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High deposition welding of 
Francis turbine runners for the 
Three Gorges dam project
By: Nils Thalberg, Solveig Rigdal, Leif Karlsson, John van den Broek and Herbert Kaufmann, ESAB AB

This paper was originally presented at the Stainless Steel World America 2002 Conference.

The world’s largest hydroelectric project, the Three Gorges dam in China, will
comprise 26 Francis turbines for the production of electricity. Each turbine runner
is 10m in diameter, weighs 450 tonnes and will generate 700 MW. The runners
are made of solid 410 NiMo type martensitic stainless steel (13% Cr, 4% Ni, 0.5%
Mo) castings. Welding is used for the assembly and repair of casting defects.
ESAB is involved in the production of the runners with consumables and
equipment for SAW and GMAW.

Three Gorges – the world’s largest
hydroelectric project 
In 1994, construction work began on the massive Three
Gorges dam near Yichang (Fig. 1). This dam is expected
to help control the flooding of the Yangtze River valley;
in addition, river flows will make the Three Gorges
complex the largest electricity generating facility in the
world. The negative consequences of the project include
the forced relocation of more than one million people
and the permanent flooding of many historical sites, not
to mention the feared environmental effects.

Figure 1. Location of Three Gorges Dam.

A lake about 650km long with an average width of
1.1km will form behind the dam, which is 185m high
and about 2,309m wide. The water storage capacity of
the dam will be 39.3 billion cubic metres handling 451
billion cubic metres of Yangtze River water flowing
into the reservoir every year. Dam sponsors say that the
22.1 billion cubic metre flood control storage capacity
of the reservoir should reduce the frequency of large
downstream floods from once every 10 years to once
every 100 years. 

The Yangtze River was diverted after four years in
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Figure 2. Overview of the Three Gorges dam project
showing ship-locks (right), a spillway in the centre of the
dam and power plants on the left and right banks (3).

Table 1. Dimensions and weights of main parts of turbine
components.

Size of main turbine components

Max. Diameter of runner 10 m
Throat diameter of runner 9.8 m
Max. outer diameter of stay ring 16 m
Height of stay ring 4 m
Spiral case outline (X-X)/(Y-Y) 34 m/30 m
Max. outer diameter of head cover 13.3 m
Diameter of wicket gate circle 11.6 m
Height of head cover 1.8 m
Height of guide vane 2.9 m
Diameter of main shaft ( body) 4 m

Weight of main turbine components

Runner 450 t
Stay ring 400 t
Spiral case 700 t
Head cover 380 t
Main shaft 140 t
Single guide vane 9.5 t
Total weight of turbine 3300 t

November 1997, thereby completing the first major
construction stage. Phase 2 began in 1998 and is due to
end in 2003, when the water level will rise to 156m and
the dam will start generating electricity.  There are plans
to open a permanent ship lock for navigation in the
same year. The ship lock will consist of five locks, each
280m long and 35m wide, with a water depth of 5m,
capable of handling 10,000-tonne barges. In addition, a
one-stage vertical ship lift capable of carrying  3,000
tonne passenger or cargo vessel will be built. River
shipping through central Yangtze is expected to increase
from 10 million to 50 million tonnes annually, with a
reduction in transportation costs of 30-37 percent.

Phase 3 is scheduled for completion in 2009, when full
power generation will begin. By then, 102.6 million cubic
metres of earth and stone will have been excavated and
27.2 million cubic metres of concrete and 354,000 tonnes
of steel reinforcing bars will have been used. In the
centre of the dam, there will be a 484-metre spillway
section with 23 bottom outlets and 22 sluice gates. On
the left and right hand sides of the spillway, there will be
two giant power stations (Fig. 2).

Power generation
The installed total electricity power-generation capacity
of 18,200 megawatts, or as much as 18 large nuclear
power stations, will make the Three Gorges number one
among the world’s largest hydroelectric projects:
Three Gorges, China, 18,200 MW
Itaipu, Brazil and Paraguay, 12,600 MW
Grand Coulee, United States, 10,100 MW
Guri, Venezuela, 10,100 MW
Tucuruii, Brazil, 7,500 MW
Sayano-Shushensk, Russia, 6,400 MW
Krasnoyarsk, Russia, 6,100 MW
Corpus-Posadas, Argentina 
and Paraguay, 6,000 MW
LaGrande 2, Canada, 5,300 MW
Churchill Falls, Canada, 5,200 MW

The two power stations flanking the central dam
spillway will operate 26 of the world’s largest turbine
generators, each with a generating capacity of 700 MW.
The total electric energy of 84.7 billion kWh produced
annually is equivalent to burning 40 million tonnes of
coal in conventional fossil fuel-heated power stations.

Design and fabrication of turbines
Two international consortia will be responsible for the
construction and manufacture of the 14 turbine generator
assemblies in the left-bank powerhouse to be installed
during Phase 2 of the project. GE Energy in Norway
(previously Kvaerner Energy, Norway), as a sub-
contractor, is responsible for the hydraulic design of
eight turbines contracted by Alsthom. Five of the run-
ners and core components for the turbines will be pro-
duced under GE Energy’s management, partly in co-
operation with Harbin Electric Machinery Company Ltd
in China with ESAB as an important supplier of equip-
ment and consumables. The three remaining runners
contracted by the first consortium will be produced to
the Kvaerner design by GEC-Alstom in France. The
second consortium, including Voith in Germany and
GE in Canada, will jointly develop the hydraulic design
of the other six turbines in the left powerhouse.  
The manufacture of runner blades and the fabrication
and welding for the entire runner will be carried out in
a number of countries including Romania, Brazil,
Norway, Canada, France and China. Typical dimen-
sions and weights of the main components of the tur-
bines are given in Table 1.
The 12 turbines in the right powerhouse will be installed
during Phase 3. A technology transfer condition in the
contracts of the international suppliers of the first 14
turbine-generator pairs requires that they assist Chinese
manufacturers in producing the remaining 12 units. 

Welding turbine runners
The turbine runners are made of solid 410 NiMo type
martensitic stainless steel (13%Cr, 4%Ni, 0.5%Mo)
castings. The mere size (table 1) and the complex shape
of the turbine runner means that it has to be produced
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from a number of smaller (yet still impressively sized)
castings. Welding is used to join the separate castings
and repair the casting defects. A combination of
different welding techniques, including manual metal
arc welding (MMA), semi-automatic techniques such
as gas metal arc welding (GMAW) with solid or cored
wires and fully-mechanised welding with submerged
arc welding (SAW), is being used. The specific choice of
method varies depending on factors such as joint
geometry, accessibility and the cost of labour,
equipment and consumables. Different combinations
of welding techniques and consumables will therefore
be used for different turbine runners depending on
location and the responsible company.

The three main components of a Francis turbine
runner are the runner crown, the vanes and the runner
band (fig. 3). In all, approximately 7-10 tonnes of
welding consumables will be used for the assembly of
each runner. Most of this is needed to join the vanes to
the crown and the band. The first sections will focus on
the SAW twin-wire solution chosen by GE Energy for
joining the vanes to the crown. Pre-production tests and
experience of using semi-automatic welding with metal-
cored wires will then be discussed.

Fully-mechanised SAW of vanes to runner
crown
GE Energy in Norway (formerly Kvaerner Energy)
secured the contract for building three runners, partly
in co-operation with Harbin Electric Machinery
Company Ltd, which received the contract for two
additional turbines. Welding methods with the highest
possible deposition rates were specified to manufacture
runners of this considerable size in a cost effective
manner. The design criteria set  by Kvaerner Energy
AS, Norway, were to achieve a deposition rate of no
less than 16 kg/hour. After evaluating different
possibilities, SAW with two wires (twin-arc) was
considered to be the best method based on productivity

Figure 3. Main components of a Francis turbine runner.

Figure 4. New compact SAW twin arc welding head.

Figure 5. Welding
station with manipulator
and welding head
positioned for welding
turbine runner.

and weld metal quality criteria, as well as previous
experience from other critical applications. However,
the full productivity potential needs to be utilised while
the welding head precisely follows the approximately
4m long joints with complicated three-dimensional
geometry between the turbine runner vanes and the
runner crown/runner band (Fig. 3). The limited access
for the welding head between the vanes is another
complicating factor. A high-accuracy manipulation and
control system is therefore necessary to obtain all the
benefits from a fully-mechanised welding process and
achieve the required productivity. 

Crown

Vanes

Band
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Welding equipment
ESAB Welding Equipment AB received a contract from
Kvaerner Energy A/S, Norway, for the design and supply
of two complete, numerically controlled welding manip-
ulators for welding the Francis turbine runners. To fulfil
the requirements, a new compact welding head had to be
designed (Fig. 4). The mounting permits vertical, hori-
zontal and rotating movements to allow precise adjust-
ments as the welding head moves along the joint.
To make it possible to follow the 4m long joint, the wel-
ding head is mounted on a column and boom manipu-
lator, thereby permitting welding within a working
volume of 2 x 4.3m horizontally and 2m in height (Fig. 5). 
The manipulators can be programmed through "teach-
in", which means that the welding head is positioned at
various points along the weld preparation and all the
necessary data is stored in the control-box memory.
Individual weld beads can be easily programmed by
simply adding a suitable offset, thereby minimising the
amount of programming required for a multipass weld. 

SAW consumables
Approximately three to four tonnes of SAW filler wire
will be used to join the vanes to the crown for each
turbine runner. The welding of root runs and, wherever
necessary, the supplementary welding of filler beads
will mainly be done with GMAW using a metal-cored
wire, as described in a later section. 
In addition to the equipment and productivity aspects,
the mechanical and metallurgical properties of the weld
metal and the base material in the as-welded condition,
as well as after PWHT, must comply with stringent
requirements. The specified classification for the wire is
AWS ER 410NiMo, modified as required to fulfil
mechanical and weldability requirements. This con-
sumable will deposit a weld metal with a composition
similar to that of the 410 NiMo type martensitic stainless
steel (13% Cr, 4% Ni , 0.5% Mo) used in the castings. 

The requirements that have to be fulfilled by the
combination of flux and wire include:
• A diffusible hydrogen of less than 3ml per 100g weld

metal.
• A minimum flux basicity index of 2.7. 
• Minimum Charpy-V impact toughness of 50 J at 0ºC

after PWHT and a minimum of 20J in the as-welded
condition.

• Accepted bend tests in the as welded condition and
after PWHT.

• Minimum yield strength of 550 MPa and minimum
tensile strength of 760 MPa after PWHT.

• Good weldability, including wetting characteristics,
slag detachability and weld surface appearance for a
maximum welding current of 970A. 

After initial tests, the new ESAB wire/flux combi-
nation, OK Autrod 16.79 (2x Ø 2.4mm)/OK Flux 10.63
(Table 2), was shown to deposit a weld metal fulfilling
all the above requirements.

Weld tests
The final acceptance tests for the welding consumables
and welding stations included: 

a) welding in 60mm thick material in a symmetrical 45º
X-joint and 

b) welding on a specimen simulating a 300mm thick
vane to be welded to a 200mm thick section of the
crown in a symmetrical double J joint. 

All the tests were performed on cast material of the
quality to be used in production.

A preheat of 100-150ºC and a maximum interpass
temperature of 200ºC were used with welding
parameters of 970A, typically 31V and welding speeds
of 60-70 cm/min. All the tests were performed with two
Ø 2.4mm wires in line.

Table 2. Welding consumables used for SAW twin wire welding of vanes to runner crown.

Consumable Classification Flux Typical all-weld metal
basicity composition (wt. %)

C Si Mn Cr Ni Mo
OK Flux 10.63 EN 760 SA FB 1 55 AC H5 3.2
OK Autrod 16.79 AWS A 5.9 ER 410 NiMo mod. -

Table 3. Mechanical data from acceptance tests.

Weld Test condition Cross weld Impact Hardness Side bend testing
tensile strength toughness (HV10) (180º, 6xt)
(MPa) at 0ºC (J)

Weld metal Weld metal
60 mm X-joint As welded 824-829** 34, 31, 33 369-394 no remarks

PWHT* 728-739** 86, 88, 87 284-300 no remarks
300 mm double J-joint PWHT* 838-866** 82, 86, 83 290-305 no remarks

* Post weld heat treatment: 580ºC/ 4 h 
** Fracture in base metal

0.02 0.4 0.7 12.3 4.3 0.5
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The acceptance criteria included weldability aspects such
as wetting characteristics, slag detachability and weld
surface appearance, mechanical properties (Table 3) and
non-destructive testing using ultrasonic and radi-
ographic examination. The test results were satisfactory
and ESAB was awarded a contract for the delivery of
two complete welding stations with an option also to
purchase consumables.

Production experience
The thickness of the vane varies along the 4m long joint,
but it is mainly between 70 and 220mm. With a typical
welding current of 700-800A and a welding speed of
70cm/min, some 200-300 weld beads have to be
deposited with heat inputs of about 2kJ/mm for each
joint. Consistent performance and reliability are there-
fore just as important as deposition rates during welding.
The welding stations were delivered and assembled in
Huludao in China towards the end of 2000. Non
destructive testing has confirmed the high and
consistent quality of the weld metal and welding is
proceeding as planned without major complications. 

GMAW with metal-cored wires
ESAB has a wide range of consumables for hydro-
turbine solutions, not only for SAW but also for GMAW
and MMA. In particular, the range of metal-cored wires
(MCW) has a long and successful track record.

Productivity and weldability
Productivity from cored wire welding, regardless of the
wire type used, is always superior to that of manual
welding with manual metal arc stick electrodes, due to
the higher duty cycle. In addition, deposition rates are on
a much higher level. MCWs have little or no slag forming
ingredients in the fill and they also have only a small
amount of arc stabilisers. As with solid wires, welds
display only small islands of de-oxidation products, mak-
ing them popular for productive multi-run welding with-
out inter-run de-slagging. This explains their widespread
use for mechanised and robotic operations. The metal-
cored types for turbine applications are medium filling-
rate wires suitable for manual, mechanised and robotic
operation, in all welding positions.

The advantages for turbine fabrication and repair can
be summarised as follows. 
• High duty cycle compared with other manual and

semi-automatic welding methods. 
• Low spatter operation with well wetted, flat and

fully penetrating beads, leading to significantly
reduced post weld labour. 

• Good all-positional weldability, even in the low-
current range. 

• Can be welded with conventional or pulsed arc
power sources. 

Metal-cored wires for hydropower turbine
applications
FILARC PZ6166 is a MCW which has been specially
developed for welding 410 NiMo type martensitic
stainless steel in the hydro power industry. The wire is
available with diameters of 1.2 mm and 1.6 mm and is
welded with either 98%Ar/2%O2 or 98%Ar/2%CO2.
The second of these shielding gases produces the
smallest amount of silicate on the bead surface. The
rolling manufacturing technology guarantees wires
with a weld metal hydrogen content in the "extra low"
class (HDM <5ml/100gram), the typical value in
98%Ar/2%CO2 determined at 250A welding current
and with a 15mm stick-out length is < 3ml/100 grams.
The typical all weld metal chemical composition and
mechanical properties are given in Tables 4 and 5.

Fabrication of Francis runners 
GE Energy, Norway, was one of the first companies to
use metal-cored wires for fabricating Francis turbine
runners (Fig. 6). The wires were introduced after
successfully completing an extensive test programme,
replacing manual welding with stick electrodes by semi-
automatic GMAW welding. 
The use of special welding guns with long nozzles,
which are necessary to obtain access to the joints, did
not present any problem in terms of feedability and
weldability. Savings on fabrication time are estimated
to be around 30%.

The runners for the Three Gorges project produced
by the Harbin Electrical Machinery Company Ltd in
China are welded partly with metal-cored wires and

Table 5. Metal cored wire used for fabrication and repair welding of turbine components.

Consumable Classification Typical all-weld metal composition (wt. %)

C Si Mn Cr Ni Mo

FILARC PZ6166 AWS 5.22 E410NiMo-T2~ 0.02 0.7 1.2 12.5 4.5 0.4

Consumable Tensile properties Impact toughness (J)

Rm (MPa) Rp0.2 (MPa) A5 (%) +20ºC -20ºC

FILARC PZ6166 >760 >570 >15 50 40

Table 4. Typical all-weld metal
mechanical properties for the
metal cored wire PZ6166 after
post weld heat treatment at 580-
600ºC for 8 hours.



8 • Svetsaren no. 2 • 2002

partly with the SAW two-wire process with solid wire as
described above. FILARC PZ6166 was introduced
after a test programme was successfully completed,
showing that requirements relating to mechanical
properties and hydrogen levels could be fulfilled.
However, other important aspects included weldability
features, such as good penetration, excellent wetting
and low spatter, ensuring a minimum of post weld
cleaning, grinding and repair. The consumption for the
metal-cored wire is estimated at roughly 7-10 tonnes
per runner. 

Another Chinese company, the Dongfang Electric
Machine Company as a subcontractor in the Voith
consortium, has also considered metal-cored wires (in
combination with solid wires) as a possible solution for
the production of turbine runners. A smaller Francis
turbine runner was therefore successfully produced,
using the FILARC PZ6166 metal-cored wire, as a pre-
fabrication test to evaluate the suitability of this
consumable for the Three Gorges project.

Final comments
Close co-operation between ESAB and GE Energy
proved fruitful when it came to finding a complete
package solution. The development of a new wire/flux
combination made it possible to comply with the
requirements relating to consumable weldability and
productivity, in combination with the stringent require-
ments imposed on the mechanical and metallurgical
properties of the weld metal. This combination proved
to be very successful and it is now the standard combi-
nation for the SAW of hydro-turbines in 410NiMo
martensitic stainless steels. The development of the
new, compact welding head, which was necessary for
welding in the limited space available and is capable of
following the complicated joint geometry, was greatly
facilitated by input from GE Energy. 

Depending on the preferences of the manufacturing
facility and the selected technical solutions, different
degrees of mechanisation and, consequently, different
choices of welding method and consumable, will
produce the optimum combination of productivity and
cost. A combination of different solutions is often
applied, as a complex object, such as a turbine runner,
may be partly well suited to mechanisation, whereas
other joints can be more economically welded using
manual methods. In the Three Gorges project, GMAW
welding with metal-cored wires has been chosen as
either the preferred welding method or the best
method to complement mechanised SAW welding.
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Figure 6. Section of a Francis turbine runner welded with
the metal cored wire FILARC PZ6166.
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Welding of copper-nickel alloys at
Kvaerner Masa-Yards
By Kari Lahti and Juha Lukkari, ESAB Finland

A modern ship contains many materials that represent the most advanced technical
solutions currently available. One of them is copper-nickel alloys, which are used as
pipes in applications where contact with seawater or biofouling media causes problems. 

The welding of copper-nickel alloys is traditionally
regarded as fairly demanding due to the thermal prop-
erties of copper. It is difficult to obtain a stable weld-
pool and to weld without lack of fusion. Those prob-
lems are a thing of the past at Kvaerner Masa Yards
(KMY) in Finland. Orbital TIG welding was the key to
improved quality and increased productivity in the
welding of copper-nickel piping.

To braze or not to braze
Brazing was the main joining process used at KMY in
Helsinki prior to the unprejudiced thoughts of welding
engineer Eero Nykänen, together with Hannu Mutkala
and Kalevi Selvinen from the outfitting department.
They contacted ESAB in Finland in order to find out
whether it was possible to weld copper-nickel instead of
brazing. The defect rate during brazing was fairly high
and, in addition, the open flame used inside a ship’s hull
was considered to be a safety risk.

Figure 1. Test welding at ESAB Oy, Finland, using a Prowelder
160 power source and PRB 33-90 welding head.
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Alloy type UNS ISO name Cu Ni (%) Fe (%) Mn (%), Ti (%)

Alloy No. max

90Cu-10Ni C70600 CuNi10Fe1Mn Bal 9.0 – 11.0 1.0 - 1.8 1.0 -

70Cu-30Ni C71500 CuNi30Fe1Mn Bal 29.0 - 33.0 0.4 - 0.7 1.0 -

Consumables AWS A5.7 DIN 1733

70Cu-30Ni ERCuNi SG-CuNi30Fe Bal 29.0 – 32.0 0.40-0.75 1.0 0.20 – 0.30

-"- Esab OK Esab OK 

Autrod 19.49 Tigrod 19.49 -"- -"- -"- -"- -"-

Table 1. Compositions of most common copper-nickel alloys.

Figure 2. Weld
appearance and
macro of orbital weld.

The second weld performed at the welding laboratory
at ESAB Finland was already a success. The orbital
TIG welding of copper-nickel alloy CuNi10Fe1Mn was
found to be fairly easy using a PROWELDER power
source and a PRB welding head (Figure 1). The finish
of the weld was excellent full penetration all the way
(Figure 2). The basis for quality and productivity
improvements had been established.
Improvements in productivity compared with brazing
were very high. It took only around one-tenth of the
time compared with brazing. This was also confirmed in
yard practice. 

What are copper-nickel alloys?
Copper-nickel alloys known as Cunifer were developed
for seawater use. They typically contain between 5 and
30% nickel with specific alloys with additions of iron and
manganese. The two grades that are typically used in
welding applications are 90-10 and 70-30 copper-nickel
alloys (Cu/Ni) (Table 1). Copper-nickel alloys, or cupro-
nickels, can be welded with most arc welding processes:
MMA, MIG, TIG. Surprisingly enough, it also is fairly
easy to resistance spotweld, in spite of the high copper
content. The addition of nickel reduces the electrical
conductivity to such an extent that a joint can be made.
An all-purpose welding consumable for copper-nickel
alloys is of the 70-30 type with the addition of titanium as
a deoxidiser. The typical composition is shown in Table
1, together with the most common alloy nominations.

How to make a good weld
If copper-nickels are treated with the same kind of care
in welding as stainless steels, no problems should arise
with the weldments. As copper-nickel alloys are prone to
oxidisation, precautions to prevent this must be taken,
just as they are when welding stainless steels. Gas
purging inside piping is also necessary as proper gas
protection on the surface side. The use of Ar-H2 mixed
gases reduces the risk of oxidisation and leaves a brighter
surface after welding compared with pure argon.
The welding of copper-nickel alloys is very similar to
the welding of low-alloyed steels as far as  weld pool
fluidity is concerned. The use of welding wire is highly
recommended because autogenous welds are more
likely to have porosity. If it is possible to organise,
copper backing bars can be used. This widens the
available parameter range and helps to ensure full-
penetration welds.

Bevelling for orbital TIG welding is not necessary
up to thicknesses of approximately 3 mm. Butt-joints
with a zero gap are recommended. However, for
thicker materials, a U-groove preparation with a 1.5
mm root face, 1.5 mm extension and 2 mm radius and
zero gap is recommended. The bevelling angle depends
on the process that is used for filling runs. For TIG
filling, a bevelling angle of 2° may be enough, while for
other processes 25-30° is more suitable.

Links about welding copper-nickel alloys:
• http://marine.copper.org
• www.twi.co.uk

About the authors

Kari Lahti is product and marketing manager MIG/MAG,
ESAB AB, Gothenburg.

Juha Lukkari is head of the technical customer service,
ESAB Oy, Helsinki.



Svetsaren no. 2 • 2002 • 11

Friction Stir Welding – progress in R&D
and new applications 
By Lars Göran Eriksson and Rolf Larsson, ESAB AB, Welding Automation, Laxå

In spite of its very recent introduction into industry, Friction Stir Welding is already
frequently used in production. This article presents some recent results from the
continuous research work that is in progress on the process, a new machine series
that is going to be introduced and an extremely fascinating new application in the
welding of thick copper. 

Metallurgical considerations in Friction Stir
Welding
Friction Stir Welding is a comparatively new welding
process introduced by TWI in the UK in 1991. The very
first applications in production were in the 6000 series
aluminium alloys at SAPA in Sweden and Hydro
Marine Aluminium (shipbuilding) in Norway, followed
by the automotive industry in Australia, Sweden and
Norway, also using the 6000 series.
High-strength aluminium alloys in the 7000 series grades
started the evolution in the aerospace industry. The FSW
process is still finding new applications in aluminium
alloys. Other materials such as copper and magnesium
alloys are ready to be introduced in production. Steel
and the joining of dissimilar materials such as copper and
aluminium are shortly expected to leave the laborato-
ries, while titanium and stainless steel are waiting for
tests of tool materials to withstand the heat.

The process
FSW is a solid state welding process in which the weld is
completed without creating molten metal. A rotating
tool specially designed for its purpose generates heat
and deformation of a superplastic nature close to the
tool, which moves along the joint interface (Figure 1).
The tool usually has a large-diameter shoulder and a
smaller threaded pin. The rotating tool creates a thin
plasticised zone around the pin and material is
transported from the front to the rear by a solid-state
keyhole effect. The process is thus characterised by high
strain rates and super-plasticity near the rotating tool.

The thermal cycle created by the spindle action at
different speeds is a controlling factor for the
microstructures found in the stirred zone and the heat
affected zone. A temperature gradient is superimposed
on the super-plastic deformation between the top
surface and root of the weld. When the energy input is
increased by higher rotation speed, the hardness across
the nugget zone is more equal and the grain size
increases. At very high tool rotation speeds, the nugget
properties start to deteriorate due to the precipitation
around the coarse grains. It is obvious that there is an
optimum speed constellation of rotating speed and the
forward feed for a given material and thickness.

Developments started with welds from one side,

where the distance between the tool end and the root
has an important effect on the welding result.
Subsequent applications include two-sided welding with
two heads and a bobbin tool on solid material and with
two heads on hollow extrusions. With these systems, the
tolerances in material thickness are easier to cope with
and they create new opportunities in production
technology. Curved surface welding is also on the way.

Quality assessment
The best way to determine the weld qualities of FSW is
to compare the properties obtained in FSW with those
produced by other welding methods. The very local
deformation at low heat inputs in solid state FSW makes
this welding method superior to other welding methods
such as MIG and MAG welding. Structures with
rigorous performance requirements, such as rockets and
aircraft, and applications in which high quality is
required by codes are other areas for FSW. In the as-
welded condition, FSW has demonstrated properties
superior to those produced by other welding methods.
The welding speed and the high quality obtained
without any pre- or after-work on the welds will result in
the steady extension of applications. Most design and
welding codes currently accept FSW due to the high
quality that has been demonstrated world wide.

The FSW plant at DanStir, Denmark.
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Increased welding speed in the 6000 series
aluminium alloys
ESAB and other companies and research institutes
have done a great deal of research on the 6000 series of
aluminium alloys. These alloys are the most commonly
used in railway wagons, ship panels and the automotive
industry and they are now also starting to attract the
interest of aircraft manufacturers. Normal welding
speeds in production are 0.8-2.0 m/min. for 5 mm thick
workpieces. As 6082 material  is often used in the T6
condition (heat treated to produce higher mechanical
properties), one task for R&D is to reduce the decline
in hardness in order to retain as much as possible of the
T6 treatment effect. One solution is to weld quickly.  It
is not often that a high welding speed means higher
quality, but in this case it does.

In the ESAB laboratories in Laxå, a great deal of
test welding has been performed with the aim of
increasing the welding speed. A year ago, 3 m/min. was
reached, but recent tests with refined procedures have
shown that 6 m/min. in 5 mm 6082 material is possible
and that this very high speed is definitely not the
ultimate limit. These very promising results will further
increase the number of profitable applications for
Friction Stir Welding.

Research centres using ESAB SuperStir® 
• The FSW process was invented and developed by

TWI in the UK. TWI is still leading the way to new
applications and materials. With its new FSW – plant,
it is well equipped for future interesting tasks.

• The aerospace industry demonstrated great interest
in the new process at a very early stage. The Boeing
Company at Huntington Beach, Ca, USA  developed
the process for aerospace applications, together with
TWI, and it is continuously working in its laborato-
ries on new tasks for aerospace, aircraft and other
applications (Figure 2).

• Boeing in St. Louis is conducting a great deal of
research for the aircraft industry to produce new
Friction Stir Welded parts. Among other things, a
new hollow profile floor section has been produced
together with SAPA in Sweden.

• Following Boeing’s success, other aerospace and
aircraft research institutes have invested in advanced
machines for research work and test welding. EADS in
France, together with Institute Soudure, Alenia Spacio
in Italy and EADS in Germany, are examples of these
institutes. Other companies have chosen to conduct
their tests at ESAB, TWI or other research centres.

• For the automotive and other segments, Tower
Automotive in the USA has a well-equipped FSW
centre for research, test welding and test production.

• DanStir in Denmark is one of several companies
focusing on test welding, the production of test series
and low series production with FSW.  DanStir,
however, has a large, flexible FSW plant well suited
to different tasks (photo page 11).

• The research and development of production data is
continuously being conducted by the producers of alu-
minium structures, such as Hydro Marine Aluminium
in Norway and SAPA in Sweden.

Figure 1. FSW process in a
butt joint against backing bar.

• At its plant in Laxå, ESAB has two FSW machines for
research work, demonstrations and test welding for
customers (Figure 3). Its engineering division is well
equipped to comply with customers’ requirements for
production solutions, including the design, manufac-
ture, commissioning and service of FSW machines and
complete production plants world wide.

New modularised machine series
In order for manufacturers to invest in the FSW weld-
ing technique in a cost-effective manner, ESAB is now
launching a new modularised machine series called
LEGIO™, new members of the ESAB Super Stir™
programme. With the new machines, material with a
thickness of between 1.4 and 100 mm can be welded.
The spindle power ranges from 1.5 kW to 100 kW. The
machine series consists of two main types, the S series
for straight welds and the U series for straight welds in
the X  or Y directions, as well as in optional patterns such
as circles, squares and so on. Each series has two main
designs, one floor mounted with vertical surfaces for
mounting large fixtures, circumferential welding units
or a lower head assembly for double-sided welding and
one type with a table for mounting small fixtures.

The FSW 3 UT (Universal type with table, 11 kW
spindle, max. capacity 10 mm in the 6000 series) will be
introduced at the Essen Alu Fair in Germany in 2002
(Figure 4).

Welding thick copper material with FSW
Developments in the Friction Stir Welding (FSW) of
copper will take a further step forward, as the Swedish
Nuclear Fuel and Waste Management Co. (SKB)  is
investing in a full-scale FSW  plant at its canister
laboratory in Oskarshamn, Sweden. The background
to SKB’s interest in welding thick copper sections is
the Swedish decision to deposit high-level nuclear
waste in copper canisters at a depth of 500 metres in
the bedrock. The sealing of the copper canisters needs
to be of a very high quality, as it must remain intact
during the 100,000-year service life of the repository.

SKB has studied different welding methods in co-

Figure 2. Take-over test of
the FSW plant supplied by
ESAB AB, Welding
Automation to Boeing's
space rocket plant.



Figure 3. At the test centre
at ESAB Laxå, FSW process
development and investiga-
tions of different customer
applications are made.
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Figure 4. FSW 3 UT – one
example of the new modu-
larised machine series from
ESAB AB, Welding
Automation.

operation with TWI in the UK. Full-scale electron
beam welding tests have been performed. In 1998-1999,
a test rig was built at TWI for the Friction Stir Welding
of mock-up canisters. A fixture holds the canister and
rotates it during welding (Figure 5). The lid is pressed
down with four hydraulic cylinders. The welding speed
reaches 150 mm per minute. At the beginning, the trials
were exclusively limited to welding segments, but, after
fine-tuning the process, a full circumferential weld
could be completed in November 2000. The FSW
process has functioned well and SKB now feels
confident about taking the next step in the develop-
ment and has decided to install a full-scale FSW
machine at its canister laboratory in order to
investigate the feasibility of the process for the produc-
tion of canisters (Figure 6).  SKB has assigned the task
of designing, manufacturing, testing and commissioning
the machine to ESAB AB, Welding Automation, Laxå.
Test welding in Oskarshamn is scheduled to start early
in 2003. SKB can then begin the work of optimising the
welding parameters. This has not been possible with
the test rig at TWI.

When welding a circular seam with FSW, a hole is left
in the material when the FSW tool is retracted. This hole
can be filled afterwards or simultaneously when the tool
is retracted. A more simple and reliable method is to fin-
ish the weld in solid material outside the joint (Figure 7).
In the latter case, SKB is planning to finish the weld at the
top of the lid. However, the hole may create difficulties
for the non-destructive testing after welding. Remaining
R&D work will also focus heavily on the design of the lid
and the testing methods. The testing methods that are
developed by SKB in co-operation with Uppsala
University at the SKB canister laboratory are digital
radiography, ultrasonic and inductive testing. Another
important part of the development of the welding and
testing techniques is to determine the criteria for the size
and form of the weld defects that can be accepted.

Conclusion
The new findings, new machine series and new
applications presented above confirm our previous
statements that FSW will continue to expand. We are
convinced that the large automotive segment will take
off in the near future, together with other segments that
are currently showing substantial interest in the FSW
method. The increased productivity that results from
FSW compared with other manual or automatic
welding methods and, in many cases, the high
investment levels require large volumes. This demand
can be met by installing FSW plants to meet several
manufacturers’ needs, if their own volumes are not
sufficient. However, the new machine series introduced
by ESAB will minimise investments, thereby making it
possible for more manufacturers of aluminium
structures to install FSW systems. 

Figure 5. The SKB trial test
rig at TWI.

Figure 6. A sketch of the
FSW plant that shall be
supplied by ESAB Welding
Automation to SKB, Sweden
during 2002. The welding
head rotates during the
process around the fixed
canister.

Figure 7. The picture shows
the hole from the retracting
tool and how it can be placed
beside the weld joint in solid
material.
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Welding of supermartensitic 
stainless steels 
Recent developments and application experience
By: Leif Karlsson, Solveig Rigdal, John van den Broek,  Michael Goldschmitz and Rune Pedersen, ESAB

This paper was originally presented at the Stainless Steel World America 2002 Conference.

Recent developments in the welding of supermartensitic stainless steels and the
typical all-weld metal properties of matching-composition welding consumables are
presented. The article compromises the GMAW orbital narrow gap girth welding of
supermartensitic pipes in 5G-down position, the production of longitudinally welded
20” pipes using a combination of plasma arc and submerged arc welding, and
dissimilar joining of supermartensitic and superduplex pipes.

Introduction
The recently introduced weldable supermartensitic
stainless steels have become an economical alternative
for many applications in the oil and gas industry. These
steels offer sufficient corrosion resistance for sweet and
mildly sour environments, in combination with high
strength and good low-temperature toughness (1, 2).
Supermartensitic steels are also well suited to field
welding where preheating and long term post-weld
heat treatment (PWHT) is impracticable. 
The successful application of a material requires that
welding can be performed reliably and economically
and that the welds comply with requirements relating
to strength, among other things. For example, reeling
is a common operation when laying offshore flow lines.
This operation involves bending  pipes, introducing
significant plastic deformation. Local straining at welds
may occur when welding consumables with under-
matching strength are used. Matching composition
supermartensitic welding consumables, guaranteeing
overmatching yield strength, are therefore specified for
several current and future projects. 
Significant alloy development in matching composition
consumables has taken place over the past few years
and our understanding of the relationship between
chemical composition, microstructure and properties
has improved rapidly (3-8). However, the development
of further optimised consumables and economical
welding procedures is still a challenging area of activity. 
The present paper presents the application of match-
ing composition welding consumables to the GMAW
orbital narrow gap girth welding of supermartensitic
pipes in the 5G-down position and to the production of
longitudinally welded 20" pipes. The welding proce-
dures and properties are discussed, illustrating that
supermartensitic consumables can be used with realistic

fabrication welding procedures to produce high quality
welds with satisfactory properties. Finally, some
experience from the dissimilar welding of supermarten-
sitic stainless steels to superduplex steels is presented.
The advantages and disadvantages of using different
filler materials are discussed in terms of weldability,
mechanical properties and corrosion resistance.

Supermartensitic weld metal properties 
The first sections of this paper deal with
supermartensitic pipes welded with matching-
composition consumables. The level of dilution with
the parent material inevitably influences the properties
of these welds. Typical chemical compositions and
mechanical properties of all-weld metals, produced
with the same commercial supermartensitic metal-
cored wires (MCW), are therefore presented as
reference information in Tables 1 and 2 below. The
wires deposit a fully martensitic 13%Cr-type, Mo-
alloyed, extra-low carbon weld metal designed
primarily for welding supermartensitic steels. 



Wire C N Si Mn Cr Ni Mo Cu

1.5 % Mo, metal cored wires:

OK Tubrod 15.53* <0.01 <0.01 0.8 1.2 12.5 6.8 1.5 0.5

OK Tubrod 15.53S** <0.01 <0.01 0.8 1.1 12 6.8 1.5 0.5

2.5 % Mo, metal cored wires:

OK Tubrod 15.55* <0.01 <0.01 0.4 1.8 12.5 6.7 2.5 0.5

OK Tubrod 15.55S** <0.01 <0.01 0.5 1.6 12 6.7 2.5 0.5

*Pulsed GMAW using Ar+30%He and GTAW with Ar or Ar+He. **SAW with OK Flux 10.93.

Table 1. Typical chemical
composition (wt.%) of
all-weld metals produced
with matching compo-
sition metal cored wires.

Table 2. Typical all-weld metal mechanical properties in the as welded condition.

Consumables Impact toughness Tensile properties Hardness Welding

(J) (HV10) method

-40ºC 20ºC Rp0.2 (MPa) Rm (MPa) A5 (%)

1.5 % Mo, metal-cored wires:

OK Tubrod 15.53/Ar >100 >110 700-850 950-1050 >15 < 3503 GTAW

OK Tubrod 15.53/

Ar+30%He >401 >501 700-850 950-1050 >102 < 3503 GMAW

OK Tubrod 15.53S/ 

OK Flux 10.93 >301 >351 700-850 950-1050 >52 < 3503 SAW

2.5 % Mo, metal-cored wires:

OK Tubrod 15.55/Ar >100 >110 700-850 950-1050 >15 < 3503 GTAW

OK Tubrod 15.55/

Ar+30%He >401 >501 700-850 950-1050 >102 < 3503 GMAW

OK Tubrod 15.53S/ 

OK Flux 10.93 >301 >351 700-850 950-1050 >52 < 3503 SAW

1 PWHT at 580-620ºC will, depending on time (5-30 min.), typically increase impact toughness 20-100%.
2 Degassing at 250ºC/16 h or PWHT at 580-620ºC will increase elongation to >15%.
3 PWHT at 580-620ºC will, depending on time (5-30 min.), typically decrease hardness 20-50 HV10.

OK Tubrod 15.53 & 15.53S are recommended for steels
with up to 1.5%Mo, whereas OK Tubrod 15.55 & 15.55S
should be used for steels with higher Mo contents. The
weld metal is designed for use in the as welded,
tempered or quenched and tempered condition depend-
ing on the toughness and hardness requirements.

Recommended shielding gases for GMAW are
Ar+30%He or Ar+0.5%CO2. Gases with a higher CO2
content can be used, but they will increase the weld
metal C and O content, which will result in a higher
weld metal hardness. Pure Ar or Ar+He mixtures
should be used for GTAW.

Orbital narrow gap pipe welding
The term orbital pipe welding generally refers to the
equipment that is used when an application calls for
pipes to be welded in a fixed position. However, the
term is misleading when using the GMAW/FCAW
processes. If the pipe is in the horizontal position,
welding is performed using either a double-up (6 to 12
o’clock clockwise, followed by 6 to 12 o’clock anti-
clockwise) or a double-down technique (12 to 6 o’clock
clockwise, followed by 12 to 6 o’clock anti-clockwise).
MCWs only form small isolated silicate islands on the

solidified weld bead. They can be removed by brushing
between passes or they can simply be welded over, as
they will re-melt and float to the weld pool surface.
MCWs are therefore well suited for welding double up
as well as double down. For all-position welding, a
pulsing power source is preferred in order to obtain the
appropriate droplet transfer and weld pool control.
With the right kind of joint design, double-down
welding can be performed using relatively high travel
speeds in the 38-75 cm/min range. One technique to
provide better weld pool control at these high speeds
downhill is to use a narrow J-groove geometry. The
joint geometry is narrow enough to allow each pass to
bridge from wall to wall without oscillation, apart from
the capping layer where slight weaving is necessary to
complete the last layer. 

Welding trials
Four companies undertook a collaborative project to
evaluate the performance of the new wires with
supermartensitic pipe material and to demonstrate
acceptability for orbital pipeline welding (9, 10). A
narrow J-groove was selected for use without a root gap
(Fig. 1). An expanding clamp with copper backing
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Pass Position Amperage Arc Voltage Wire feed Welding speed

(A) (V) (m/min) (cm/min)

Root 12-4 o’clock 210 18.8 9.3 70

Fill 2,3,4 12-4 o’clock 215 21.5 9.0 50

Cap* 12-6 o’clock 140 18 3.0 18

Root 4-6 o’clock 178 17.5 6.0 22

Fill 2,3 4-6 o’clock 175 17.5 6.0 22

Cap* 12-6 o’clock 140 18 3.0 18

*Slight weaving

Figure 1. The applied
‘narrow gap’ J-joint has a
small land.

Figure 2. Close up of the
orbital weld seam in the
supermartensitic pipeline
material. 

Figure 3. Cross section of
narrow gap girth weld
illustrating the excellent
side wall fusion. A slight
weaving is only necessary
for capping. The total
welding time for the 12 "
(wall thickness 14.6 mm)
pipe is approximately 14
minutes.

shoes was used to ensure precise pipe alignment and
uniform root bead penetration. 

The Pipeliner System, manufactured by Magnatech,
interfaced with an ESAB Aristo LUD320W power
source, was used for the trials. The ESAB Aristo
LUD320W is a synergic-type power source, which means
that there is a pre-programmed relationship between the
pulsing parameters/power output and wire feed speed. A
new synergic line was programmed for the MCW (OK
Tubrod 15.55 with a diameter of 1.2 mm). Samples of 322
mm (12") NKK-CR13WS2.5 (13Cr-6.5Ni-2.5Mo) pipe
with a wall thickness of 14.6 mm were supplied by NKK
for the trials. 
Test welds were made and used to develop a welding
procedure (Table 3 and Ref. 11). Figures 2 and 3 illus-
trate the smooth bead appearance of the weld cap and
the excellent side wall fusion. For the filling layers, there
was no need for weaving in order to obtain reliable side
wall fusion, thereby permitting increased travel speed
and higher productivity while maintaining a low defect
rate. It was clearly demonstrated that, with the proper
equipment, welds could be performed reliably and
effectively with MCWs in a narrow J-groove geometry.

Weld properties
The weld metal toughness and strength were deter-
mined in house by preparing a tensile bar and five ISO-
V Charpy specimens transverse to the weld (11). The
tensile bar (21.1x12.9mm) broke in the pipe material at
900 MPa, showing that the weld metal clearly
overmatched the pipe material. Impact toughness was
tested at –40ºC in the as-welded condition and after a
short PWHT at 600ºC. The heat treatment was per-
formed in a Gleeble weld simulator (electrical
resistance heating) with rapid heating, a holding time of
five minutes, followed by air cooling. Individual Charpy
values were 44, 41 and 42 J in the as-welded condition
and 50 and 52 J after PWHT, illustrating the beneficial
effect of a short PWHT. 

The weld metal oxygen content was measured, as it is
known to have a dramatic effect on the impact toughness
of supermartensitic weld metals (12). The measured
range of 285-350 ppm correlates well with the observed
impact toughness, according to earlier studies (12),
suggesting that there is potential to increase toughness
still further by improving the gas shielding. This is
possible using a special nozzle in combination with a
small, designed gas cup or the use of a 100% inert gas.

The results of additional tests performed at TWI
(13) were in line with the above findings. Cross weld

tensile testing resulted in fracture in the parent steel.
The all-weld metal yield strength was 680 MPa and the
tensile strength 923 MPa after PWHT at 637ºC for five
minutes. Impact toughness was measured as an average
of 47 J at -46ºC after PWHT at 651-661ºC for five
minutes. Four-point bended sulphide stress corrosion
cracking (SSCC) testing for 30 days in slightly sour (10
mbar H2S) formation water and condensed water
indicated no susceptibility to SSCC.

Longitudinal pipe welding
The production of large-diameter supermartensitic
pipes in the range of 18" (475 mm) to 30" (760 mm)
with a wall thickness of up to 30 mm involves
longitudinal seam welding. Currently, the inside and
outside seams are welded by SAW, as a result of which
the back-gouging of the root pass is necessary to
eliminate the risk of flaws in the root pass. 

Plasma arc welding is a high energy density welding
process capable of producing high quality welds using

Table 3. Typical welding
parameters: Shielding gas
99.5% Ar/0.5% CO2 ; No
backing gas (welding against
copper backing). Total
welding time 14 minutes.



Figure 4. Cross section of longitudinal pipe weld (wall
thickness 20 mm).

Figure 5. Microstructure of
longitudinal pipe weld.
a) Parent material.
b) Fusion boundary region.
c) Weld metal.

the keyhole technique and it is therefore suitable for
root runs on thick pipe sections. In the present study,
the combination of a plasma arc root pass welded with
an inert gas backing and SAW for the fill and cap layers
was tested. The aim was to avoid the need for back
gouging, thereby increasing productivity and conse-
quently reducing costs.

Welding details
A 20 mm thick plate of 12Cr 4.5Ni 1.5Mo material was
used to produce a length of a 20" (508 mm outer
diameter) pipe at EEW (Erndtebrücker Eisenwerk,
GmbH & Co. KG). Machining, forming and welding
presented no problems, although magnetism was more
evident than in the butt welding of plates. However,
when the correct precautions were taken, this
presented no difficulties. Welding was done in an X-
joint preparation using plasma arc welding with Ø 1.2
mm OK Tubrod 15.53 for the root pass. Fill passes were
deposited from the outside and inside with SAW using
a Ø 2.4 mm OK Tubrod 15.53S/ OK Flux 10.93
wire/flux combination (Figure 4). The heat input was in
the range of 1.0-1.7 kJ/mm for SAW, whereas a
somewhat higher heat input was used for the plasma
arc welding. A maximum interpass temperature of
150ºC was used and a 30 minute PWHT at 630ºC,
followed by air cooling, was applied after welding.

Microstructure and properties
The microstructure of the welded joint, including the
weld metal, HAZ and parent material, consisted after
PWHT of tempered martensite as illustrated in Figure 5. 

Weld metal hardness and toughness were
comparable to those of the HAZ (Tables 4 and 5).  For
example, the maximum weld metal hardness was 278
HV10 and the maximum hardness at the fusion
boundary was 280 HV10. The Charpy-V impact tough-
ness was lowest in the weld metal in the high-dilution
region at mid-thickness, averaging 62 J at –40ºC. The
weld metal toughness was somewhat higher (70 J at
–40ºC) when locating the specimen at the outer surface,
similar to the 77-79 J measured in the HAZ in the
fusion boundary region. The weld metal strength was
highest in the high-dilution region at mid-thickness and
somewhat lower, but still overmatching, closer to the
outer surface (Table 6). 

The strength and toughness of the weld metal are in
very good agreement with previous all-weld metal tests
after PWHT for 30 minutes at 620ºC (8). The
recommendations in Table 2 suggest 580-620ºC as the
optimum PWHT temperatures based on tests
indicating the formation of new martensite on cooling
from PWHT temperatures of 640ºC and above.
However, the present test suggests that a somewhat
higher temperature could be beneficial for the 1.5%Mo
material in order to maximise toughness. Precise
temperature control is recommended, however, as
previous studies have shown a rapid drop in yield
strength, toughness and elongation once too much
untempered martensite and retained austenite is
present in the microstructure (8).

Dissimilar joining
Dissimilar joints are not uncommon in oil and gas
process equipment, as the temperature and
corrosiveness of the process media vary and different
materials therefore need to be used for different
components. One interesting dissimilar combination
involves joining supermartensitic and superduplex
pipes of different wall thickness. The following section
will briefly describe two recent examples from
Norwegian offshore projects where Ni-base and
superduplex consumables were used.

Welding procedures
Supermartensitic pipes (K-X80-CR13WS2, outer
diameter 324 mm/wall thickness 16 mm) were joined to
superduplex pipes (UNS 32760, outer diameter 335
mm/wall thickness 22 mm) using the GTAW method.
The welding was done at Arctos Industrier AS in
Sandefjord (Norway), using either Alloy 59 type Ni
based (SG-Ni Cr23Mo16, Ø 2 mm) or superduplex (EN
12072 G/W 25 9 4 N L, Ø 2 mm an 2.4 mm)
consumables. The compositions of the parent and filler
materials are given in Table 7.

Welding was performed with the pipes fixed in the
horizontal position. A 60º V-joint preparation was used
with a 2 mm root gap for the Ni-base consumables and
a 3-4 mm gap when using superduplex filler material.
Pure Ar was used as the shielding and purging gas in
both cases. A somewhat higher interpass temperature
(max 150ºC) and heat input (0.9-1.2 kJ/mm) was
permitted for the superduplex consumables compared
with the Ni-base welds, where the interpass
temperature was kept below 100ºC and the heat was
0.9-1.1 kJ/mm. Approximately 45 beads were required
to complete the Ni-base consumable weld as compared
to 35 beads when using superduplex consumables. 
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Table 7. Chemical composition (wt.%) of pipe materials and filler wires used for dissimilar joints.

C N Si Mn Cr Ni Mo W Cu Fe

Supermartensitic pipe 0.015 0.012 0.2 0.17 12.3 5.9 2.2 - 0.05 rest

Superduplex pipe 0.017 0.23 0.36 0.68 25.6 7.4 3.5 0.6 0.6 rest

OK Tigrod 19.81 0.003 - 0.05 0.2 22.8 rest 15.4 - - 0.4

OK Tigrod 16.88* <0.003 0.25 0.5 0.5 25.0 9.5 4.0 - - rest

* typical all-weld metal analysis

Position Hardness (HV10)
Min Max

Parent material 233 263
Fusion line 242 280
Weld metal 264 278

Table 4. Hardness of longitudinally welded pipe, post
weld heat treated at 630ºC for 30 minutes.

Specimen Longitudinal tensile properties
position

Rp0.2 (MPa) Rm (MPa) A5 (%)

Outside 880 974 15
Mid thickness 954 1001 16

Table 6. Weld metal tensile properties in longitudinal
weld after a 630ºC/ 30 min PWHT.

Specimen Notch position
position Weld FL FL FL Parent 

metal +2mm +5mm material
Outside 70 77 79 77 104
Mid thickness 62 87 70 123 102

Table 5. Charpy-V impact toughness (J at -40ºC) of
longitudinally welded pipe, post weld heat treated at
630ºC for 30 minutes.

Testing and inspection
The welds were subjected to an extensive test
programme, including non-destructive testing,
microscopy, transverse and longitudinal testing at room
temperature and at 115ºC, Charpy-V testing at -46ºC,
bend testing, hardness measurements and sulphide
stress corrosion cracking (SSCC) testing. 
Radiographic inspection and sectioning of the welds
revealed no defects and the microstructure was judged
to be sound. One comment can, however, be made;
microscopy revealed some precipitation of nitrides and
secondary austenite in the HAZ of the superduplex
pipe in the Ni-base weld. The superduplex weld had a
ferrite content ranging from 30.4% in the root to 51.5%
in the cap and no comments were made on the HAZ
microstructure.

Mechanical testing
The yield and tensile strength of the Ni-base weld was
lower than that of the superduplex weld at both room
and elevated temperature (Table 8). However, fracture
in cross-weld testing took place in the parent material,

regardless of the consumable and test temperature. It
should be noted that the strength of the superduplex
weld decreased significantly more with increasing
temperature than that of the Ni-base weld. For
example, the yield decreased by 136 MPa for the
superduplex weld and by 79 MPa for the Ni-base weld
when going from 20ºC to 115ºC.

Both welds passed the 180º face and root bending
tests (mandrel 5xT for Ni based and 4xT for
superduplex). Hardness surveys across the welds 1.5
mm below the top and root surfaces revealed very
similar behaviour for the two welds. The highest
hardness was found in the HAZ in the supermartensitic
pipe (up to 380 HV10) and the weld metal hardness was
higher in the root than in the cap. Ni-base weld metal
hardness averaged 235 HV10 in the cap region and 314
HV10 in the root, whereas the corresponding hardness
was 281 HV10 and 319 HV10 respectively for the
superduplex weld. The hardness of the HAZ  in the
superduplex pipe was in the range of 325-345 HV10.

Charpy-V impact toughness was measured using
standard 10x10 mm specimens extracted at various
locations close to the cap and root surfaces (Table 9).
The hardness was on a high level in both welds. The
lowest average toughness that was measured was 87 J at
the fusion line in the superduplex pipe welded with Ni-
base consumables. Weld metal toughness ranged from
112 J to 141 J in the Ni-base weld metal and from 114 J
to 196 J in the superduplex weld metal. The
supermartensitic pipe material toughness was typically
above 200 J, whereas the superduplex pipe toughness
ranged from 87 J to 157 J.

SSCC testing
The resistance to sulphide stress corrosion cracking was
tested according to EFC Document No. 17 and the
Norsk Hydro 33-1A-NH-R52-00002 specification.
Testing was performed at room temperature in
condensed water (1000 mg/l NaCl, 400 mg/l NaAc, pH
adjusted to 3.6 with HCl or NaOH) and formation
water (38890 mg/l NaCl, 400 mg/l NaAc, pH adjusted to
5.2 with HCl or NaOH) at 4 mbar partial pressure of
H2S. Constant load and four-point bending specimens
were prepared transverse to the weld at the pipe inner
surface. Constant load specimens from the Ni-base
weld were only tested in condensed water. However,
four-point bending specimens from the two welds and
constant load specimens from the superduplex weld
were tested in both condensed and formation water.
The four-point bending specimens were loaded to
100% of the weld metal yield strength and the constant



All-weld longitudinal tensile properties Cross weld tensile strength

Consumable T Rp0.2 (MPa) Rm (MPa) A5 (%) Rm (MPa) Location of fracture

Ni-base +20ºC 589 818 37 864 Supermartensitic pipe

+115ºC 510 726 - 780 Supermartensitic pipe

Superduplex +20ºC 744 879 25 843 Supermartensitic or 

superduplex pipe*

+115ºC 608 763 - 738 Supermartensitic pipe

* 3 specimens fractured in supermartensitic pipe material and 1 specimen in superduplex pipe.

Table 8. Tensile properties of dissimilar welds.

Table 9. Charpy-V impact toughness (J at -46ºC) of dissimilar welds between supermartensitic 
and superduplex steels.

Consumable Specimen Notch position
position

Weld Supermartensitic pipe Superduplex pipe
metal FL FL FL FL FL FL

+ 2mm + 5mm + 2mm + 5mm

Ni-base Cap 112 192 207 233 94 104 92
Root 141 208 - - 87 - -

Superduplex Cap 196 224 200 220 124 157 118
Root 114 235 - - 114 - -

load specimens to 90% of yield strength and  they were
tested for a period of 30 days.
The result was very similar for both welds. No cracks were
found on any of the specimens in either of the two
environments. The conclusion was therefore that all the
specimens passed the sulphide stress corrosion cracking
test. Some localised corrosion was, however, found on the
end face of the supermartensitic side of specimens tested
in formation water. One localised attack was also found
on the side edge of a four-point bending specimen from
the Ni-base weld, tested in formation water. This attack
also took place in the supermartensitic pipe material.

Concluding remarks
As exemplified above, matching-composition super-
martensitic consumables are well suited both to the pro-
duction of longitudinally-welded pipes and to girth weld-
ing. There are different options for the dissimilar joining
of supermartensitic and superduplex material and the
preferred choice will depend on the specific application.

Supermartensitic welding consumables
The development of matching-composition super-
martensitic welding consumables and welding proce-
dures is still in progress. However, it is obvious that this
concept offers a number of advantages in terms of
properties, productivity and the possibility to perform a
PWHT when required. Another frequently overlooked
advantage, compared with duplex or superduplex con-
sumables, is that a martensitic weld metal microstruc-
ture is expected for all levels of dilution with the parent
material. 
The parent material delivery condition strength can vary,
depending on the exact composition and heat treatment

cycle. Experience has shown that superduplex consum-
ables usually produce overmatching or closely-matching
weld metal strength at room temperature. However, at
an operating temperature of above 100ºC, the situation
is frequently reversed, as the yield of the super-
martensitic material increases, whereas the duplex mate-
rial strength level typically decreases by 10-15% (8, 14).
For a number of reasons, it is therefore most probably
only a matter of time until supermartensitic consum-
ables become the preferred choice in the welding of
supermartensitic stainless steel.

Dissimilar welding consumables
The study revealed that both Ni-base and superduplex
consumables can be used successfully for the dissimilar
joining of supermartensitic and superduplex pipe
material. It is well known, however, that Nb-alloyed,
Ni-base consumables are less suitable due to the risk of
brittle Nb-and N-rich phases forming next the fusion
boundary in the duplex material. Nb-free consumables,
such as Alloy 59 used in this study, are therefore to be
preferred to Alloy 625, for example.

The use of superduplex consumables is more
straightforward in the sense that no problems are
anticipated on the superduplex side of the joint and
because duplex and superduplex consumables have
been used extensively to weld supermartensitic
material. However, depending on the relative
dimensions of the pipes to be joined and the operating
temperature, the lower drop in the yield of the Ni-base
weld metal with increasing temperature might be
beneficial. Problems have also been encountered with
hydrogen cracking in the HAZ of supermartensitic
pipes welded with superduplex consumables (15).
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Similar problems are not expected with a Ni-base con-
sumable due to the high solubility and slow diffusion of
hydrogen in an austenitic microstructure.
In conclusion, both Ni-base and superduplex consum-
ables are suitable for the dissimilar joining of super-
martensitic and superduplex material and the choice
should be based on factors such as joint geometry and
operating conditions.
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Chicago Bridge & Iron Company Meets
Challenge of Stainless Steel Welding
for Cryogenic Rocket Fuel Tanks
Welding stainless steel can be a demanding task. The task becomes even greater
when the job involves welding large cryogenic storage tanks such as those for the
Boeing Space Launch Complex 37 at Cape Canaveral Air Force Station, Florida.
Chicago Bridge & Iron Company (CB&I) discovered this first-hand recently when
they were hired by Raytheon, Inc., to design and build the storage tanks that hold
the liquid hydrogen and liquid oxygen used to fuel the Boeing Delta IV rocket.

Jim Smith, CB&I’s project manager for the job,
describes the tanks as "large thermos bottles." The
tanks are double-walled spheres consisting of an inner
wall of stainless steel and an outer wall of carbon steel
with insulation in between. The liquid hydrogen tank
has an inner diameter of 61 feet (18.6m), with an outer
diameter of 67 feet (20.4m). The smaller tank for the
liquid oxygen has an inner diameter of 41 feet (12.5m)
and an outer diameter of 47 feet (14.3m). Anyway you
look at it, there was a lot of welding to do.

But big welding jobs are CB&I’s specialty. The
world-renown engineering and construction firm
specializes in design and building steel plate structures.
The 112 year-old company started out building bridges
but soon turned to other steel applications and built its
reputation on its ability to design innovative storage
facilities and erect them in the field. Today, the compa-
ny is best known for its ability to engineer and construct
flat bottom tanks, spherical storage vessels, elevated
water tanks, refrigerated storage and process systems,
vacuum chambers for the space industry, and industrial
process vessels (see www.chicagobridge.com).

The Cape Canaveral project was somewhat unique
in the rigors of its specifications. The tanks are required
to hold temperatures of –424ºF (-253ºC) for the hydro-
gen and –320ºF (-196ºC) for the oxygen. In addition to
the size and temperature challenges, the welders soon
discovered an additional challenge resulting from the
windy conditions of the ocean side site. The welding sur-
face had to be protected by a shield gas to ensure the
integrity of the weld. 

According to Smith, they needed a homogenous
weld that would offer excellent strength and meet the
requirements of AMSE Code, Section 8, Division 1.
CB&I also wanted to use a semi-automatic welding
process to cut down on labor time and improve produc-
tivity. They found their answer in ESAB’s Cryo-Shield
308L flux-cored wire. Cryo-Shield 308L is an all-pos-
ition wire designed for cryogenic applications requiring
good weld metal strength. It offers tensile strength of
80,000 psi (550MPa) and yield strength of 60,000 psi

(410MPa) with CVN toughness of 25 ft.-lbs. (34 J) at
–320ºF (–196ºC). Use of an argon/CO2 shield gas
protected the weld from the elements. 

Part of ESAB’s Shield-Bright family of flux cored
wires for stainless steel welding, Cryo-Shield deposits
welds at substantially higher welding currents than the
other stainless steel electrodes that were considered,
resulting in a higher deposition rate. In this case, the
use of Cryo-Shield helped CB&I complete their project
with just 10 months in the field and pass all X-ray
qualifications tests with ease. It also offered a self-
peeling slag for fast, easy clean-up.

CB&I has used ESAB filler metals for 30 years, but
this was their first experience with this relatively new
product. They found Cryo-Shield to be extremely user-
friendly, productive and capable of meeting the most
stringent specifications. ESAB’s excellent on-time
delivery and customer support were also top-notch,
according to Smith. 

Chicago Bridge & Iron is known as an innovative
company, always looking for unique and better ways to
solve their clients’ problems. Working with vendors such
as ESAB Welding and Cutting Products, CB&I was able
to deliver on-time and within the specifications to keep
this space project on schedule for countdown.
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Welding high strength pipelines:
from laboratory to field
By: D.J.Widgery, ESAB Group (UK) Ltd

This article was first published in the September/October issue of World Pipelines.

Although the first X80 pipelines were laid in the 1980s, it was only around the
turn of the century that the next major programmes were started by Transco
and TransCanada Pipelines. Both the welding technology and the require-
ments placed on the joints have moved on since the 1980s, and contractors
and welding manufacturers have had to come to terms with this. 

Field welding showed up a lack of robustness in proce-
dures developed in the laboratory, but new welding con-
sumables were developed and performed well in the field.
More work will be needed to ensure that X100 pipes can
be reliably welded, but much has already been done and
manufacturers will be ready when the pipe arrives.

High strength pipelines
In 1999, Transco announced a programme of pipeline
construction in X80 steel. This was not the first X80 in
Europe: a few kilometres were laid in Germany in the
1980s and 250 km by Ruhrgas in 1992-3, using manual
metal-arc welding. At about the same time, Nova
Corporation in Canada started laying X80 pipe using
mechanised welding. Steels of similar strength had been
used for many years in naval applications, so no major
problems were envisaged when procedure testing
started in the UK in the spring of 2000. In the event,
lines were successfully laid in 2000 and 2001, but
contractors had to learn some costly lessons first.

The use of X80 pipe offshore has not yet begun, but
the experience of onshore lines should help in this more
demanding application. Still higher grades of pipeline
steel will certainly be used in the future and steelmakers
and consumable manufacturers are working to make
the welding of these as straightforward as possible.

X80 Pipelines – mainline welding 
Pipeline welding may be divided into mainline welding,
where speed is critical and there is access for backing
systems; tie-in and repair welding, where speed may be
less important and there is no internal access, and
double jointing, where it is possible to roll the pipe and
to weld in the flat position. Although mechanised
welding systems have been available for many years
and are almost exclusively used offshore, the turn of the
century marked a watershed which saw the first large-
scale application of mechanised systems in the UK and
the USA. In mainline welding, these systems allow the
use of a narrow joint preparation.

By welding downhill in a narrow compound bevel,
productivity benefits in two ways. The sidewalls help
support the weld metal at relatively high currents and
deposition rates, while the reduced joint volume requires
less metal to fill it. The narrow joint has another effect:
the rapid extraction of heat from the weld gives cooling
rates well above those normally found in structural
welding. As a result, the weld metal strength is higher
than that found in a typical all-weld metal test such as
those used for classifying consumables.

When mechanised welding was first used on X80
pipes in Canada, a carbon-manganese solid wire was
found to give adequate strength: the mean weld metal
yield strength was above 630 MPa. The mean pipe yield
strength was around 600 MPa, so most welds showed
real overmatching. Transco, in the UK, required the
weld metal yield strength to overmatch the pipe’s
specified minimum yield stress by 5%, giving a
minimum of 578 MPa. This is easily achieved by
carbon-manganese consumables using single torch
equipment, though with some twin torch systems the
results are close to the minimum and higher alloying
may be preferred.



In the 1960s, when semi-automatic gas shielded
welding was first used in the UK and USA on trans-
mission pipelines, it was found that wires containing a
small amount of titanium gave the best results. The burn-
off rate of the wire was reduced, so the proportion of the
arc energy available to melt the edges of the weld
preparation was correspondingly increased. This led to a
reduction in lack of fusion defects, the most serious pro-
blem in semi-automatic pipe welding. The titanium con-
taining wires also gave good weld toughness, and were
generally adopted when mechanised welding systems
were developed to replace semi-automatic welding.
Today, many users have realised that modern mech-
anised or fully automatic pipe welding systems eliminate
defects through engineering rather than through wire
chemistry, so carbon manganese wires without titanium
are gaining in popularity.  Both types are now capable of
producing excellent toughness, Table 1.

Even with mechanised welding systems, produc-
tivity continues to be an issue and contractors have
started to look at the use of metal-cored wires as a
direct substitute for solid wires in mechanised downhill
welding. Productivity improvements of up to 20% seem
to be possible and because the wires are formulated
with small amounts of material to improve the arc
characteristics and the wetting of the joint by the pool,
process tolerance is improved. To help in this, wires are
designed with a higher oxygen content than is found in
solid wires, so a small nickel addition may be made to
counteract any adverse effect on weld toughness. The
first production pipeline welds with metal-cored wire
were made in the year 2000, and Table 2 shows a
procedure for welding X80 pipe with a 0.8% Ni metal-
cored wire.

The degree of strength overmatching here is fully

Welding procedure

Pipe 48” X80, 31.8 mm w.t.
Welding consumable OK Autrod 12.66, 1.0 mm
Welding process mechanised GMAW
Preheat temperature 108°C
Interpass temperature 110-135°C
Welding direction downwards
Shielding gas root: CO2

fill & cap: 30%Ar, 70% CO2

Polarity electrode positive
Root Copper backing, 240-295A, 25-27V, 0.9m/min, 0.39-0.48 kJ/mm
Fill runs 1-10 210-260A, 24-28V, 0.36-0.53m/min, 0.49-0.85 kJ/mm, weave 1.5-6 mm at 1.8-5.8 Hz
Cap runs 8,9 180-215A, 20-23V, 0.32m/min,  0.63-0.87 kJ/mm weave 8.6 mm at 0.6Hz

MECHANICAL PROPERTIES

Tensile properties Charpy toughness,
J at -30°C

PS (MPa) TS (MPa) El %
Longitudinal 693 806 20 root: 110
Transverse 665-678 Broke outside weld cap: 84
CTOD at -30°C, mm 0.25, 0.39, 0.25, 0.80, 0.80, 0.84 

Table 1. Welding procedure for X80 pipe using carbon-manganese solid wire.

acceptable, but in earlier work it was found that on
different X80 pipe materials, transverse tensile tests
failed in weld metal at strengths up to 768 MPa. A 1.5%
Ni, 0.3% Mo wire could be used if real overmatching is
specified for such pipe. Up to now, however, the view in
the UK has been that that would not be necessary for
onshore pipe. This has not been put to the test yet
because the pipe delivered so far has not shown such
extreme strength.

X80 Pipelines – repair and tie-in welding
Unlike mainline welds, repair and tie-in welds have to be
made with no backing systems or internal welders. Nor is
it often possible to re-bevel on site to produce an
accurate compound bevel. This leads typically to the use
of cellulosic electrodes for the root: these may be of the
softer E6010 type for greater ductility and crack
resistance. Increasingly, flux-cored wire is used for the fill
and cap, being suitable for a wider joint such as the 60°
included angle API bevel. The wires are of the all-
positional rutile type and are used in the uphill direction.

At the outset of the current campaign of X80 pipe
laying in the UK, it was envisaged that there would be
few problems with tie-in procedures, since steel of
equivalent strength had long been welded with rutile
flux-cored wires in submarines, cranes and earth
moving equipment. Unfortunately in pipe welding,
where welding is always on the critical path for
construction, the slow, careful procedures and strict
control of heat input and interpass temperatures which
have led to success in military applications are not
popular. It immediately became clear that welding with
stringer beads would not be acceptable, and that the
higher interpass temperatures and wider weaves that
would be used would require more highly alloyed weld

Svetsaren no. 2 • 2002 • 23



24 • Svetsaren no. 2 • 2002

metals for the same steel strength. A wire giving a
minimum yield strength of 620 MPa in an all-weld-metal
test was quickly formulated and gave the necessary
degree of overmatching if the heat input was closely
controlled. In practice, it was found that in a 16 mm thick
joint, a full weave could be used on all passes except the
cap, which had to be completed in two passes.

While some contractors accepted this limitation,
others regarded it as too restrictive and wanted to use a
fully weaved cap. A further wire was offered to them.
This had been developed for 690 MPa steels. At this
strength level, the wire had to be formulated to produce
weld metal with a lower oxygen content. As a result,
the surface tension of the transferring droplets
increased, the droplets became coarser and spatter
increased slightly. Procedures with the two wires are
shown in Table 3. 
In the event, main contractors opted for the increased
tolerance to misuse afforded by the stronger wire, and
sub-contractors were also told to use this. As a
postscript, in 2001 a contractor using downhill welding
dropped out at short notice and a 38 km X80 line was
entirely welded using the uphill tie-in procedure, Fig 2,
with a repair rate approaching 1%.

X80 Pipelines-double jointing
For onshore lines in the UK, double jointing is rarely an
option because the rights of way restrict movement of
24 m pipe lengths. Procedures have however been
developed for offshore work and these are also suitable
for more open landscapes, especially in the Middle and
Far East. Solid wire has been used for many years in
submerged arc double jointing, and since the seam weld
of the pipe is made by the same process, alloy grades
for welding all types of pipe are readily available.

Double jointing is carried out off line, so in many cases
speed is not critical. A more recent development arises
from the use of triple and quadruple jointing on
laybarges, where it becomes difficult to keep up with
the speed of the fixed position welding. In that case the
use of tubular wire in submerged arc can help to redress
the balance. Tubular wire has recently been used for
quadruple jointing on the Blue Stream project in the
Black Sea. It may be that the expected new Alaska
pipeline, which could involve over 100,000 double
joints, will see the first onshore use of tubular wire with
submerged arc.

X100 and beyond
If welding of X80 pipe involves a relatively straight-
forward extrapolation of well tried technologies, albeit
with a steep learning curve for those contractors not
accustomed to having to control welding procedures,
higher grades of pipe will represent more of a quantum
step for consumable manufacturers and users alike. 
Most codes for pipe welding require that the weld
metal matches the specified minimum yield and tensile
strengths of the pipe material, but a recent trend is for
clients to look for welds which match the actual pipe
properties. Steelmakers have less experience of high
strength pipe and may be tempted to aim high to avoid
missing strength targets. If welding manufacturers have
to ensure that the bottom end of the weld metal
strength distribution exceeds the top end of the pipe
strength distribution, they may have to supply what is
effectively an "X120" weld metal, with a yield strength
of 830 MPa or more, to weld X100 pipe. Such products
have been used in other industries in closely controlled
workshop conditions, but the challenge is to provide a
robust means of welding pipelines in the field.

Welding procedure

Welding consumable PZ 6104, 1.2 mm
Pipe X80, 24” x 25.8 mm wt
Welding process mechanised GMAW
Preheat, °C 100 min
Interpass temp, °C 200 max
Welding direction downwards
Shielding gas 80% Ar, 20% CO2

Polarity Electrode positive
Root Copper backing
Fill runs 1-8 24V, 260A, 0.68 kJ/mm

MECHANICAL PROPERTIES 

Tensile properties Charpy toughness,
J at –40°C

PS (MPa) TS (MPa) El %
Longitudinal 667 728 18 root: 87
Transverse 608-632 Broke outside weld cap: 74

ANALYSIS (%)
C Si Mn P S Ni
0.08 0.59 1.68 0.012 0.008 0.73

Table 2. Welding procedure for X80 pipe using 0.8% Ni metal-cored wire.



Welding procedure

Welding consumable Tubrod 15.07, 1.2 mm Tubrod 15.09, 1.2 mm
Welding process mechanised FCAW
Preheat , °C 100 min
Interpass temp, °C 150 max
Shielding gas 80Ar-20CO2

Polarity electrode positive
Root E6011, DC-
Hot pass E9010, DC+ E8010, DC+
Fill, runs 3-5 170A, 23V, 0.24 m/min, 220A, 25V, 0.24 m/min, 

0.98kJ/mm, full weave 1.38kJ/mm, full weave

Cap 170A, 23V, 0.24 m/min,        190A, 25V, 0.24 m/min, 1.19kJ/mm,  
0.98kJ/mm, 2  runs, split weave 1 run, full weave

MECHANICAL PROPERTIES
Tensile properties

PS (MPa) TS (MPa) PS (MPa) TS (MPa)
Longitudinal 721 765 670 721

El % R of A % El % R of A %
17 63 21 67

Transverse tensile strength 641 MPa,  broke outside weld 641 MPa TS, broke outside weld

Charpy toughness
J at -40°C 118, 108, 116, Av 114 82, 84, 84, Av 83

WELD METAL CHEMISTRY
C 0.053 0.042
Si 0.32 0.34
Mn 1.43 1.17
Ni 2.06 2.56
Mo 0.04 0.25

Table 3. Procedures for tie-in welding of X80 with flux-cored wire

Hydrogen-induced cold cracking (HICC) is likely to be
the greatest problem encountered in welding very high
strength pipelines, and a major programme to look at
this is being run by VTT in Helsinki, with the co-
operation of European and Japanese industry. Welding
consumables with very low hydrogen contents will be
needed and weld microstructures will assume greater
importance. Manufacturers and research institutes are
collaborating on the next generation of welding
procedures and will be ready to work with clients and
contractors to ensure their success.

Fig 2. Mechanised uphill welding with rutile flux-cored
wire on the X80 Hatton-Silk Willoughby line
Photo courtesy of Gridweld Ltd. 
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Synergic Cold Wire (SCW™)
Submerged Arc Welding 
Application of a new cost efficient welding technique to
stainless steels

By: Solveig Rigdal, Leif Karlsson and Lars Östgren ESAB AB, P.O. Box 8004, SE-402 77 Göteborg, Sweden

This paper was originally presented at the Stainless Steel World America 2002 Conference.

The Synergic Cold Wire (SCW™) process is a recent development of submerged arc
welding (SAW) in which a cold wire is fed in synergy with the wire electrode into the
weld pool. In the present study,  SCW™ has been applied for the first time to the wel-
ding of 22%Cr duplex stainless steel. Experimental welds with good mechanical prop-
erties and good corrosion properties were produced in a highly productive manner. 

Introduction
Submerged arc welding (SAW) is currently a well estab-
lished method for welding most grades of the more
widely used stainless steels. Offering high productivity in
combination with good weld quality and environmental
advantages, SAW is an attractive method, especially
when it comes to welding thicker materials like those in
large pipes and vessels, for example.

The Synergic Cold Wire (SCW) process is a recent
development which was invented in 1998 (1) and offers
the chance to increase the deposition rate in submerged
arc welding by more than 50%. In SCW-SAW, a cold wire
is fed in synergy with the arc wire into the weld pool where
it melts (2, 3). Consequently, the arc and cold-wire depo-
sition ratio always remains constant once the wire
diameters have been fixed. The cold wire can be either
trailing or leading, depending on penetration versus build-
up requirements. The weld metal chemistry and depo-
sition rate are thereby easily controlled and pre-selected. 

The SCW process is preferably used for welding
material thicknesses above approximately 8 mm, where
several passes are required. SCW welding can be used
with an endless variety of combinations of solid and/or
cored wires for single-, twin- (the Synergic Cold Wire
Twin [SCWT™] process), tandem- and multiple-wire
applications. As no arc emanates from the cold wire, it
is also possible to incorporate “hard to weld”’ alloys in
cored wires. Further advantages include less distortion
due to a lower effective heat input, a reduced number
of weld beads and lower flux consumption in
comparison with conventional SAW. SCW welding is
also very operator friendly as no additional control unit

or separate feeding device is needed.
In just a short time, SCW welding has proven its advan-

tages when applied to the welding of C-Mn steels (4). This
paper presents the first results relating to the SCW wel-
ding of duplex stainless steels, illustrating the benefits
and potential of this new technique. The effect of welding
procedure on weld metal composition and properties will
be discussed and it will be demonstrated that excellent
weld metal properties can be achieved in a reliable, cost-
effective and productive manner. It will also be shown
that lowering the “effective heat input”, compared with
conventional SAW, makes the method particularly well
suited to the welding of steel grades where productivity is
hampered by heat input restrictions. 

Experimental procedure
Welds were produced in EN 1.4462 standard duplex
stainless steel plate material using the SCW technique
and were subjected to X-ray inspection, metallographic
studies, corrosion testing and mechanical testing. In
addition, a number of welds were produced in 20 mm
mild steel with conventional single-wire SAW and with
SCW in order to compare deposition rates. 

Duplex SCW welds
Three SCW welds were produced in duplex stainless
steel plate material with a thickness of 14-22 mm using
a wire electrode with a diameter of 3.2 mm in
combination with a cold wire with a diameter of 2.4
mm. Details of joint preparation and welding
parameters are presented in Table 1 and the weld set-
up is shown in Figures 1 and 2.
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Weld V-22 V-14 X-20

Parent material EN 10088 / X2 CrNiMoN 22-5-3

Plate thickness (mm) 22 14 20
Joint preparation V–joint V–joint X–joint
Joint angle 60º 60º 70º
Root face (mm) 0 4 4
Joint

Consumables OK Autrod 16.86/OK Flux 10.93

Electrode Ø (mm) 3.2 3.2 3.2
Cold wire Ø (mm) 2.4 2.4 2.4 
Weld passes FCAW: 2 Side 1: 1 SCW™ Side 1: 1 SCW™

SCW™: 7 Side 2: 1 single wire Side 2: 1 SCW™
Current (A) 520–550 540–560 560–575
Voltage (V) 31–33 32–33 33–34
Travel speed (cm/min) 55–60 45–50 50–55
Heat input (kJ/mm) 1.7–2.0 2.1–2.5 2.1–2.2
Remarks Root welded against backing Side 2 welded with single wire

with OK Tubrod 14.27, 
Ø1.2mm

Table 1. Welding details.

Figure 1. Submerged arc welding equipment (ESAB A6
Mastertrac) with Synergic Cold Wire kit.

Figure 2. SCW™ set up showing the leading position of
the cold wire to the left of the wire electrode (welding
direction is to the left).

60º 60º 70º

Testing and metallography 
Full-size (10x10mm) Charpy-V specimens were
prepared at mid-thickness and tested at –60ºC, –40ºC
and –20ºC at the weld metal centre and at the fusion
line for the V-joint in 22 mm plate. Full-thickness,
cross-weld tensile specimens were tested for all three
procedures together with 120º, face and root bend
testing over a mandrel with a diameter of three times
the plate thickness. HV10 hardness profiles were
measured across the welds 2 mm below the top and
root surfaces.

The pitting corrosion resistance was assessed by
testing 25 x 50xt mm specimens in a standard 10%
ferric chloride solution for 24 h at 25ºC. The top and
root surfaces were tested in the as-welded condition,
whereas cut surfaces were ground to a 1,000 grit finish.
One specimen from the weld in 14 mm plate material
(weld V-14) was re-tested after regrinding and increa-
sing the temperature by 2.5ºC until pitting occurred.

The microstructures were studied by light optical
microscopy after polishing and the electrolytic etching
of cross-sections in 10% oxalic acid. A quantitative
estimate of the ferrite content variation within the
welds was obtained by measuring the Ferrite Number
(FN) at 10 randomly distributed points using a Fischer
Feritscope.
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Parent material Mild steel

Joint configuration

Consumables OK Autrod 12.22/OK Flux 10.71

Process SAW SCW™ SAW SCW™
Polarity DC+ DC+ AC AC
Electrode Ø(mm) 3.0 3.0 3.0 3.0
Cold wire* Ø(mm) - 2.0 - 2.0

Current 500 A
Voltage 32 V
Travel speed 55 cm/min
Heat input 1.75 kJ/mm

Effective heat input 1.75 kJ/mm 1.21 kJ/mm 1.75 kJ/mm 1.21 kJ/mm
Weld passes 20 13 18 12
Relative deposition rate 100% 154% 100% 150%

* leading cold wire 

Table 2. Welding details and productivity comparison between conventional SAW and SCW 
for an ISO joint in 20 mm plate.

Figure 3. Typical smooth and flat weld bead surface
appearance of SCW™ weld in duplex stainless steel.

Figure 4. Cross sections of duplex SCW™ welds. 
a) One sided V-joint in 22 mm plate (weld V-22). 
b) V-joint in 14 mm plate (weld V-14). 
c) X-joint in 20 mm plate (weld X-20).

SAW and SCW comparison
A set of welds was produced in an ISO all-weld test
joint configuration, in 20 mm mild steel, with
conventional SAW and with SCW. Tests were
performed with DC+ and AC, while keeping the
current, voltage and travel speed constant. Details
relating to joint configuration, consumables and
welding parameters are presented in Table 2.

Results
Duplex SCW welds
A somewhat smaller face had to be used in SCW
compared with conventional SAW to avoid incomplete
penetration. However, X-ray inspection and
microstructural studies revealed no weld imperfections
after fine-tuning the joint preparation and welding
procedure. The possibility to produce a flat and even
bead profile is illustrated in Figures 3 and 4. The cross-
sections in Figure 4 show the absence of defects such as
lack of fusion or incomplete penetration.

Weld metal composition and microstructure
The chemical compositions of the last deposited beads
are presented in Table 3. Dilution with the parent
material was larger for welds deposited with fewer
beads, as can be seen from the lower Ni content in welds
V-14 and X-20 compared with that in weld V-22.

All the welds had a typical duplex weld metal
microstructure (Fig. 5). They were free from
intermetallic phases and contained only small amounts
of secondary ferrite. The average ferrite content varied
from 46 FN for weld V-14 to 75 FN for weld X-20
(Table 4). A comparatively small variation in the ferrite
content of each weld was noted in particular for the X-

20 high-ferrite weld where the measured range was
only 71-79 FN (Fig. 5b).

Mechanical properties
The mechanical properties were on a high level for all
three welds (Table 5). Fracture in tensile testing took
place at 748-788 MPa in the parent material, well away
from the weld, and all the welds passed the root and face
bend tests without any remarks. Charpy-V impact
testing was only performed for the V-22 weld. The aver-
age impact toughness at -20ºC was 125 J at the weld
metal centre and 154 J at the fusion line (Table 5).
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The weld metal and HAZ hardness was in the range
of 240-280 HV10 for all three welds. In all cases, the
variation across the weld was small, as is illustrated in
Figure 6 for weld V-14.

Corrosion resistance
All the welds passed the ferric chloride tests at 25ºC
without any indication of pitting attack. A specimen
from weld V-14 was re-tested at gradually increasing
temperatures, while regrinding the cut surfaces
between each test period. Corrosion was not observed
until 32.5ºC when pitting took place in the first
deposited weld bead.

SAW and SCW deposition rates
The comparison between conventional SAW and SCW
welding clearly demonstrated the higher deposition
rates that can be achieved with SCW. As can be seen in
Table 2, the number of beads required to complete the
joint, while keeping welding parameters fixed,
decreased from 20 to 13 in the DC+ mode and from 18
to 12 passes in the AC mode.

Discussion
Microstructure and properties
These first preliminary tests using SCW for the welding
of duplex plate material clearly illustrate that high-
quality welds which are free from imperfections can be
produced in a highly productive manner. The
mechanical properties, including strength, toughness
and hardness, all complied with the normal
requirements (Table 5 and Fig. 6), as did the pitting
corrosion resistance. 

The microstructure contained no unwanted phases
(Fig. 5), in agreement with the observed good pitting
corrosion resistance. However, the ferrite content of the
X-joint in the 20 mm plate was on the high side (71-79
FN), although the properties were still satisfactory. The
relatively high ferrite content can be understood in
terms of somewhat high dilution with the parent
material (Table 3) and a “low effective heat input”, as
discussed in the following paragraph. As can be seen
from welds V-22 and V-14, a ferrite content of below 70
FN (Table 4) can be easily obtained if a suitable
combination of joint preparation and heat input is used.

Figure 5. Typical duplex weld metal microstructures of
SCW™ welds. 
a) Second bead in weld V-14. 
b) First bead in weld X-20. 

Weld Ferrite content (FN)*
Range Average

V-22 52-69 61
V-14 43-57 46
X-20 71-79 75

*measured at 10 randomly distributed
points using a Fischer Feritscope.

Weld Tensile  Impact toughness (J) Bend testing (120º, 3xt)
strength -60ºC -40ºC -20ºC
(MPa) weld fusion weld fusion weld fusion Face Root

centre line centre line centre line

V-22 763* 68 92 107 125 125 154 no remarks no remarks
V-14 788* not tested no remarks no remarks
X-20 748* not tested no remarks no remarks

*fracture in parent material
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Figure 6. Hardness profile across duplex SCW™ weld 
V-14 measured 2 mm below top face.

Table 3. Last bead weld metal chemical composition (wt.%).

Element Weld
V-22 V-14 X-20

C 0.019 0.019 0.020
Si 0.51 0.52 0.48
Mn 1.29 1.39 1.14
P 0.017 0.021 0.018
S 0.004 0.004 0.002
Cr 22.6 22.2 22.5
Ni 8.0 6.8 7.2
Mo 3.1 3.1 3.1
O (ppm) 470 410 410
N 0.15 0.17 0.16

*The chemical composition was determined using optical
emission spectrometry except for N and O where a
combustion furnace technique was used. 

Table 4. Weld
metal ferrite
content.

Table 5. Mechanical
properties of duplex
SCW™ welds.
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Productivity aspects
The potential advantages of using SCW welding instead
of conventional SAW are most obvious for thicker
material where the productivity gains can be
significant. Fewer beads are needed for a given joint,
thereby increasing productivity. In SCW, the wire
electrode and the cold wire are fed in synergy at the
same speed. It is therefore easy to calculate the
theoretical increase in deposition rate from the cold
wire and wire electrode diameters (Equation 1). 

[1] Increase in deposition rate =100 x dcw2/de2 (%)
where: de = diameter of the wire electrode and 

dcw = diameter of the cold wire

As can be seen from Table 6, the theoretical increase, at
a constant wire feed speed and constant travel speed,
ranges from 25% to 69% for typical wire electrode/cold
wire diameter combinations. In practice, some
adjustments to the welding parameters are normally
required to optimise the welding for a given joint. For
example, as discussed earlier, a somewhat smaller face
often has to be used in SCW compared with
conventional SAW to avoid incomplete penetration. 

Nevertheless, the deposition rate comparison
presented in Table 2 clearly illustrates that the
theoretical increase of 44% for a 3.0 mm wire
electrode/2.0 mm cold wire combination can also be
achieved in practice. The estimated increases in
deposition rate were 54% and 50% for the SCW DC+
and AC welds respectively. The difference between the
theoretical and measured increase in deposition rates
can be understood in terms of variations in the
reinforcement height and penetration depth.

Effective heat input
Heat input restrictions often apply to the welding of
stainless steels in order to avoid the precipitation of
deleterious phases in the weld metal or HAZ. For
example, a maximum heat input of 2.5 kJ/mm is
normally recommended when welding standard 22%Cr
duplex stainless steel (5). The nominal heat inputs
(Table 1) were in the range of 2.0-2.5 kJ/mm for the
SCW™ passes, thereby approaching the upper
recommended limit for this material.

It has been argued that the “effective heat input” in
cold wire welding is less than the nominal heat input as
part of the energy is used to melt the extra wire and is
therefore not available for melting and heating the
parent material HAZ. Two effects would then be less
penetration and a narrower high-temperature HAZ.
An effect on penetration was indeed observed and a
somewhat smaller face had to be used to avoid
incomplete penetration. The effect on the HAZ was
difficult to assess. However, the somewhat higher weld
metal ferrite content, compared with that normally
expected from experience of similar conventional SAW
procedures, also suggests that the “effective heat input”
is lower for cold wire welding. 

Wire Ø(mm) Heat input Increase in
Wire Cold reduction deposition 
electrode wire factor* rate**

4.0 3.0 0.64 56 %
4.0 2.5 0.72 39 %
4.0 2.0 0.80 25 %
3.2 2.4 0.64 56 %
3.0 2.5 0.59 69 %
3.0 2.0 0.69 44 %
3.0 1.6 0.78 28 %
2.5 2.0 0.61 64 %
2.5 1.6 0.71 40 %

* SCW™ heat input reduction factor: Cf =de2/(de2 + dcw2) 
where: de = diameter of the wire electrode and 

dcw = diameter of the cold wire.
** Increase in deposition rate is calculated as dcw2/de2

Table 6. Heat input reduction factor and increase in
deposition rate. 

A heat input reduction factor has been proposed on
the basis of the relative diameters of the “hot wire” and
the cold wire. Although this is a simplified approach,
experience has shown that this factor produces
satisfactory results when used to design welding
procedures for the SCW welding of C-Mn steel. An
“effective reduced SCW heat input” can therefore be
calculated by multiplying the nominal heat input by the
factor in Equation 2 below.

[2] SCW heat input reduction factor: 
Cf =de2/(de2 + dcw2) 

where: de = diameter of the wire electrode
dcw = diameter of the cold wire.

With a 3.2 mm wire electrode and a 2.4 mm cold wire,
the SCW heat input reduction factor is 0.64 
(Table 6). The range of effective heat inputs for the
duplex SCW welds can then be calculated as 
(0.64 x 2.0) to (0.64x2.5) kJ/mm = 1.3 to 1.6 kJ/mm.
Assuming this approach to be valid, it would be
possible to increase the maximum nominal heat input
to (2.5/0.64) kJ/mm = 3.9 kJ/mm for standard 22%Cr
duplex material. Whether or not this is realistic has to
be verified, but the practical implication is that further
productivity increases are possible.

The high ferrite content in weld X-20 shows that
even higher heat inputs, further increasing productivity,
could be used or might even be preferable when
applying SCW to the welding of duplex stainless steels.
Further tests are needed, however, to determine the
upper and lower heat input limits for different joint
configurations. One interesting implication is that SCW
welding might be particularly suited to highly alloyed
stainless steels such as superduplex and superaustenitics
known to be sensitive to high heat inputs.
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Conclusions
The SCW process offers an opportunity to increase the
deposition rate in submerged arc welding by more than
50%. Good agreement was found between the
theoretical and measured increase in deposition rate in
20 mm plate material.

• Synergic cold wire submerged arc welding (SCW)
has been applied successfully to the welding of
22%Cr duplex 14-22 mm plate material.

• High-quality welds with good mechanical properties
and good corrosion properties were produced in a
highly productive manner.

• No intermetallic phases or significant amounts of
secondary austenite were detected. 

• The smaller penetration and higher ferrite content
than expected from experience of conventional
SAW suggest that the effective heat input is lower in
SCW. An approximate SCW heat input reduction
factor is therefore proposed on the basis of the
electrode and cold wire dimensions.

• SCW is well suited to the welding of stainless steels
and might, as a result of the lower effective heat
input, be particularly well suited to welding grades
sensitive to high heat inputs.
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Welding tramway rails in Bucharest
By: Ben Altemühl, editor of Svetsaren

The Bucharest transport authority (RATB) is facing the important task of
overhauling and extending the city’s tramway rail infrastructure. In all, 100
kilometres of track are in the process of being renewed. ESAB is involved
in the construction of line 41, a completely new section, through its dis-
tributor Scandio S.A., who obtained approval from the RATB to utilise the
enclosed welding process with ESAB consumables.
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Introduction
As in many cities behind the former iron curtain,
Bucharest’s tram lines were constructed during the
communist era. The rail bars were produced in Russia
and were of a poor quality. Over the years, the intensive
use of the lines, in combination with the inferior steel,
caused damage to the rails and repair work was a daily
routine. Repairs were carried out with MMA. They
were, and still are, difficult to perform, because the rails
are sunk in the streets and the  welder’s visibility at the
weld pool is hampered. In addition, welders were often
poorly qualified and had to do the job in weather of all
kinds. It is not difficult to imagine that the current RATB
inherited a railway infrastructure in very poor condition,
with innumerable worn or badly repaired spots. A great

deal of work has since been done by qualified welders
using the appropriate welding procedures to improve the
condition of the tram lines  and the number of break-
downs has declined significantly.  Nevertheless, the need
gradually to modernise the lines in order to arrive at a
permanent solution still remains. 

Line 41 is a completely new section under construc-
tion, with a length of 16 kilometres. It is being built by
CCCF, one of Romania’s largest construction compa-
nies which specialises in the construction of tramways
and railways. The switches, crossings and bends are pre-
fabricated by one of CCCF’s  subcontractors, VAE
Apcarom, whose contract includes connecting the pre-
fabricated parts to the main track.

ESAB’s distributor in Romania, Scandio S.A.,
suggested the use of the enclosed welding method to
VAE Apcarom, for which approval was obtained from
the RATB after having successfully completed the
qualification tests. The actual work is now being done
successfully by welders from the construction branch of
Scandio.


