity and the absence of
weld metal microcracks were consequently
achieved as well as enhanced operability re-
lated to the commercial oxidizing electrode. 

In Phase 1, all-weld-metal-compositions
had low Mn and Si and high oxygen con-
tents as well as iron-rich inclusions. These
features are typical of high oxidizing poten-
tial electrodes and similar to those observed
for the commercial oxidizing electrode
tested. The additions of Ni and/or Mo were
effective in strengthening the weld metal.
Based on the present results, class E70XX
electrodes for wet welding can be manufac-
tured. In general, compared to the results
obtained in the literature, the electrodes de-
veloped here showed lower porosity and
presented superior performance in terms of
toughness (Charpy energy) and ductility
(elongation).
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The elongation results represent the
most significant contribution of the pres-
ent work in the search for upgraded weld
metal mechanical properties, focusing on
wet welding of structural ship steels in
shallow waters.
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