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The Friction Stir Welding process is
being used for the welding of fuel tanks
in the Boeing Delta space rockets.
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Arc welding was invent-
ed around 100 years ago
and, at least during the
past 50 years, it has
been the main fabrica-
tion method for struc-
tures made of steel and
other metallic materials.
There are several arc
welding processes,
which means that there
are many possible ways
to optimise the welding
operation. With many of
the methods, the me-

chanisation of the pro-
cess is possible and this
can decrease the cost of
welding. With the large
number of consumables
available, the flexibility
required to achieve ap-
propriate properties in
the welded joint is very
high.
The potential for adjusting the
chemical composition of the weld
metal is almost unlimited. By us-
ing different flux systems, welding
characteristics such as drop trans-
fer, arc stability and the fluidity

of the molten metal can be con-
trolled.

However, to maintain profit-
ability, industry must always look
for ways of improving and ration-
alising working processes. As
welding is such a central process
for many fabricators, the welding
operation has been the focal
point for many of the improve-
ments which have been made
over the years. These improve-
ments can be categorised into
three main groups:

developments in design
development of welding pro-
cesses
developments in materials.

Of course, these developments
cannot be seen in isolation but

Challenges for welding consumables 
for the new millennium

by Lars-Erik Svensson and Johan Elvander, Esab AB, Göteborg, Sweden

Figure 1. The relative use of different welding processes, measured in the form of weld metal consumption.
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are interrelated. In order to dis-
cuss possible future develop-
ments, it may, however, be helpful
to make this division.

Design developments fall out-
side the scope of this paper, but it
can be briefly stated that, with
the introduction of high-speed
computers, finite element calcula-
tions of critical details in a struc-
ture have become a standard
tool, helping to optimise the con-
struction significantly. Although
design is traditionally conserva-
tive, due to the major conse-
quences of a failure, there is defi-
nitely a trend towards utilising
materials such as higher strength
steels or aluminium to produce
lighter structures with a high
load-carrying capacity. In this
context, it must be realised that
one of the controlling factors in
design is fatigue, which is a limit-
ing factor for the use of high-
strength steels.

With the development of
mechanised welding, it is more
advantageous to use fillet welding
rather than butt welding. To im-
plement this, the development of
the welding processes took place
primarily from 1930 and onwards.
The most common processes like
submerged arc welding, gas-tung-
sten arc welding and gas-metal
arc welding were all developed
more than 50 years ago. They
have been further refined with
the aid of sophisticated electronic
components in power sources,
elaborate handling devices like
columns and booms and seam
sensors. Many of the methods are
now fully automated. The produc-
tivity of the processes has also
been increased by a number of
modifications. The best example
is probably submerged arc weld-
ing, where productivity can be in-
creased by using multi-wire sys-
tems or by feeding  metal powder
into the weld pool. In gas-metal
arc welding, the use of cored
wires has led to an increase in
productivity. Here, too, modifica-
tions to the process, as in Rapid
Arc and Rapid Melt, have ac-
quired some degree of popularity.

In parallel with the develop-
ments in productivity, consum-
ables have also been developed
to meet new and higher require-

ments. Three different situations
have been encountered;

higher strength and impact
toughness as well as enhanced
corrosions resistance is de-
sired to match the develop-
ment of steel,
higher impact toughness at
lower temperatures is needed
for structures operating in
harsh environments to main-
tain strength and toughness
for welds deposited with high-
er productivity (which gener-
ally means higher heat input
and coarser microstructures).

Arc welding has been estab-
lished for many years as the lead-
ing joining process. In certain ap-
plications, other processes have
acquired increasing popularity. In
the automotive industry in partic-
ular, many other joining process-
es, such as adhesives and laser
welding, have taken over from
traditional arc welding. In most
other circumstances, arc welding
is still the leading process, despite
the fact that many other process-
es have been developed. In recent
years, two other processes, laser
welding and friction stir welding,
have been introduced and devel-
oped to such an extent that they
can be regarded as realistic chal-
lengers to arc welding. The bene-
fits to the user of these processes
are that they are often performed
in just one or two passes, even for
relatively thick material, and that
the distortion of the plates is very
small, resutling in far less work
for rectification. The drawbacks
are the large investment costs and
the need for much closer fit-up of
the plates. In the case of laser
welding, special grades of plate
are needed and, in the case of
friction stir welding, the supple-
mentary equipment for handling
the plates is quite extensive. In
the large research projects that
have been run or are still in pro-
gress and in which  these process-
es are being evaluated, other
drawbacks have also been noted.
The ductility of laser welds is usu-
ally lower than that  found in arc
welds and, due to the very high
cooling rates, martensite is often
formed both in the heat affected
zone and in the weld metal. Fric-
tion stir welding is still very much

more at the development stage
and has only been used commer-
cially for welding aluminium, with
very promising results. It is still
not known whether it will be pos-
sible to use this process for steels
on a larger scale.

Process development
The relative use of different
welding consumable types, meas-
ured in terms of weld metal con-
sumption, for welding structural
steel between 1975 and 1996 is
shown in Figure 1. The figure
shows the development for three
regions: Western Europe, the
USA and Japan.

The use of covered electrodes
has been replaced by methods
producing higher productivity.
MIG/MAG welding, using solid
wires, has captured the largest
market shares. The consumption
of tubular wire was less than 5%
for many years, but, during the
last few years, it has increased
markedly and is now almost 10%.
This consumption is expected to
continue to increase rapidly.

The decrease in the use of cov-
ered electrodes is expected to be
less dramatic in the years to
come, although some further de-
crease can still be foreseen. The
growth of tubular wires will then
be due in part to a change in pro-
cess from covered electrodes, but
it will mainly result from the re-
placement of solid wires with tu-
bular wires.

The major change which is cur-
rently taking place is the increas-
ing use of welding robots and
other forms of mechanisation.
This trend is particularly strong in
countries with high labour costs,
but another, equally important
factor is the difficulty involved in
finding qualified welders who are
willing to perform manual weld-
ing. It has, in fact, been found that
the wear and tear experienced by
welders, especially when welding
with semi-automatic processes,
can be quite high. To address this
situation, two possible methods
can be considered: either fully
mechanise the operation or intro-
duce another method which im-
poses less weight on the welder’s
arms and shoulders. The second
method has sometimes been
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used. One example of this comes
from Norway where, in a particu-
lar application, MMA welding
with high-recovery covered elec-
trodes replaced semi-automatic
welding. It was actually found
that productivity was not reduced
but was instead enhanced. The
lesson to be learned here is that
there are several ways of  achiev-
ing high productivity. High flex-
ibility and a careful analysis of
the different options is most like-
ly to promote the optimum choi-
ce, which will in turn lead to max-
imised productivity.

Environmental questions have
attracted increasing interest in
modern society. The demand for
more environmentally-friendly
operations has been stepped up
— in the welding industry and
other areas. Esab has played an
active part in improving the situ-
ation with regard to the impact
on the environment from many
parts of its operations. Details
about Esab’s environmental ac-
tivities can be found in (1). A
new report describing further im-
provements will be issued in
1999.

The main welding process in
Figure 1 is MIG/MAG welding
with solid wire. This is not sur-
prising, due to the combination of
flexibility, productivity and qual-
ity the method offers. The latest
developments here are related to
the packaging system. For appli-
cations with high duty cycles, the
introduction of Marathon Pac
was a major improvement. Mara-
thon Pac has been further refined
and is now made of recyclable
material. Using a special system,
the wire always comes out
straight, producing extremely low
friction in the wire conduit. With
a new and improved design, 12 m
long wire conduits are used.
When starting, only the free wire
needs to be accelerated, thereby
reducing the wear on the drive
rollers. The straight wire is a ma-
jor benefit in different situations
when the wire has to be posi-
tioned carefully (e.g. welding in
narrow gaps) or when welding in
thin plate, for example. When us-
ing robot welding, joint tracking
is critical and the straight wire
makes this much more accurate.

The most important benefit of
Marathon Pac is, however, the op-
portunity to increase productivity.
The number of bobbin changes is
reduced significantly, repairs and
rejects are reduced and it is pos-
sible to run unmanned shifts dur-
ing the night.

Further improvements on the
packaging side are expected. At
present, Marathon Pac is avail-
able in two sizes. The serial con-
nection of several Marathon
Pacs, to reduce the number of
changes, has also been tested
with promising results.

The most important factor for
a fabricator using robotic welding
is that the robot can run continu-
ously. This in turn leads to re-
quirements being imposed on the
equipment and consumables, to-
gether with high and consistent
quality to create the conditions
necessary for problem-free oper-
ation.

For the wires at a robot weld-
ing station, feedability and ease
of arc striking are essential prop-
erties. The new robotic wire,
PZ6105R, from Filarc is one ex-
ample of this development.

Most robots are designed for
solid wires, but they can be chan-
ged  relatively simply to cored
wires and the different parameter
settings that are needed. The ad-
vantages of metal cored wires
compared with solid wires are
the higher welding speeds that
can be attained, the improvement
in penetration and the reduction
in spatter.

As soon as a robot is installed,
the handling time is more or less
constant, independent of the
choice of process. So, the only
way to increase productivity still
further is to increase the welding
speed (e.g. use of cored wires).
The higher and broader penetra-
tion in fillet welds produces a
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larger safety margin for the con-
struction and the opportunity for
wider tolerances in the fit-up.
There are also discussions about
whether it is possible to take ac-
count of the penetration when
calculating the throat thickness.
This would add a further benefit
to the cored-wire process and
would also be a significant cost-
reduction factor. Another impor-
tant factor is the bead shape,
which is much smoother for the
cored-wire process. The transition
between the weld metal and the
base material is also much
smoother with cored wires, some-
thing that is very important for
constructions subjected to fluctu-
ating loads. The low spatter re-
duces the need for post-cleaning
to a minimum, thereby enabling
welded parts to be immediately
transported to the next link in
the manufacturing chain.

There are some further devel-
opment in the MAG process
(twin-arc MAG and tandem
MAG) which may be of signifi-
cant interest for the future. In
twin-arc MAG, two wires are fed
into the same torch and connect-
ed to a sophisticated power sour-
ce. The wires have the same volt-
age, but different feeding rates.
By pulsing, disturbances between
the arcs are avoided. This process
produces extremely high deposi-
tion rates. The process has also
been tested with metal cored
wires (PZ 6105R and OK Tubrod
14.13) with good results.

Submerged arc welding has
had a fairly stable share of the
market over the years. It is a
high-productivity process and the
applications are therefore often
associated with heavy industry. A
number of improvements have
been made for even higher pro-
ductivity, such as increasing the
number of welding wires. One
relatively new development in-
volves using a tubular wire in-
stead of a solid wire. This increas-
es the deposition rate, improves
the penetration profile and
makes the adaptation of chemical
composition much easier. The
process is now being further op-
timised, with the joint develop-
ment of the cored wire and the
flux, to provide a better process.
One further example of develop-

ment within this field is the use
of a cold wire, which is fed separ-
ately but in synchronised form,
into the weld pool. This feature
both increases productivity sig-
nificantly and helps to cool the
weld, thereby preventing exces-
sive grain growth. A patent for
this process has now been filed
by Esab.

In the future, it is expected
that, in the case of assembly
welding, especially for heavy
equipment, covered electrodes
will still be used. The use of tubu-
lar wires will increase significant-
ly, especially in Europe. Tubular
wires will replace covered elec-
trodes, as well as solid wires to
some extent. The main develop-
ments will be seen in tubular and
solid wires, particularly in con-
nection with mechanised welding.
For the technically most ad-
vanced fabricators, sophisticated
methods like laser welding will
be introduced. For fabricators
who cannot invest the very large
amount of money required for la-
sers, advanced methods like twin-
arc MIG, which is still based on
relatively conventional power
sources, but with advanced soft-
ware, could be one possible way
of increasing productivity. How-
ever, the majority of fabricators
are small and medium-sized en-
terprises and, as a result, conven-
tional welding methods will still
be used. Productivity will then be
obtained from using more effi-
cient consumables.

Developments in struc-
tural steel
The large advance in terms of the
weldability of structural steels
came with the introduction of the
thermo-mechanically (TM) pro-
cessed steels at the beginning of
the 1980s. Compared with the tra-
ditional normalised steels, the
new steels had a much leaner
composition, for the same yield
strength. The carbon content in
particular was reduced and the
strength was obtained from finer
grain size and increased disloca-
tion density. Sometimes, acceler-
ated cooling was used, adding ex-
tra strength as the steel trans-
formed to bainite rather than fer-
rite.

In addition to the lower carbon
content, the quality of the steels
was improved significantly by a
reduction in the impurity element
(sulphur and phosphorus) con-
tent.

It is difficult to envisage a simi-
lar major development in steels in
the near future. Slow and contin-
uous improvements will probably
be made to TM steels — in terms
of their impact properties, for ex-
ample — and they may find new
applications, but, as there will
probably be no major changes,
there will be no need to make
any significant changes to the
consumables used for welding
these steels.

In the new European standard
EN 10 113-3, TM steels with yield
strengths of up to 460 MPa are
specified. TM steels can now be
produced at many steelworks.
What might differ between sup-
pliers is the combination of plate
thickness and yield strength that
can be delivered. Many of the
steels supplied with yield
strengths of up to approximately
500 MPa are made using the TM
process. For the highest strength
levels in this range, the produc-
tion process is determined by the
plate thickness. For thinner pla-
tes, the TM process can be used,
but for heavier plates it is neces-
sary to use quenching and tem-
pering to obtain the properties.
Above approximately 500 MPa,
all steels are of the QT type.
These steels are also of high qual-
ity, with a low impurity content
and good weldability. However,
with increasing strength levels
and increased thickness, more al-
loying is needed, making preheat-
ing necessary.

A trend that has continued for
some years involves using steels
of higher strength. The advantage
of this is obvious; structures can
be made with thinner plates, re-
ducing the weight and thereby
improving the opportunity for
higher loads. It should be noted
that there are situations in which
a structure cannot take advantage
of thinner plates, such as when
buckling, stiffness or fatigue
strength is the design criterion.

High-strength steels are com-
monly defined as steels with a
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yield strength of more than 350
MPa.These steels now have found
their way into many areas of con-
struction. In several new spectac-
ular bridge constructions, TM
steels with yield strengths of 420
or 460 MPa have been used. One
example is the Great Belt bridge
in Denmark which was built dur-
ing the mid-1990s and recently
went into operation. Part of the
bridge is made in the form of a
steel suspension bridge, using
some 80,000 tonnes of steel. Half
this amount is accounted for by
TM steels, with a yield strength of
420 MPa. Details of the building
of this bridge are presented in
(2).

Another example from the
bridge sector, in which a very
high-strength QT steel is used, is
the world’s largest suspension
bridge, the 1,990 m long Akashi
bridge in Japan. The construction
of this bridge was completed in
1997 and the bridge is now in op-
eration. In the box girders of this
bridge (comprising hundreds of
tonnes of the steel), a very high-
strength steel, HT780, with a yield
strength of more than 780 MPa
was used. It is particularly inter-
esting to note that this steel only
needed less than 50°C of preheat-
ing, despite its high strength, due
to the elaborate alloying tech-
nique, combined with the quench-
ing and tempering technique (3).

Examples of applications for
high-strength steels with yield
strengths of up to around 500
MPa include standard structural
steelworks, excavator equipment,
pipelines, cranes, roof support in
mines and, of course, offshore
constructions.

Steels of higher strength such
as 690 MPa are used for trailers
for heavy haulage work, cranes

with a high lifting capacity, dump-
er bodies and so on. For steels
with even higher strength (900
MPa and above), typical applica-
tions include penstocks, conveyor
systems and mobile bridges.

For steels with a yield strength
of 350-450 MPa, there are usually
very few welding problems. The
problems that can arise here in-
clude low toughness in the weld
metals, often associated with in-
creased nitrogen content, due to
the use of too long an arc. If low-
hydrogen consumables are used,
hydrogen cracking is very rarely a
problem. If it arises, it is related
to the welding of heavy plates.
Solidification cracking may occur
in very special circumstances, but
it should generally pose no prob-
lems. Impact toughness in high-
dilution welds, such as one-sided
welding with only one bead, can
sometimes be low. This is, howev-
er, often due to some incompat-
ibility between the base metal
and the consumable.

It is not until steels with a yield
strength of 600 MPa or above are
used that welding may become
somewhat problematic and re-
quire more caution. The steels are
used in demanding applications,
requiring good toughness at low
temperatures in many cases. In
this case, two problems may oc-
cur. The first involves finding a
weld metal with a yield strength
higher than that of the steel and
at the same time possessing good
impact toughness. There are an
increasing number of consum-
ables with these properties, but
there may still be problems when
it comes to combining high pro-
ductivity and good mechanical
properties. This is discussed in
more detail in the paper by L-E
Svensson in this issue.

The second problem is related
to hydrogen cracking. With the
steel developments that have tak-
en place, including a lean alloying
content, the weldability of the
steels has been increased. In par-
ticular, the need for preheating
has been reduced dramatically.
This is especially true of steels of
lower strength, such as 350–500
MPa steels. For these steels, the
weld metals are also lean in alloy-
ing content and do not require
preheating. However, when it
comes to the high-strength steels,
the situation is more complicated.
The only way to increase the
strength of these weld metals is to
increase alloying. The advanced
processing routes used for the
steels can naturally not be ap-
plied to the weld metal. So, in a
situation in which there is less
hardenability in the HAZ than in
the weld metal, there may be sev-
eral reasons why hydrogen crack-
ing would be more likely to occur
in the weld metal. Preheating
must then be prescribed to pro-
tect the weld metal rather than
the HAZ of the parent plate. This
is a somewhat new situation and,
although fabricators have learnt
how to handle it, there is a lack of
fundamental knowledge about
weld metal hydrogen cracking
which must be remedied.

One solution that might appear
to an attractive means of resolv-
ing this situation is a further re-
duction in hydrogen content from
the consumables. Developments
in which the hydrogen content of
the weld metals has been reduced
have already been in progress for
many years. As was noted in a
previous paper (4), hydrogen con-
tents as specified in Table 1 have
been obtained as a result of in-
tensive research and develop-
ment during the past decade.

There are several reasons for
believing that the rate at which
this downward trend will contin-
ue will be slower in the future
than it has been in the past. It will
be increasingly difficult to make
further reductions from the very
low levels that have already been
achieved. The hydrogen content
can be reduced by a number of
measures. Unfortunately, these
changes often tend to have a neg-
ative effect on other properties,

Consumable type Hydrogen content Comments
(ml/100 g weld metal)

Basic covered electrodes 5 3 ml for special types

Tubular wires,
basic or metal cored < 5

Tubular wires, rutile < 10 often < 5

Submerged arc fluxes < 5

Table 1. Hydrogen content of different consumables.
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such as welding characteristics.
So, a further reduction in hydro-
gen will lead to consumables
which are less attractive to the
welder. This factor has to be tak-
en seriously and evaluated
against the benefits of a further
reduction in the hydrogen con-
tent. Another important factor is
how accurately the measurement
of hydrogen content can be made.
Investigations have shown that
the error is around 0.5–1.0 ml/100
g weld metal for the gas chroma-
tography method. The relative er-
ror at, say, 2 ml hydrogen/100 g
weld metal is then 25-50%. It
must be noted here that the large
errors are not due to the analyti-
cal equipment but instead to vari-
ations in the specimen prepara-
tion phase.

Apart from hydrogen stemming
from the consumable, there are
other sources of hydrogen, such as
the surrounding atmosphere, the
base material or dirt and oil on
the plate and joint surfaces.

So, the amount of hydrogen in
the weld pool can differ from the
hydrogen content specified by the
electrode manufacturer. Natural-
ly, the hydrogen content of the
consumable is also affected by
the possible moisture absorption.
Although low moisture absorp-
tion electrodes have been devel-
oped, some absorption always
takes place. This can be avoided
by using vapour-tight packaging,
like Esab’s VacPac. In this kind of
packaging, the electrodes are
kept in the same condition as
when they were manufactured
until the package is opened.

To benefit fully from the devel-
opment of steels, to increase pro-

ductivity during welding, system-
atic investigations need to be
made, partly to be able better to
define the preheating necessary
for safe welding, but also in order
possibly to develop the weld met-
als still  further with the aim of
making them crack-resistant whi-
le maintaining the mechanical
properties.

Developments in heat-
resistant steels
The steels which are traditionally
used for high-temperature appli-
cations within the petrochemical
industry or the power generating
industry can broadly be classified
into two groups. One group, spec-
ified in EN 10 028-2 Steels for
pressure purposes, with specified
elevated temperature properties,
contains those steels commonly
found in high-temperature power
plants. In this standard, there are
first four unalloyed quality steels,
with a yield strength varying from
235 to 355 MPa. The properties of
these steels are specified up to
400°C. For use at higher tempera-
tures, steels alloyed with molyb-
denum and chromium are used.
The simplest steel is only alloyed
with about 0.3% molybdenum.
The most common steels are al-
loyed with either 1.25Cr-0.5Mo or
2.25Cr-1Mo. These steels have
their tensile properties specified
up to 500°C. The maximum oper-
ating temperature is 565°C. The
creep properties, given as refer-
ence in the standard, are specified
up to 600°C for a 2.25Cr-1Mo
steel (10 CrMo 9-10).

There are a number of sugges-
tions on how to modify the

2.25Cr-1Mo steel in particular.
The most frequent suggestions
are to increase the chromium
content, so that the typical com-
position would be 3Cr-1Mo in-
stead, and to add vanadium. The
addition of vanadium increases
the high-temperature strength ef-
fiectively, but the cracking risk in
the HAZ is increased.

Consumables for welding these
steels have much the same com-
position as the parent material.
The microalloying elements vana-
dium and niobium are on a lower
level than they are in the steel,
thereby reducing the creep
strength of the weld metals some-
what. Since the microstructure of
the weld metal is bainitic, the
prior austenite grain boundaries
are preserved and may be a sour-
ce of embrittlement. In general,
the welded joint is annealed after
welding, to improve toughness
and reduce residual stresses. In
common with other similar mi-
crostructures, the weld metals can
suffer from two types of embrit-
tlement. During annealing, which
typically takes place at 690°C,
carbides can precipitate on the
prior austenite grain boundaries
and this can lead to lower tough-
ness. This is called irreversible
embrittlement, as it is difficult to
remove the carbides. At lower
temperatures, typically 400-500°C,
reversible embrittlement may oc-
cur. This is due to the segregation
of impurity elements, like phos-
phorus, to the prior austenite
grain boundaries. This process
may take place either during slow
cooling through the critical tem-
perature regime or if the con-
struction is operating at this tem-
perature, as is common in the
process industry, for example.

To prevent reversible embrit-
tlement, it is important that the
phosphorus content is reduced to
the absolute minimum. The de-
gree of segregation and embrittle-
ment is also influenced by other
elements and formulae have been
developed to help control the
permissible content of various
elements. The best-known of the-
se formulae is the Bruscato X-
factor (5).

For more demanding applica-
tions, steels with higher alloying
contents are used. The steel with

Alloy Minimum preheating Max interpass Post-weld
temperature °(C) temperature °(C) heat treatment (°C)

0.5 Mo 75 250 600-650
(t > 15 mm) (t > 30 mm)

1Cr-0.5 Mo 100 300 650-750
(t > 15 mm) (all thickness)

2.25Cr-1Mo 200 350 700-750
(t > 15 mm) (all thickness)

9Cr-1 Mo 200 350 700-770
(all thickness) (all thickness)

12Cr-1Mo 350 450 intercooling to 125-150
(all thickness) PWHT 700-770

Table 2 Preheating, interpass and post-weld heat treatment temperatures for Cr-Mo
steels. Based on draft for standard “Welding of ferritic steels”.
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the highest alloying content in
this group is 12Cr-1Mo steel.
However, most interest in recent
years has focused on steels with
about 9% chromium-1% molyb-
denum, where large-scale devel-
opments have taken place.

About 20 years ago, work be-
gan in the US on the develop-
ment of a steel of the 9Cr-1Mo
type, with high-temperature char-
acteristics like those of a 12Cr-
1Mo steel but far better weldabil-
ity. Another aim was to be able to
increase the operating tempera-
ture of power plants to around
600°C, thereby significantly in-
creasing efficiency. The modifica-
tion from the original 9Cr-1Mo
steel lies primarily in the addition
of vanadium, niobium and nitro-
gen. This modified steel has al-
ready found a number of applica-
tions, mainly in the form of pipes.

Developments in this field are
rapid. There are suggestions for
new steel compositions, like 9Cr-
2Mo, or to replace molybdenum
with tungsten. The aim here is

further to improve the creep
properties. These developments
will call for the further develop-
ment of weld metals. It is expect-
ed that, if the 9Cr type of steel
continues to increase, by being
used in the petrochemical indus-
try, for example, this will be one
of the most intensive and inter-
esting area of materials develop-
ment in the years to come.

The weldability of Cr-Mo steels
is limited and weldability deteri-
orates as the alloying content in-
creases. Preheating and post-weld
heat treatment are required to
varying degrees for many of the
steels. A summary of the recom-
mendations for welding these
steels is given in Table 2. For all
steels, consumables with matching
properties (and often very similar
chemistry) exist, for all the com-
mon processes. Note that 12Cr-
1Mo is an exception. This alloy is
not welded using high-productivi-
ty methods. However, consum-
ables for welding 9Cr-1Mo modi-
fied steels are still being devel-

oped. Some of the characteristics
of these weld metals are detailed
in the paper by E-L Bergqvist in
this issue.

Developments in stain-
less steel
The use of stainless steels has
been increasing worldwide for a
long time and this trend is expect-
ed to continue. Apart from the
common grades, significant devel-
opments have taken place when it
comes to new grades with im-
proved characteristics (see Table
3). Ferritic-austenitic duplex and
superduplex, as well as superaus-
tenitic steel, have been devel-
oped. One of the important driv-
ing forces behind the develop-
ment of new stainless steel has
been the need to improve charac-
teristics in chloride-containing
environments. This harsh environ-
ment gives rise to both pitting
and stress corrosion cracking.

These types are now being
used in increasing tonnages in the
oil and gas industry, in the pulp
and paper industry, in other types
of process industry and in appli-
cations such as chemical tankers,
for example.

Information about some auste-
nitic, duplex, superduplex and
superaustenitic steels is given in
Table 3.

The welding of stainless steel is
well established and a range of
consumables suitable for all the
common welding processes is
available.

There is a fairly extensive range
of consumables for welding du-
plex steels using all the different
welding processes. Representative
examples are given in Table 4. At
the present time, it appears that
the development of the family of
duplex steels has slowed down
and that modifications are being
made to existing types rather than
developing new steels. The use of
duplex and super-duplex steels
can be expected to increase stead-
ily in the years to come.

Duplex materials are especially
suitable in environments where
there is a risk of stress corrosion
cracking — in other words, envi-
ronments which frequently con-
tain chloride. Even the highest-
alloyed duplex steels are, howev-

Steel type Chemical composition (%) Tensile PRE
properties  
(N/mm2)

C Cr Ni Mo N Others Rp0.2 Rm *)

Austenitics
ASTM 304L 0.02 18.5 9.5 - - 205 520 19
ASTM 316L 0.02 17.0 11.5 2.7 - 205 500 27
UNS NO8904 0.01 20.0 25.0 4.5 - Cu 220 500 36

Super-austenitics
UNS S31254 0.01 20.0 18.0 6.2 0.20 Cu 300 650 43
UNS S32654 0.01 24.2 17.9 7.2 0.45 Cu 430 750 55

Duplex
UNS S31803/
S32205 0.02 22 5.5 3.0 0.18 480 680 35

Superduplex
UNS S32750 0.02 25 7.0 4.0 0.28 540 780 42

*)  PRE  = %Cr + 3.3%Mo + 16%N 

Consumables Weld metal chemical Tensile FN PRE Impact 
composition (%) properties toughness

(N/mm2) –60°C (J)

C Cr Ni Mo N Rp0.2 Rm

OK 67.55 0.03 22.0 9.0 3 0.17 645 800 30-45 35 65
OK 68.55 0.03 25.5 9.5 4 0.25 700 900 30-50 43 45

Table 3. Examples of stainless steels, with typical compositions and properties.

Table 4 Duplex weld metals for MMA. The composition of the weld metals is
representative of other welding processes as well.
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er, susceptible to crevice corro-
sion in certain conditions (higher
temperatures, de-aerated water,
very high chloride content). To
withstand seawater environments,
like the North Sea, with a chlo-
ride content of around 21,000
ppm, the steels need to be im-
proved still further.

Alongside the development of
the duplex and super-duplex, a
family of steels, known as super-
austenitic steels, was developed.
Some examples of these steels are
given in Table 3. In typical cases,
they contain around 20% chromi-
um, 18% nickel, 6% molybdenum
and 0.2% nitrogen. Chromium
and molybdenum produce excel-
lent corrosion characteristics, whi-
le nitrogen stabilises the austenite
and reduces the risk of sigma
phase formation during welding.
The advantage of these steels is
that they have better ductility and
impact strength than the duplex
and super-duplex steels. The yield
stress of super-austenitic steels is,
however, lower than that of du-
plex steels (of the order of 350
MPa). The corrosion resistance of
these super-austenitic steels is
more or less the same as that of
the super-duplex steels, as is
shown by the similar PRE values
(Table 3).

In order to comply with ex-
tremely rigorous corrosion re-
quirements, the super-austenitic
steels have been improved still
further. Examples of steels with
higher PRE values include Alloy
31 from VDM and 654 SMO from
AvestaSheffield. These materials
are generally included among
stainless steels, but they are
sometimes on the borderline of
nickel-based alloys.

Super-austenitic steels are not
welded with consumables of the
same type, as it is not possible to
obtain sufficiently high PRE val-
ues with these weld metals. The
principal problems are caused by
the molybdenum content. Molyb-
denum segregates heavily during
solidification and the areas which
are poor in molybdenum have a
far lower PRE value than the
parent metal. Nor is it possible to
compensate for the molybdenum
with other alloying elements, as
this leads to a significant risk of

intermetallic phase precipitation.
Consumables of the nickel-base
type are used to weld these steels.
The most common type is Ni-
21Cr 9 Mo 3 Nb, which is used for
most welding processes. Potential
problems with this composition
are hot cracking and the precipi-
tation of intermetallic phases. To
avoid this, a low heat input and
low interpass temperature should
be used and dilution should be
restricted. A better choice may be
to use the recently developed al-
loy Ni-23 Cr 16 Mo instead (6).

Very recently, the development
of stainless steels for offshore ac-
tivities has taken a different rou-
te. For cost-saving reasons, and
due to increasing experience of
the corrosion potential of the me-
dia that are transported, there is
an initiative to develop so-called
super-martensitic steels and weld
metals. These steels, which have a
range of composition of around
10-13 % Cr, 2-4% Ni and 0-6%
Mo, all with an extremely low
carbon content, are now the sub-
ject of intensive research and de-
velopment programmes. More in-
formation on these steels is pre-
sented in the paper by L Karlsson
in this issue.

Another trend that has emer-
ged relatively recently is the at-
tempt to improve the weldability
of steels at the lower end of the
stainless steel range, namely steel
with a chrome content of around
10-12 %. These steels are interest-
ing for use in the transport sector.

The most popular method for
welding stainless steel is manual
metal arc, followed by MIG using
solid wires. However, with solid
wires, there is a greater risk of
weld defects, such as lack of fu-
sion. Cored wires, which have re-
cently been developed for many
of the common stainless steel gra-
des, improve this situation signifi-
cantly. Productivity is enhanced
by about 30% and spatter is sig-
nificantly reduced. Cored wires
have been developed for both
downhand and out of position
welding.

Developments in 
aluminium
Aluminium is finding more wide-
spread use in most engineering

structure segments. The new high-
speed ferries for Stena Line bet-
ween Sweden and Denmark and
across the Irish Sea are good ex-
amples of the way aluminium is
being utilised to obtain a lighter
weight to permit either a higher
load-carrying capacity or faster
speeds. However, the use of alu-
minium has also made it neces-
sary to redesign the ferry con-
struction.

The advantages of aluminium
as an engineering metal are obvi-
ous; it is a light and yet compara-
tively strong material, with rela-
tively good corrosion. It is also
environmentally-friendly, in that
it is recyclable. There are also
some drawbacks to aluminium;
the lower Young’s modulus
makes it less stiff, the high ther-
mal expansion coefficient induces
handling problems during weld-
ing and straightening operations
and large amounts of energy are
required for the production of
raw aluminium.

The drawbacks to aluminium
mentioned above, combined with
other things, like the loss of
strength in the heat affected zone
during welding, are making de-
sign and fabrication in aluminium
different from that in steel.

The difference compared with
steel can be clearly seen when
welding aluminium. At present,
the principal technical problems
associated with the welding of al-
uminium are

solidification cracks in the
weld metal
liquation cracks in the heat af-
fected zone
pore formation and
strength reduction in the heat
affected zone

Both solidification and liqua-
tion cracks are thought to be due
in the main to the occurrence of
intermetallic phases with a low-
melting temperature at the grain
boundaries. Alloys with a wide
solidification range are the most
susceptible to cracking. This
means that it is the hardenable
alloys, to which zinc or copper
have been added, which are most
susceptible to cracking. Some al-
loys also contain lead, thereby
increasing the risk of cracking.
Solidification cracks can be
avoided by selecting silicon-
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alloyed consumables. It has also
been demonstrated that silicon-
alloyed consumables reduce the
risk of liquation cracks in hard-
enable Al-Mg-Si alloys, probably
because the solidification tem-
perature of the weld metal is
lower than that of the parent
metal and any cracks therefore
have time to heal before stress is
created across the joint. In the
solid-solution strengthening al-
loys, mainly alloyed with magne-
sium, it is those with a low mag-
nesium content that are the most
susceptible to cracking. Howev-
er, many alloys, in particular the
non-hardnable ones, but also the
hardenable magnesium-silicon
alloys, have very good weldabil-
ity.

Pores in aluminium welds are
usually caused by hydrogen from
moisture. There is a very great
difference in the solubility of hy-
drogen between the molten and
the solid state. So, when solidifi-
cation of the weld metal occurs,
there is large supersaturation of
hydrogen. The hydrogen is then
precipitated as pores. To keep the
pore formation to a minimum,
the hydrogen content must be
minimised. All sources of hydro-
gen (i.e. the shielding gas, parent
metal and consumables) must be
closely controlled. Recent investi-
gations (7) have shown that the
material in the gas hoses has a
major influence on the moisture
content. Hoses made from PVC
or rubber give off moisture in lar-
ge quantities and must be flushed
with gas for perhaps 10 minutes
after they have been idle for
some time. Hoses made from PE
or PTFE have a much lower
moisture pick-up and the time for
flushing can consequently be re-
duced.

Higher heat input is another
way to improve the situation, as it
gives the hydrogen longer to
move out of the weld pool. How-
ever, despite these actions, it is
difficult completely to suppress
pore formation.

The reduction in strength
around a weld in aluminium al-
loys is inevitable, except for alloys
in the untreated or room-tempe-
rature-aged condition. This loss of
strength is due to recovery and
recrystallisation in deformation-

hardened alloys and precipitation
coarsening and dissolution in age-
hardened alloys. To compensate
for the strength reduction, several
strategies are used. Most fre-
quently, welds are placed in low
stress areas. Other methods in-
clude locally increasing the thick-
ness of material. Heat-treatable
alloys can, in principle, be given
renewed heat treatment (solution
treatment and ageing) to restore
these properties, but this ap-
proach naturally involves many
practical difficulties.

Aluminium is almost exclusive-
ly welded using MIG or TIG.
There is a wide range of consum-
ables for welding aluminium, ei-
ther pure aluminium or solid
solution-hardened alloys. The
welding wires are mainly alloyed
with magnesium or, in the case of
certain alloys, silicon. Modifica-
tions to the Al-Mg-system are
made by adding manganese in
varying amounts, to increase the
strength still further.

The addition of titanium or zir-
conium, to act as grain refiners, is
also quite common. However, the
development of new alloys for
welding wires is relatively slow,
probably reflecting the demand
from the market.

Conclusions
The most important trends when
it comes to materials develop-
ment and which will challenge the
development of consumables are:

improved productivity for
commonly used steels
increased use of steel with im-
proved properties

For consumables, future develop-
ments will focus on

tubular wires, for both structu-
ral and stainless steels
new consumables with im-
proved high-temperature
characteristics
new consumables with im-
proved corrosion properties
the development of consum-
ables with an even lower hy-
drogen content, but also an
improved understanding of
weld metal hydrogen cracking
mechanisms

On the process side, the following
trends are anticipated:

high-productivity systems
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Close to 10 years of re-
search and development
are culminating in the
first industrial product
in the shape of the
THOR ArcWeld pro-
duction system, a system
for the automatic pro-
gramming of welding 
robots, integrating the
entire process from the
import of CAD data to
the execution of robot
programs.
During the past year, the R&D
company AMROSE A/S in
Odense in Denmark has been
collaborating with Ib Andresen
Industri A/S in Langeskov in
Denmark in the EU project
known as TOMATO. The aim of

the project has been to transfer
the advanced robot technology
(developed by AMROSE in close
collaboration with Odense Steel
Shipyard Ltd.) to other metal in-
dustries.

The first working prototype of
a robotic production system con-
trolled by AMROSE technology
was successfully built and in-
stalled at Odense Steel Shipyard
Ltd. in 1994–95 and it is still being
used in the daily production of
ship assemblies.

The TOMATO project has fo-
cused on developing the user
interface and adapting the techni-
cal functionalities in order to en-
sure that the system meets the
demands imposed by companies
in the metal industry for a flex-
ible production system.

An internal demonstration of
THOR ArcWeld at Ib Andresen
Industri was scheduled for the

end of 1998 and AMROSE will
be ready to introduce the system
to the rest of the industry during
the first half of 1999.

The robot works 
continually
The joint venture between the
two companies in the TOMATO
project has resulted in the iden-
tification of a series of technical
success criteria for the introduc-
tion of THOR ArcWeld at a man-
ufacturing company.

The immediate advantage of
off-line programming is that the
robot can keep working, while
the programming is handled on
office computers.

With CAD data as the starting
point, it is possible to generate a
geometrical model of a work cell
and workpiece. Subsequently, a
collision-free trajectory is calcu-
lated for the welding robot in in-

by Charlotte Hybschmann Jacobsen and Michael Wehner Rasmussen,
AMROSE A/S, Denmark

From prototype to integrated 
production system

Robot arc welding of industrial mixer at Ib Andresen Industri.
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tegration with the workpiece ma-
nipulator.

The fact that the programming
itself does not demand valuable
on-line time makes the robot-wel-
ding of small series profitable.
Using sensory equipment, real-
time corrections can be made to
the welding process, thereby en-
suring high weld quality which in
turn reduces the post-processing
time.

Finally, costs are minimized for
expensive precision fixtures which
are only made to compensate for
the traditional inability of robots
to compensate for the incorrect
position of the weld groove.

Customer’s own system
The system has been developed
with a view to incorporating it in
the customer’s daily production
flow; from the construction de-
partment to the shop floor.

It is important that the system
requires as little individual adap-
tation as possible—which is also
the case when it comes to the
interface with the customer’s
CAD and robot systems. The cus-
tomer must be able to continue
using his own CAD system for
the design of the workpieces
which are going to be welded. At
the same time, THOR ArcWeld
generates robot programs directly
for the robot system, which the
customer then uses in production.

The program is modular in de-
sign and has an internal language
for application development
which ensures very simple adap-
tation to different customers and
applications. The system is de-
signed in such a way that it can
work with workpiece models
from 90% of all “mid-range”
CAD systems. In the same way,
the system makes it possible to
generate robot programs for dif-
ferent robot controllers (e.g. MO-
TOMAN, CONOSS and HIRO-
BO).

Joint, seam and run
THOR ArcWeld covers the entire
cycle of operations for a work-
piece — from 3D CAD drawings
(which are imported into the sys-
tem) to complete robot programs
which are executed through a sys-
tem-integrated computer on the

shop floor. THOR ArcWeld also
contains instructions for the robot
operator to mount workpiece
parts during the production pro-
cess, for example.

In THOR ArcWeld, any given
weld is split up into its individual
elements: joint, seam and run.

Using these elements ensures
the greatest possible control of
the automation process. This re-
sults in maximum flexibility in the
adjustment of welding require-
ments to different workpiece
types. From heavy workpieces,
such as a car lifting platform,
which demand weld seams with
high durability, to workpieces,
such as industrial mixers, which
demand visually high weld qual-
ity. Using the CAD model as the
starting point, THOR ArcWeld
automatically identifies the fol-
lowing three basic elements of
the welds:

Joints between plates
Seams which are placed on
the joints
Runs which make up the
seams

The automatic process which
takes the workpiece from one
step to another is based on custo-
mer-defined rules which can sub-
sequently be modified and adapt-
ed as required.

Between each step of the auto-
matic process, it is possible manu-
ally to adjust data and thereby
deviate from the set rules.

The user operates in a graphi-
cal environment which displays
the workpiece, the robot and the
work cell, plus any positioners
and fixtures. The user can contin-
uously monitor the automatic
process in the graphical window
and is able at all times to inter-
vene with data adjustments.

The real world
On the basis of actual working
procedures at IAI, the following
case illustrates the facilities of
THOR ArcWeld.

The company receives an order
for a number of items. Each item
consists of both robot-welded pla-
tes and plates which must be bent
before being welded onto the al-
ready welded parts of the item.

The construction department
draws the particular workpiece in
a 3D CAD program, whereafter
geometrical data is imported into
THOR ArcWeld.

The CAD model is enriched by
welding data which is indepen-
dent from the place and method
of production (i.e. whether the
workpiece is welded manually or
by a robot).

A so-called assembly tree is
built. The assembly tree specifies
the order of assembly for the var-
ious parts of the workpiece.

The user specifies joints be-
tween plates; seams and runs are
then generated automatically.

The interaction of THOR 

A view of the virtual robot work cell in THOR ArcWeld.
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ArcWeld with a customer-adapt-
ed process database may have
specified that outer corner joints
should be welded vertically, if
possible. From this information,
the program calculates how the
positioner must move the work-
piece between welding jobs with
respect to the overall welding
process.

Anchor points are specified.
These must be taken into account
before the welding process is in-
itiated. The anchor points are
subsequently converted into
robot-controlled sensings.

It is possible to enter notes
which can be read on the shop
floor. An example of this is a note
specifying that one in every ten of
a certain type of weld must
undergo quality control. This
message will then appear on the
computer screen on the shop
floor after every tenth execution
of the welding program.

Further work with the work-
piece is then transferred to the
robot programmer.

The work cell in which the
workpiece is going to be welded
is then chosen. Apart from a ro-
bot and its environment, the work
cell also consists of a manipulator
and a fixture.

A task tree must be set up. As
opposed to the assembly tree,
the job graph reflects the order
and type of tasks to be executed
on the workpiece on the shop
floor. The jobs which make up
the job graph are very varied:
from robot welding and sensing
to messages to the work-cell op-

erator about the placement of
workpiece parts and performing
quality control.

In principle, THOR ArcWeld
can automatically translate the
list of weld seams into a complete
robot program, but, in reality,
some manual adjustment of the
automatically generated data is
required.

When the robot programmer is
satisfied, he releases the program.
The workcell operator can now
download the program to the
robot controller.

Before the robot is activated, it
is possible to play back the simula-
tion and thereby obtain a compre-
hensive view of the entire process.

The workpiece is mounted as
specified on the computer screen
and the robot program is started.

There is direct interaction bet-
ween the system and the robot
during the entire production pro-
cess.

The robot operator monitors
the messages on his screen and
the robot automatically stops
when a new workpiece part needs
to be placed in the positioner.
The robot does not start again
until it is actively re-started.

Later versions will include a
report tool in which various sta-
tistical data, such as the number
of workpieces and welded metres,
the welding speed and the num-
ber of stops, will be collected and
presented in a report.

The maths inside
A non-traditional mathematical
approach, combined with inspi-

ration from the latest research
results in the field of Artificial
Potential methods, led the AM-
ROSE team to create a new and
highly-efficient robotics con-
cept.

This new robotics concept in-
cludes mathematical techniques
from the field of molecular dy-
namics. In this case, mathematical
models enable the computation
of the motion of atoms and mole-
cules under the influence of at-
tractive and repulsive forces.

Tweaking the formalism a lit-
tle, the scientists turned the forces
acting between atoms in nature
into artificial forces, in a comput-
er model which actively control
the movements of robots.

The artificial forces are chosen
to encourage the robot to move
towards its target area and there
perform its task (e.g. weld), while
at the same time avoiding colli-
sions between the robot, the
workpiece and the surroundings.
The attractive forces can be visu-
alised as rubber bands that drag
the robot towards its goal. In the
same way, the repulsive forces
can be seen as springs that push
the robot away from obstacles in
the environment.

Artificial forces are not fully
adequate when high-precision
control over the robot  tool is
needed. In the THOR motion
computations, the tool centre
point is tied to a frame of refer-
ence that moves according to the
specifications of the task. In this
way, the tool is dragged along by
the moving frame with the exact
required (high-precision) motion.
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Principles from molecular dynamics are used to generate robot motion.
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Factorías Vulcano S.A,
Vigo, is a medium size ship-
yard in the north of Spain
producing an extensive
range of civil and maritime
products, including chemi-
cal carriers in both carbon
and duplex stainless steel.
Currently, the yard is final-
ising the construction of
The Primo, a duplex chemi-
cal tanker for the Swedish
shipping company Initia.
The fabrication, from the
indoor panel lines down to
the final outdoor block 
assembly, is characterised
by wide scale use of ESAB
welding solutions with a key
role for ESAB OK Tubrod
cored wires. This article 
reviews the production of
chemical tankers at Vulca-
no. Special attention is 
focussed on  the role of
FCAW.
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Introduction
The title “Welding duplex chemi-
cal tankers the Esab way”, is per-
haps a bit over-ambitious, but it is
rightly chosen in the sense that
Factorías Vulcano apply our
welding solutions in practically
every stage of the fabrication pro-
cess of chemical tankers. The
shipyard has made intelligent use
of ESAB’s capability to serve as a
total supplier for stainless steel
fabrication, selecting dependable
and productive consumable/
equipment combinations for
practically all fabrication steps.
The yard possesses a high level of
practical welding knowledge, pro-
viding a solid basis for, sometimes
difficult, but often fruitful techni-
cal discussions between our com-
panies. Over the years, the co-
operation in developing and im-
plementing new techniques has
developed such that today we feel
we can rightfully claim that 
Esab’s mission statement to be
“the preferred partner for weld-
ing and cutting” is fully valid for
this shipyard.

This article presents a bird-eye-
view on the fabrication of chemi-
cal tankers in duplex stainless
steel at Factorías Vulcano. Avoid-
ing too much technical detail, it
will step by step discuss the fabri-
cation process as well as the
ESAB welding solutions that have
become established. The FCAW
with rutile cored wires is empha-
sised, because it plays a key role in
the fabrication and because these
products are relatively new for du-
plex stainless steel welding.

Factorías Vulcano
Starting out with the repair of
railway engines in 1919, Factorías
Vulcano widened their capabil-
ities to what they are today; a full
scale fabricator of civil and mari-
time constructions. Today’s prod-
uct range comprises civil engi-
neering products like boilers, ma-
rine fresh water generators, re-
fuse incinerators and sewage
treatment plants, whereas the
shipbuilding segment fabricates
container ships, refrigerated ves-
sels and chemical carriers.
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the ESAB way
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Factorías Vulcano S.A., Spain

By Ben Altemühl, Svetsaren editor, interviewing Factorías Vulcano 
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stainless steel assembly work in-
volves the joints numbered 1,
connecting the prefabricated
deck plates to construct the tank
floor. Here Factorías Vulcano ap-
ply a combination of manual
FCAW on ceramic backing strip
for single sided root passes and
SAW for the filling layers. ESAB
OK Tubrod 14.37 has been select-
ed as the FCAW consumable, be-
cause of its capabilities for down-
hand work. With it’s slow freez-
ing, fluid slag, it is designed to
weld at high travel speed giving
high productivity (Figure 3). It
gives good penetration and, after
slag removal, the back side of the
root requires no grinding or
brushing. The ceramic backing
strips to be used with this product
require a rectangular groove to
accommodate the slag and to pro-
mote a good bead appearance.
OK 14.37 is welded in 85%Ar/
15%CO2 gas protection, a mix-
ture applied at Factorías Vulcano
for all FCAW (stainless and car-
bon steel). Here, and for all other
FCAW, the yard uses simplistic
rectifiers without the need for
pulsing.

SAW filling is done with the
ESAB wire/flux combination OK
16.86/OK Flux 10.93, a combina-
tion widely applied in duplex
stainless steel fabrication, and
with an excellent reputation. The
flux is a low-hydrogen, non-alloy-
ing, basic agglomerated type
(AWS: SA AF 2 DC). OK Autrod
16.86 is of the 23Cr-9Ni-3Mo type
alloyed with 0.15%N to obtain a
weld metal with sufficiently over-
matching mechanical properties, a
good austenite/ferrite balance,
and excellent corrosion resistance
when welding standard UNS

In 1990 the company com-
menced a three year plan to re-
structure and modernise the ship-
yard, involving a 1200M Pesetas
investment. What results today is
a modern medium-size shipyard
with advanced FORAN
CAD/CAM design facilities, an
ESAB NUMOREX NXB9000
under water plasma cutting instal-
lation connected to the CAD/
CAM system. Also, a panel fabri-
cation line with two ESAB A6-
LAE1250-TAC1000 submerged
arc welding machines, mechan-
ised welding stations for stiffener
attachment and various systems
for mechanised SAW and FCAW
applied in sub-assembly and final
assembly. The yard lay-out guar-
antees an efficient flow of work
through production. Along with
the modernisation, the yard im-
plemented the ISO 9001 quality
assurance system. Together with
an orderbook of specialised pro-
jects that reaches well into the
next century, the yard is well posi-
tioned to compete in today’s de-
manding market.

Construction of chemi-
cal tankers at Factorías
Vulcano
Although fabricated out of two
completely different base materi-
als, carbon steel and duplex stain-
less steel, the construction of

chemical tankers at Factorías Vul-
cano takes place according to es-
tablished, modern shipbuilding
practices involving panel fabrica-
tion, the construction of  sub-sec-
tions, the assembly of block sec-
tions, and the final connecting of
block sections in the dock. We
shall focus on  the role of duplex
stainless steel cored wires. Since
these are applied primarily in the
dock assembly, we describe the
fabrication of The Primo in re-
versed order.

Figure 1 gives a schematic view
of a 16000DWT chemical carrier
frequently built by Vulcano, and
very much resembling the Primo.
The vessel has 12 tanks in duplex
stainless steel and two small tanks
serving for storage of cleaning
waste. Parts in duplex stainless
steel are highlighted in red. Verti-
cal assembly welds are indicated
with yellow dots.

Figure 2 shows the Primo
somewhere half way during the
assembly of the chemical cargo
tanks. Prefabricated sections are
highlighted with individual
colours and all assembly welds
are visualised by yellow lines,
numbered 1 to 9, and described in
the margin.

For a good understanding of
the construction, we recommend
to first have a look at Figure 4. It
shows the next block section to
be assembled, comprising a deck
section and tank assembly, the
corrugated bulkheads. As such, it
will be turned and placed in the
construction. The yellow lines in
Figure 2 may, therefore, indicate
ready welds or welds to be made
when the next block section has
been positioned.

The first step in the duplex
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Figure 1: Top-side view of a chemical tanker with 12 duplex
stainless steel tanks. Yellow dots in the magnification represent
vertical assembly welds.

Figure 3: Root pass in deck joint with
OK Tubrod 14.37 seen from above.
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S31803 types of duplex stainless
steel. Vulcano use ESAB A2 Mul-
titrac SAW machines, guided by
rails attached parallel to the
joints. The same machine-consu-
mable solution is used all over
the yard, providing a dependable
welding method in many produc-
tion steps (see later).

The same method as described
for the tank floors is used for the
connection of the tank floor to
the carbon steel hull of the bot-
tom (2), be it with 309L type
welding consumables. The flux-
cored wire for welding the 
root pass on ceramic strip is 
OK Tubrod 14.22, also a rutile
type for all positional use, where-
as the wire/flux combination 
applied for filling is OK Autrod
16.53/OK Flux 10.93.

The next assembly step in-
volves the placement of the two
side wall sections to the bottom
of the vessel where first the car-
bon steel parts are connected, fol-
lowed by weld type number 3
between subsequent block sec-
tions. Basically, this is the same
type of joint as between the cor-
rugated bulkheads (6), but weld-
ed with a slight angle. It is a V-
joint welded vertically-up, manu-
ally or mechanised with rail-track
equipment, with OK Tubrod

14.27. This rutile cored wire with
fast freezing slag system is by far
the most productive solution for
making these kinds of assembly
welds, with deposition rates that
reach up to 3kg/h. Single-sided
root passes are again made on ce-
ramic backing strips with a rec-
tangular groove

Assembly welds type 4 and 5
connect the tank walls to the tank
floor. Both types are treated as
semi-positional welds, primarily
performed with FCAW. Root
passes are welded on rectangular
ceramic strips in the case of weld
4 and on cylindric ceramics in the
case of weld 5. The back side of
weld 5 has poor accessibility due
to the geometry of the construc-
tion. SMAW with ESAB OK
67.50, an established acid- rutile
electrode for standard duplex
grades, was found to provide the
most practical and secure solution
for sealing the root.

The next fabrication step con-
cerns the placement of the third
prefabricated block section com-
prising a deck section and a cross
of longitudinal and transverse
tank walls; the corrugated bulk-
heads. This section can be seen
isolated, and upside down, in Fig-
ure 4. The prefabrication of this
component will be described later.

After turning and positioning

this section between the side
walls of the ship, a number of as-
sembly welds remain to be made.

Assembly welds type number 6
are the ones indicated with yel-
low dots in figure 1. They connect
the corrugated longitudinal bulk-
head with the previous tank sec-
tion, and the transverse bulk-
heads with the corrugated parts
attached perpendicular to the
side walls. The welding method
and consumable used are exactly
the same as described for weld
type number 3 (OK Tubrod
14.27), but the welding position is
truly vertical-up.

To obtain optimal welding
economy, Factorias Vulcano apply
mechanised welding with rail
track systems for the filler layers.
Figure 5 shows a typical example
of a vertical assembly weld made
in this way. Deposition rates
amount to 3kg/h when calculated
at 100% duty cycle, which is high-
ly productive for this kind of un-
avoidable assembly welds.

Assembly weld 7, between cor-
rugated bulkheads and the tank
floor, is carried out manually, be-
cause the geometry of the joint is
too complicated to allow mechan-
isation (Figure 6). Moreover, the
root gap may show misalign-
ments, requiring the welder to
manually build-up the root with a
varying number of beads. OK 
Tubrod 14.27 proves to be a ver-
satile and dependable consum-
able for this kind of demanding
work. Root passes are made al-
most twice as fast as with stick
electrodes, using cylindrical ce-
ramic backing, with excellent ab-
lity to compensate for misalign-
ment of the joint.
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Figure 4: Fabrication of a block section consisting of a tank cover with vertical
corrugated walls in duplex stainless steel.

Figure 5: Vertical weld between corru-
gated tank walls; mechanised welded
with OK Tubrod 14.27
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Connection between 
corrugated bulkheads and 
tank floor

Position: PC/2G
Root: FCAW with OK Tubrod 14.27,
manually welded onto cylindric
ceramic backing.
Filling: FCAW with OK Tubrod 14.27,
welded manually.

18 Svetsaren No.1 1999

1

Figure 2: Principal dock assembly welds in d

Tank floor from
pre-fabricated plates.

Position: PA/1G
Root & 1st pass: FCAW with OK
Tubrod 14.37, welded manually onto
ceramic backing strip.
Filling: SAW with 
OK Autrod 16.86/OK Flux 10.93

4 Connection between vertical
tank wall and angled side 
wall

Position: PC/2G
Root: FCAW with
OK Tubrod 14.27,
welded manually
onto ceramic
backing strip.
Filling: FCAW with
OK Tubrod 14.27,
welded manually .

3

6

Connection between 
corrugated bulkheads and
between tank side walls

Position: PF/3G
Root: FCAW with OK Tubrod 14.27,
welded manually onto ceramic
backing strip
Filling: FCAW with OK Tubrod 14.27,
welded manually.

72 Connection between tank 
floor and carbon steel hull

Position: PA/1G
Root & 1st pass: FCAW with OK
Tubrod 14.22, welded manually onto
ceramic backing strip.
Filling: SAW with 
OK Autrod 16.53/OK Flux 10.93

5 Connection between angled 
side wall and tank floor

Position: PC/2G
Multi-layer T-joint; full penetration.
FCAW with OK Tubrod 14.27,
manually.
Sealing: SMAW with OK67.50

1

2

3

3

6

5

7
4

8
9

9

9
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Connection between 
corrugated bulkheads and tank
cover

Position: PC/2G
Root: FCAW with OK Tubrod 14.27,
manually welded onto cylindric
ceramic backing.
Filling: FCAW with OK Tubrod 14.27,
welded manually.

elds in duplex stainless steel

8

9 Connection between tank 
cover and between tank 
covers and side walls

Position: PA/1G
Root & 1st pass: FCAW with OK
Tubrod 14.37, manually welded onto
ceramic backing strip.
Filling: FCAW with OK Tubrod 14.37

3

4

Assembly weld 8, connecting a
small, extending part of the cor-
rugated bulkhead to the deck of
the subsequent tank section, is
done in a semi-overhead position
with exactly the same welding
procedure. OK Tubrod 14.27 is
one of the best cored wires avail-
able for overhead work, because
the stiff, fast freezing slag pre-
vents sagging of the weld metal.

The last step in the assembly
process involves the connection
of the tank cover (weld type 9).
This is done in the downhand po-
sition with OK Tubrod 14.37
(root passes on rectangular ce-
ramic backing strips.

Subassembly
Going back to Figure 4, it can be
seen that this prefabricated block
section consists of two major parts;
the tank cover and a cross of two
corrugated bulkheads placed per-
pendicular to the tank cover.

Starting with the tank top, it is
clear that it is composed of a 
great number of plates. The small
yellow lines represent welds
made indoor on the panel lines
(described later)  to form the
panels out of which the deck is
composed. The thick yellow lines

are the pre-assembly welds con-
necting the panels to form the
tank cover. They are made ac-
cording to exactly the same weld-
ing procedure as described for
the tank floor in Figure 2 (weld
type 1). FCAW is used for the
root and first pass (OK Tubrod
14.37 on rectangular ceramic
backing strip) and SAW (OK Au-
trod16.86/ OK Flux 10.93) is used
for filling and capping.

The sketch of Figure 7 de-
scribes the basic component of
the corrugated bulkheads. As
such, they are supplied by the
steel fabricator, bent to the right
geometry with welds connecting
the three areas of increasing plate
thickness. To form a complete
longitudinal bulkhead nine welds
are required. Figure 8 shows the
fabrication of these welds. Again
the combination of OK Tubrod
14.37 on ceramic backing for the
root pass and OK Autrod 16.86/
OK Flux 10.93 is applied for the
filling layers.

Two pre-assembly welds re-
main to form the block section.
The transverse corrugated bulk-
heads are connected to the longi-
tudinal ones by means of K-joints
welded mechanised in vertical-up

Figure 6: Attachment of a vertical corrugated tank wall to the tank floor; manually
with OK Tubrod 14.27 (PC position).

Plate thickness

24 mm 15 mm18 mm
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Figure 7: Corrugated wall segment as purchased from the steel works.

Nya Svetsaren 1, 1999.  1999-06-24 11.08  Sidan 19



position with OK Tubrod 14.27
using cylindrical ceramic backing
to allow fast root pass deposition.
The cross of bulkheads created in
this way is attached to the tank
cover in PB position with OK Tu-
brod 14.27 using the same weld-
ing procedure as applied in the
dock assembly for weld type 7.

Panel fabrication
Panel fabrication is carried out in-
doors on a panel fabrication line
with two ESAB A6-LAE1250-
TAC1000 submerged arc welding
machines. Panels for the tank
floor, the tank cover and for the
side walls of the tanks are all pre-
fabricated according to the same
welding procedure. The number of
plates comprising a panel varies.

At the moment of our visit,
there was no duplex fabrication
in progress, so we describe the

welding procedure by means of
the sketch in figure 9a. Duplex
plates are bevelled to a Y-joint
with a land of 4mm and posi-
tioned on the panel line with a
minimal root gap. To avoid con-
tamination of the duplex materi-
al, AISI 316L plates are placed
between the duplex plates and
the carbon steel rollers of the
panel line.

SAW with OK Autrod 16.86
and OK Flux 10.93 is applied for
the complete joint. The first layer
is carried out with a tandem sys-
tem; the two filling layers with
single-wire SAW. After completing
the above, the panels are turned
and sealed with single wire SAW.

At this moment, Factorias Vul-
cano are experimenting with a
new ESAB solution aiming at
single-sided welding of the pan-
els, which would provide a sub-
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The ESAB OK Tubrod series of cored wires for standard
duplex stainless steel consist of an all-position type, OK 
Tubrod 14.27 and one for downhand use, OK Tubrod 14.37.
They provide fabricators with optimal welding characteris-
tics and productivity for manual or mechanised welding.

OK Tubrod 14.27 is a very versatile consumable, suited
for truly all welding positions, including pipe welding in
combination with the TIG process for rooting. Very fast
vertical-down welding of fillet welds is possible for parts
that allow to be attached without secure root penetration.
Many fabricators standardise on this type only, when the
majority of the work involves positional welding.

Both types have very clear advantages compared with
MMA and GMAW, reviewed below.

Advantages over MMA
• higher productivity in general due to higher duty cycle
• productivity for positional welding almost 3 times 

higher through increased deposition rates
• very economic deposition of root passes, with less

welder skill needed
• no stub-end waste and therefore higher efficiency

Advantages over GMAW
• up to 150% higher productivity in positional welding
• excellent performance with conventional power sour-

ces; no expensive pulsed arc equipment needed.
• use of normal 80%Ar/20%CO2 shielding gas; use of

expensive high Ar mixtures is avoided. Fabricators
have an option to standardise on one gas when weld-
ing both unalloyed and stainless steels.

• less oxydation of weld surface due to protective action 
of slag

• no grinding or sealing needed for the back side of root
passes

• easy parameter setting 

ESAB OK Tubrod rutile cored wires for duplex stainless steel

Product data
Classifications

AWS A5.22: 
OK Tubrod 14.27 E2209T1-1/E2209T1-4
OK Tubrod 14.37 E2209T0-1/E2209T0-4

Approvals
OK Tubrod 14.27 ABS, Controlas, DNV, GL, LR,

RINA, TÜV 
OK Tubrod 14.37 DNV, GL, LR, TÜV

All weld metal composition (weight %)
OK Tubrod 14.27 OK Tubrod 14.37
C: ≤0.03 C: ≤0.03
Si: 0.50-0.90 Si: 0.60-1.00
Mn: 0.50-1.00 Mn: 0.70-1.20
Cr: 21.0-23.0 Cr: 21.0-23.0
Ni: 8.0-10.0 Ni: 8.0-11.0
Mo: 2.75-3.25 Mo: 2.75-3.25
N: 0.11-0.17 N: 0.10-0.16
P: ≤0.025 P: ≤0.035
S: ≤0.025 S: ≤0.025

FN: 30-50 FN: 30-50

Mechanical properties in Ar/CO2
OK Tubrod 14.27 14.37

Rp0.2% (MPa) ≥500 ≥480
Rm (MPa) ≥690 ≥690
A5d (%) ≥25 ≥25
ISO-V –20°C (J) ≥60 ≥40

Shielding gas: Ar/CO2 or CO2

Polarity: DC+

stantial time saving. Successful
tests have been carried out with a
backing rail filled with fine grain
OK Flux 10.93 enabling to depos-
it a good quality root pass that re-
quires no sealing (Figure 9b). Ap-
plication of this system, however,
requires an investment in stain-
less steel rollers, because it does
not allow protection of the du-
plex material in the way utilised
presently. The feasibility study
has not yet been completed.

Steel grade and mecha-
nical properties
All duplex stainless steel used for
the construction of the Primo is
purchased from Avesta under the
brand name Avesta 2205. It is a
standard, molybdenum alloyed
grade.

Mechanical properties of the
welds are overmatching with all
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Figure 8: Welding of a corrugated
bulkhead. Root (below) made with
FCAW; filling and capping with SAW.

Figure 9a: Double sided SAW panel
fabrication.

Figure 9b: Single-sided SAW panel
fabrication. Root pass on gutter filled
with fine grain OK FLUX 10.93

ESAB consumables used for this
project. The Ferrite number of
the weld is required to be bet-
ween 25–70 which is a normal re-
quirement for duplex stainless
steel welding, and sufficiently
wide for construction practice.
The Ferrite number is checked by
means of a representative se-
quence of weld samples in vari-
ous stages of the construction, us-
ing the same welding procedure
and consumables as for the actual
welds. From the same samples,
confirmation of mechanical prop-
erties are obtained.

Preheating is not applied, al-
though a minimal temperature of
16ºC is prescribed; sufficient to
avoid condensation under the
mild climatic conditions of the re-
gion. The interpass temperature is
limited to a maximum of 150ºC.

Appendix I shows a full WPS
for OK Tubrod 14.27 prescribing
the manual or mechanised assem-
bly welding in PF position, as de-
scribed in Figure 2 (weld type 6).
It contains useful information for
readers that have become inter-
ested in this product, as well as a
free lesson in welding terminolo-
gy in the rich and beautiful Span-
ish language.

To conclude
When having the privilege of vis-
iting this modern, yet cosy ship-
yard in Galicia, I fell at home
from the start, enjoying the warm
and open atmosphere I encoun-
tered. It was very rewarding to
see that Esab’s commitment to be

a total supplier works out so well
at Factorías Vulcano, and that our
products are being applied to the
full satisfaction of the yard.

To avoid leaving behind the
impression that  it is fun to be an
editor for Svetsaren, I will refrain

from describing the short boat
trip across a beautiful bay, after
the interview, to the small family
restaurant where I received valu-
able lessons in seafood dining.
“Disfrutaba de toda forma y un
día regresaré”.

Figure 10: Welding Procedure Specifications.
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To meet the demands of
the power generating 
industry with its aim of
increasing steam temper-
atures and pressures, the
development of more
creep-resistant ferritic
steels started in the mid-
1970s. Ferritic steels were
preferred to austenitic
steels because of their
lower coefficient of ther-
mal expansion and their
higher resistance to ther-
mal shock (1). Of these
steels, the modified 9%Cr
1%Mo steel known as
P91/T91 or, in Europe, as
X10CrMo VNb9-1, has
been used in a wide range
of industrial applications.
As Table 1 shows, the
room-temperature strength
of the modified variant is
superior to that of the
conventional variant.
In addition to improved room-
temperature tensile strength, the
modified variant also has in-
creased creep strength, lower
ductile-to-brittle transition tem-
peratures and higher upper-shelf
energy. The improved mechanical
properties are explained by small
differences in the chemical com-
position consisting of controlled
amounts of Nb, N and V in the
P91 steels, see Table 2.

P91 is primarily used in nor-
malised and tempered condition.
During heat treatment, a fine dis-
persion of Nb(C, N) and M23C6
is precipitated. Through the mech-
anism of precipitation strengthen-
ing, this gives rise to the enhanced
mechanical properties.

P91 is generally used in steam
piping, headers and super heater
piping where the advantages over
conventional CrMo steels can be
used either for weight reductions
or to permit an increase in operat-
ing temperature. Arav and van
Wortel (2) made a comparison of
the pipe-wall thickness required
for different creep-resistant mate-
rials in certain operating conditions
and demonstrated that the wall
thickness can be reduced by three-
quarters if P91 is chosen instead of
2 1/4Cr1Mo steel (Figure 1).

Welding is one of the most es-
sential fabrication processes for
component manufacture. The
weldability of P91 steels is very
good. Due to the high alloying
content, a relatively high preheat-
ing temperature (200-350°C)
must be used. The exact choice of
preheating temperature also de-
pends on the material thickness
and the amount of restraint. A
low hydrogen content is naturally
necessary and only the basic type
of consumables should therefore
be used.

When designing a welded com-
ponent, it is important to consider
not only the mechanical proper-
ties of the base material but in
particular the strength and prop-
erties of the weldments. For com-
ponents designed for high-tempe-
rature service, the creep proper-
ties must be regarded as central.

Consumables and welding 
modified 9 Cr-1 Mo steel

by Eva-Lena Bergquist, Esab AB, Göteborg, Sweden

Steel grade Rp (MPa) Rm (MPa) A5 (%)

conventional 
9Cr-1Mo (P9) min 205 min 415 min 30

X10CrMoVNb9-1 min 415 min 585 min 20
(P91)

Steel grade C Si Mn P S Cr Mo Ni Nb V Al N

P9 max 0.25- 0.30- max max 8.0- 0.9-
0.15 1.00 0.60 0.025 0.025 10.0 1.10

P91 0.08- 0.20- 0.30- max max 8.0- 0.85- max 0.06- 0.18- max 0.03-
0.12 0.50 0.60 0.02 0.01 9.5 1.05 0.40 0.10 0.25 0.04 0.07

Table 2. The specified chemical composition of conventional 9Cr-1Mo (denoted
P9) compared with the composition of P91 (X10CrMoVNb9-1). (wt%).

Table 1. Mechanical properties of modified and conventional 9Cr-1Mo steel.

Figure 1. Comparison of the wall thick-
ness required for different creep-resis-
tant materials. Assumed operating con-
ditions 250 bar and 600°C. Note the lar-
ge reduction in wall thickness which is
possible when P91 steel is chosen.
From Arav and van Wortel (2).

21/4 Cr1Mo

X20

347H

P91
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As a result, this paper will discuss
the creep properties of weld-
ments in P91steels and the way
they are affected by the welding
procedure, post-weld heat treat-
ment and consumable composi-
tion. There is also a brief discus-
sion of the impact strength of P91
type weld metals.

Weldment creep 
properties
Several investigations have
shown that, when creep tests are
conducted across a welded joint
in X10CrMoVNb9-1, creep frac-
ture occurs mainly in the heat af-
fected zone (HAZ) and only

rarely in the weld metal. A soft
zone that forms at the outer re-
gion of the HAZ, the so called
Type IV zone (this denomination
is based on a weldment cracking
mode model made by Shuller et
al.(3)), is a matter of great con-
cern. In this zone, the tempera-
ture has not been high enough to
return the alloy carbides into so-
lution. Instead, carbide coarsen-
ing takes place and this minimises
the precipitation strengthening
(4). The effect is apparent as a
hardness minimum. Figure 2
shows the typical hardness profile
of a weldment in modified 9Cr-
1Mo steel (5).

In addition, the temperature in
this zone is just enough to austen-
itise the material, but it is not
high enough to cause any signifi-
cant grain growth. So, consider-
able grain refinement will con-
tribute still further to reducing
the high-temperature creep
strength.

The reduction in creep
strength due to this creep weak
zone has been examined in sever-
al investigations. Creep strength
reductions of approximately 20-
30% have been reported (1), (2),
(7). A recent investigation at
TNO (6), using isostress creep
tests, i.e. creep testing at constant
stress with varying temperature,
demonstrated creep rupture life
times almost one order of magni-
tude lower for weldments com-
pared with parent material (Fig-
ure 3).

The creep-weak zone is very
narrow. The limited width of the
zone leads to macroscopically
low ductility in the type IV frac-
tures. Figure 4 illustrates the dif-
ferences in the elongation of base
material and cross-weld speci-
mens as obtained by TNO (6).

As so many of the creep prop-
erties of weldments are con-
trolled by this creep-weak zone,
it is relevant to ask whether this
zone can be removed or made
less harmful in some way. The re-
maining part of this section will
deal with the influence of the
welding process, the post-weld
heat treatment and the composi-
tion of the welding consumable.

Provided that fusion welding is
employed, the Type IV zone will
always be present, irrespective of
welding process. It is inevitable
that there always will be a zone
that is exposed to the critical
temperature range. The width
and the distance of this zone
from the fusion boundary may,
however, vary. In this case, the
welding process will only have an
indirect influence, through the
heat input and the cooling rate. A
higher heat input will lead to a
wider zone, which will be placed
further away from the fusion line.
Recent investigations indicate
that a wider zone is more detri-
mental to creep properties than a
thinner one. So, very high heat

Figure 2.Typical hardness profile of a weldment in modified 9Cr-1Mo steel (after
reference (5)). Note the hardness minimum appearing in the outer part of the HAZ.
WM=weld metal; C=coarse grain zone; F=fine grain zone.

Figure 3.Time to rupture of isostress (100MPa) cross-weld creep tests in X10CrMo
VNb9-1 as a function of testing temperature. This illustrates the reduction in creep
strength in the weldments compared with the base material. The welds were produ-
ced with submerged arc welding. From reference (6).
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inputs should be avoided when
welding P91 steels. However, as
yet it is not possible to specify an
upper limit for the heat input.

A typical post-weld heat treat-
ment temperature for P91 steel
is 750–760°C. As can be under-
stood from the mechanism that
causes the soft zone, post-weld
heat treatment in this region
does not “cure” the loss of creep
strength.

A couple of unconventional
pre- or post-weld heat treatment
routines have been proposed, but
none has yet proved to be useful
for industrial applications.

From the discussion of Type
IV cracking in the preceding par-
agraph, it might be thought, when
the subject is examined from a
creep point of view, that the
chemical composition of the weld
metal is of less interest. This is,
however, not the case. The chem-
ical composition affects the creep
strength of the weld metal and,
because of the stress redistribu-
tion mechanisms that are activat-
ed in a creep-loaded weld, the
creep lifetime of the Type IV
zone is also affected. Too strong a
weld metal will lead to a concen-
tration of creep strain in the
weakest area, i.e. the Type IV
zone. Moreover, when deformed,
a weld metal that is weaker than
the parent metal will attempt to
shed load onto the adjacent re-
gion and thereby induce a Type
IV failure. So, the optimum solu-
tion is probably to aim at weld
metal creep strength in the same
range as that of the parent mate-
rial.

The Nb, V and N content of
the consumables has been shown
to be important for the weld met-
al creep properties, just as it is
for the creep properties of the
parent metal. The role of these
elements is the same, namely to
form and stabilise carbides and
nitrides. The importance of the
three elements is clearly shown
in Figure 5 which is a comparison
between an electrode of standard
OK 76.98 composition and an ex-
perimental electrode (8). The
standard electrode shows clearly
better creep strength than the
experimental one, which is leaner
in its composition.

Weld metal toughness
The weld metal toughness may be
thought to be irrelevant in assem-
blies designed for operation in
the temperature range of 500-
600°C, since this is definitely far

in excess of the temperature
range at which brittle fracture
could occur. However, the com-
ponents may very well also be
stressed at ambient temperature
during  testing or start-up, for ex-

Figure 4. Creep elongation of the base material and cross-weld samples at different
test temperatures. The low elongation in the cross-weld samples is due to the effect
of the Type IV fracture. Isostress creep testing at 100 MPa. Welds were produced
with manual metal arc welding. From reference (6).

Nb (wt%) V (wt%) N (wt%)

OK 76.98 0.056 0.197 0.051
experimental 0.020 0.142 0.028

Figure 5.Creep strength of cross-weld specimen welded with different consumables.
This illustrates the importance of having the correct amount of microalloying 
elements.
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ample. To minimise the risk of
brittle fracture in these situations,
a minimum toughness average for
weld metal of 47J (minimum sin-
gle value of 38J) at 20°C has re-
cently been introduced in the Eu-
ropean specification EN
1599:1997.

Esab’s product programme
currently offers two consumable
choices for welding P91— one
MMA welding electrode desig-
nated OK 76.98 and one solid
wire called OK Tigrod 13.38. The
typical impact values of these
products are all well above the
EN 1599 requirements, see Table
3. Furthermore, a cored wire/flux
combination is currently under
development, but it has not yet
been fully tested and validated.

It has already been mentioned
that the welding process in itself
has no influence on the creep
strength of weldments in P91. In
the case of impact toughness,
however, the choice of process
may be significant. The highest
toughness is normally achieved
using GTAW, while flux processes
such as MMA and SAW produce
lower toughness values. It has
been suggested that the reason
for this is varying oxygen content.
An oxygen content of less than
100-200 ppm may be reached
with GTAW procedures, while
MMA and SAW will produce
typical oxygen contents in the
range of 400-800 ppm.

On many occasions, it is wise to
make the composition of a weld-
ing consumable as similar to the
parent steel type as possible. For
the modified 9%Cr-1%Mo steel,

however, it was realised at an ear-
ly stage that adjustments to the
niobium and nickel content were
crucial to obtain acceptable
toughness values. Compared with
the parent steel, the Nb content
has to be lowered. However, as
stated above, the Nb is essential
for satisfactory creep resistance
and cannot be totally excluded.
The Nb content in the Esab con-
sumables is therefore limited to
0.04-0.08%, seeTable 4.

The Ni content, on the other
hand, is higher in the weld metal
than in the parent material. The
addition of Ni lowers the so-cal-
led Ac1 temperature. This can
have both a positive and a nega-
tive effect on the toughness, de-
pending on how much it is low-
ered. The positive aspects include
the fact that an Ac1 temperature
that is closer to the PWHT tem-
perature improves the response
to tempering, which has a benefi-
cial effect on the toughness. It
also minimises the risk of residual
delta ferrite. Delta ferrite is
thought to lower the creep resis-
tance and may also have a detri-
mental effect on toughness. How-
ever, an excessive amount of Ni
may lower the Ac1 to a level that
is exceeded by the upper end of
the PWHT temperature range,
causing austenite to form, which
will in turn be transformed into
untempered martensite. Untem-
pered martensite has a negative
effect on the impact toughness.
Due to these factors, the nickel
content in the Esab consumables
is controlled in the range shown
in Table 4.

Further development
There is strong environmental
and economic pressure to in-
crease the thermal efficiency of
power stations still further, there-
by leading to a steady increase in
steam temperatures and pres-
sures. Alloying with W, Cu and/or
Ni has produced a range of new
steel variants with even higher
creep strength than X10CrMoVN
b9-1. The effect of welding these
materials has not yet been thorough-
ly investigated, but some results
indicate that the effect is similar
to that in X10CrMoVNb9-1.
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Product Rp0.2 Rm A5 (%) KV (J) at 20°C
(MPa) (MPa)

OK 76.98 650 760 18 70

OK Tigrod 13.38 690 785 20 200

EN 1599 requirement min 415 min 585 min 17 min. average 47

Table 3. Mechanical properties of OK 76.98 and OK Tigrod 13.38. Typical values.

Product C Si Mn P S Cr Ni Mo V Nb N

OK 76.98 0.08- 0.2- 0.4- max max 8.0- 0.4- 0.85- 0.15- 0.04- 0.030-
0.13 0.5 1.0 0.02 0.02 10.0 1.0 1.10 0.30 0.08 0.070

OK Tigrod 13.38 0.08- 0.20- 0.35- max max 8.6- 0.6- 0.85- 0.18- 0.04- 0.030-
0.12 0.50 0.60 0.010 0.010 9.3 0.9 1.05 0.25 0.08 0.070

Table 4. Specified composition for OK 76.98 and OK Tigrod 13.38.
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Since the beginning of
the 1990s, laser welding
has been an accepted
method in the automo-
tive industry for welding
vehicle bodies and body-
work components. Volvo
Cars opened the door
for this technology when
it began using lasers to
weld the roof joints of
the 850 model, currently
the S70 and V70 model.
The method has now
become state of the art
and a number of other
large car manufacturers,
like BMW, Mercedes,
VW and Audi, now per-
form similar welding.
However, the giants in
the automotive industry
are not the only ones
who use laser welding.

The large-scale production of
laser-welded components for ve-
hicles has also developed. In the
small town of Torsås in Småland
in Sweden, AP Automotive Sys-
tem Torsmaskiner AB has been
involved in the professional laser
welding of catalytic converters for
the automotive industry for the
past five years.

AP Torsmaskiner AB, as the
company is generally known, is
one of the leading suppliers of
manifolds and catalytic convert-
ers to the European automotive
industry. The company’s product

programme previously also in-
cluded silencers. Major customers
include Volvo, VW, Ford and 
Mitsubishi. Production is highly
automated and, at the 1998/99
year-end, it included some 50 in-
dustrial robots for conventional
welding.

Hans Nyström works as a pro-
ject leader with project planning
for new production and, at the
same time, he is responsible for
welding at AP Torsmaskiner AB.
He was involved at the very start
when laser welding was first in-
troduced and he tells a fascinat-
ing story about the arrival of laser
welding in Torsås.

He described the successful la-
ser welding of catalytic converters
for the automotive industry at a
seminar for the Swedish laser
group within Sweden’s Engineer-
ing Industries.

“It all began in the autumn of
1992,” says Hans Nyström. “It was
decided that we would start pro-
ducing what is known as a ‘stam-

ped muffler’, patented by our
owners AP Parts in Toledo in the
USA. This silencer was designed
for the Volvo 960.”

Success vital
“The ‘shell’ would be joined to-
gether using laser welding. This
was a wonderful opportunity for
us to introduce an entirely new
welding method,” Hans contin-
ues. “The machine was to be a 6
kW CO2 laser. Some capacity was
left over on this machine and so
we decided to laser weld the cata-
lytic converters, because we had
just received an order for a cata-
lytic converter for the Volvo 850.
No sooner said than done. We de-
signed the first catalytic converter
for laser welding.

Test welding was done at Per-
mascand AB in Ljungaverk on
their 1.5 kW CO2 laser. The ma-
terial in the catalytic converter
was ferritic stainless W1.4512 and
two plates, 1.5 mm thick, were go-
ing to be joined using lap joints.

Laser welding catalytic converters
— a complete success for 

AP Torsmaskiner AB, Sweden
by Hans Engström MSc, Lic Eng, Luleå, Sweden

AP Torsmaskiner AB’s main products are manifolds and catalytic converters for
the automotive industry.
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One question which would
have a decisive effect on future
developments was the structure
of the weld metal. We started to
weld with argon as the shielding
gas. It became clear that the weld
depth was not sufficient. The re-
sults were improved when we
changed to helium and and the
weld metal analysis was perfect!
The catalytic converter project
could continue.”

Laser welding cell from
the USA
The laser welding machine was
built by LMI, a company just east
of Minneapolis in the USA. The
energy source in the machine is a
Trumpf 6 kw turbolaser, but
everything else was built by LMI.
The equipment has three axes
with two welding stations and the
laser beam is switched from one
station to the other via a moving,
indexing mirror.

Hans Nyström goes on to ex-
plain that, in September 1993, a
so-called run-off took place at
LMI. At that time, the welded ob-
ject was the silencer that was go-
ing to be produced for the Volvo
960. It consisted of six “shells“
made of ferritic, stainless sheet
steel which were put together —
four were 0.5 mm and two 1.0
mm. In addition, two of them (0.5

mm) were aluminium-plated. It
emerged that laser welding this
material combination was not
without its problems as large
numbers of pores developed. The
main reason for this was found to
be a kind of dry oil which was
used when the plates were pres-
sed and which still remained in
such quantities that it made laser
welding impossible. This problem
was eventually solved, however.

Training is important
“Training is an extremely impor-
tant parameter,” Hans continues.
“Two operators were selected for
two weeks of training on this ma-
chine. One week was spent at our
sister company in Granger in the
USA, where a similar product
was produced on similar ma-
chines. The other week was spent
at LMI in connection with the so-
called run-off. This subsequently
proved to have a very important
effect on our production when it
came to the handling, mainte-
nance and service of the equip-
ment.

Commissioning the cat-
alytic converter — a to-
tal success
“Just like the commissioning of
any new machinery and equip-
ment, the commissioning process
of the shell silencer was associat-
ed with some problems,” Hans
explains.

“Material problems with the si-
lencer now emerged in the form
of an excessive amount of the
previously-mentioned dry oil
which was left after pressing the
plates. We have now sorted out
this problem for the most part,
but it recurred from time to time
as production continued. Other
problems of different kinds which
resulted in stoppages were caused
by the laser. Otherwise, every-
thing functioned almost perfect-
ly.”

So how did the commissioning
process of the catalytic converter
go? “It went fantastically well!
All that was needed was a minor
adjustment after the ‘starting
shot’ was fired!

“I have never been involved in
such a smooth commissioning
process,” Hans Nyström contin-

ues — and he has 30 years’ expe-
rience of production engineering.
“Production and the system both
functioned very well until a short
time ago when we were forced to
replace both the turbines in the
laser. It had then been in opera-
tion for 17,000 hours.“

Useful experience —
money to be saved
“Yes, we have certainly learned a
great deal from this installation,“
Hans Nyström adds.

“In our view, the design of the
cross-flow which keeps dirt and
dust away from the focusing optic
could be improved. We think that
far more resources should be in-
vested here.

“When it comes to the supply
of shielding gas, there is scope for
any number of new ideas,” Hans
says. “It has become clear that the
design of the gas nozzle is very
important. Its position and the
way the shielding gas is directed
at the welding point are just as
important. We have seen that this
affects the gas flow, the welding
speed and the weld quality. So
there is money to be saved here.”

A precise fit, top-class clean-
ness and consistent quality are vi-
tal in the material that is going to

Hans Nyström has every reason to be
pleased with the laser welding of these
catalytic converters. The commissio-
ning process went smoothly and pro-
duction functions perfectly.

The laser welding cell comes from
LMI in the USA and is equipped with
a 6 kW Trumpf CO2 laser. The cell has
two stations and they weld alternately.
The parts of the catalytic converter
(the shell and the inserts) are fixed in
place using hydraulic fixtures which
clamp round the catalytic converter.
The weld joint is a lap joint which is
welded at 3.5 m/minute.
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be welded if the results are to be
satisfactory.

Stable fixtures — 
moderate force
“Stable fixtures are essential for
secure fixation. However, there
are some limits when it comes to
the gaps between the plates when
lap joints are performed. Some
care must be taken in terms of the
tension in the plates. If the joints
are too tight, pores will be pro-
duced as some gas forms between
the plates. These pores can then
form because these gases can only
escape via the molten pool.

“So make sure the gap is one-
to two-tenths of a millimetre
wide!”

However, with smaller material
thicknesses than those mentioned
above, other rules may apply, ac-
cording to Hans Nyström, as he
concludes his presentation.

Hans Nyström’s description is
an excellent example of the kind
of things that can happen when a
new technology like laser welding
is introduced into production. It
is essential to be in control of all
the parameters, otherwise prob-
lems can occur. However, in the
right conditions, laser welding is a
highly productive and reliable
welding method, the use of which
is now increasing sharply in man-
ufacturing industry.

Hans Nyström and his col-
leagues at AP Torsmaskiner AB
in Torsås are now examining new
applications for laser welding!

AP Automotive System Torsmaskiner
AB is a leading supplier of manifolds
and catalytic converters to the Euro-
pean automotive industry. The compa-
ny is situated in Torsås in the south-
eastern part of the County of Små-
land, not far from the well-known
“kingdom of glass”, where some of
the world’s leading glassworks, such as
Orrefors and Kosta, are located. In
the past, the company also produced
silencers, but these operations have
now been transferred to another com-
pany within the AP Automotive Sys-
tems Group in the Netherlands.

The company has around 450 em-
ployees and turnover in 1998 totalled
some SEK 750 million.

AP Automotive System Torsma-
skiner AB’s most important customer
is Volvo Car Corporation but major
orders have also been received from
VW and Ford, necessitating the instal-
lation of completely new production
lines which are currently being com-
missioned.

The company is expanding very
sharply. In 1998 it produced 200,000

catalytic converters and 760,000 mani-
folds. By the year 2000, these figures
will have risen to 300,000 and
2,000,000 units respectively. The large
orders from VW and Ford will ac-
count for most of this increase in pro-
duction. The number of employees is
also increasing sharply and the work
force already totals around 500.

As a result of this expansion, turn-
over will double in the space of two
years.

For several years, the company was
a member of the AP Parts Group,
with its headquarters in Toledo in the
USA. However, in December 1997, it
changed owners when Questor in the
USA purchased the group.

AP Torsmaskiner AB, as the com-
pany is generally known, is now part
of AP Automotive Systems Inc.

The AP Automotive Systems
Group has a total of around 3,000 em-
ployees. Its largest customers are GM
and Ford, while Volvo dominates in
Europe.
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For many years, there
has been a desire to in-
crease the use of high
strength steels in differ-
ent applications. Obvi-
ously, by increasing the
strength of the steel,
thinner, more economi-
cal solutions can be
created. There are cur-
rently many examples of
welded structures made
from steels with a yield
strength of up to 690
MPa. Although very
thin plates are used in
many cases in these con-
structions, resulting in a
low risk of brittle frac-
ture, there are also some
large types of construc-
tion, such as submarines,
in which thick plates are
used.

In these heavy plate structures,
the risk of brittle fracture has
been assessed thoroughly, using
conventional impact toughness
testing, fracture mechanics testing
and detonation tests. It is general-
ly believed that a steel with high-
er strength also requires greater
toughness, compared with a lower
strength steel.

There are several lines of de-
velopment which increase the
need for new welding consum-
ables with a strength level of 690
MPa and above. The first is the
wider use of 690 MPa steels (1).
For most applications, there is a
requirement for weld metal
strength which overmatches the

strength of the base metal. For
the 690 MPa grade of steel, there
are few consumables which over-
match the strength of the steel,
while still meeting the toughness
requirements. Instead, matching
weld metals are used. This has
raised the question of the structu-
ral integrity of these joints, as it is
thought that the weld metal has
lower toughness than the steel.
Research programs which are ad-
dressing this problem are current-
ly in progress. In this context, a
second line of development can
also be seen. Apart from looking
for overmatching weld metals,
there is also a call from fabrica-
tors to use more high productivity
processes for welding these steels,
mainly cored wires and sub-
merged arc welding. Some results
of investigations in this field has
been dealt with in this paper.

The second line of develop-
ment is to enhance the yield
strength to make it even higher
than 690 MPa. Steels with a yield
strength of 900, 1,000 and 1,100
MPa and good impact toughness
are currently available on the
market. The applications for these
steels include mobile cranes, con-
veyor systems and roof supports.
These steels are currently welded
with undermatching consumables
and the welds therefore have to
be placed in low-stress sections.
There is also a drive towards the
use of heavy plates with these
very high strengths. The need for
higher strength consumables is
then likely to increase.

In this paper, consumables pro-
ducing weld metals with a yield
strength of 690 MPa and above
has been presented. The mechani-
cal properties of different welding
procedures has been given and
the relationship between strength
and impact toughness has been
discussed. Firstly, however, a gen-

eral presentation of the relation-
ship between microstructure and
mechanical properties will be
made.

Microstructure and me-
chanical properties
In order to understand the rela-
tionship between microstructure
and mechanical properties, some
typical microstructures from weld
metals with different yield
strengths are shown in Figure 1.
All the micrographs were taken
in the last deposited bead, in or-
der to avoid the influence of heat
treatment from subsequently de-
posited beads. The microstructure
in the last deposited bead is, how-
ever, generally only part of the
total microstructure of a welded
joint. When multipass welding is
used, the weld metal contains a
number of beads, each of which
contains a number of subzones in
which the weld metal has been
reheated to different peak tem-
peratures. This produces a com-
plex pattern of zones which may
have different properties. Fur-
thermore, the welding procedure
also influences the size and pro-
portions of the various zones, as
well as the microstructure within
each zone.

So, the mechanical properties
of different weld metals must be
compared with great care. The
microstructure,which is depen-
dent on the chemical composition
and cooling conditions, is just one
factor which influences the me-
chanical properties. The welding
procedure, including the number,
size and placement of beads, is
just as important. In the case of
manual welding, the welder him-
self then can have a major influ-
ence.

Despite these difficulties, some
general conclusions on the effect

Consumables for welding high
strength steels

by Lars-Erik Svensson, Esab AB, Göteborg, Sweden
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of microstructure on mechanical
properties can be drawn. In Fig-
ure 1a, the three most typical mi-
crostructural constituents are
seen: allotriomorphic ferrite
along the prior austenite grain
boundaries, Widmanstätten side
plates and acicular ferrite. The
weld metal is of the basic type
and therefore has a relatively low
content of non-metallic inclu-
sions. The percentage of the vari-
ous constituents varies with the

alloying content and cooling rate
of the weld metal. As a very gen-
eral rule of thumb, a weld metal
with this type of appearance will
have a yield strength (YS) of ap-
proximately 450–550 MPa and an
ultimate tensile strength (UTS) of
600–700 MPa. The ductility, meas-
ured as A5, is about 25% and the
area reduction at fracture (Z) is
approximately 70%. All these val-
ues are just guidelines and will
vary with the precise conditions

in which the weld metal was de-
posited.

Two main mechanisms are
available for strengthening a low-
alloyed C-Mn weld metal: grain
refinement and solid solution
hardening. Particle dispersion
hardening should be possible to
apply in principle, but it generally
leads to unacceptably low impact
toughness. Grain refinement is
achieved by making the alloy
more hardenable, so that the
transformations occur at a lower
temperature. As a result, a larger
amount of the fine-grained acicu-
lar ferrite can be formed. If the
amount of alloying content is
even higher, bainite or martensite
is formed.

Acicular ferrite is the most
problematic constituent to con-
trol. The exact mechanisms which
are involved in the formation of
this phase are still not under-
stood.

Figure 1b shows a weld metal
with a YS of approximately 690
MPa, a UTS of around 900 MPa,
a ductility of 20% and a reduc-
tion in area of about 60%. This
weld metal is alloyed with nickel,
chromium and molybdenum, in-
creasing the contribution by solid

Figure 1 Micrographs illustrating the variation in the microstructure of weld metals with various strength levels
(a) a weld metal with a yield strength of 450–550 MPa containing allotriomorphic ferrite, Widmanstätten ferrite and acicular 

ferrite
(b) a weld metal with a yield strength of 690 MPa, with a mixture of acicular ferrite, bainite and martensite in the microstructure
(c) a weld metal with a yield strength of around 900 MPa, with a microstructure consisting of a mixture of bainite and marten-

site.

Product Process Chemical composition (%) Mechanical properties

C Mn Ni Cr Mo Rp0.2 Rm KV-40°C
(MPa) (MPa) (J)

OK 75.75 MMA 0.06 1.6 2.1 0.35 0.4 755 820 70
OK Autrod 13.43/
OK Flux 10.62 SAW 0.1 1.3 2.2 0.6 0.5 700 795 75
OK Tubrod 14.03 MCW 0.07 1.6 2.3 - 0.6 740 min 740-900 47
OK Tubrod 15.27 FCW 0.06 1.6 2.5 - - 750 800 80            

(at -50°C)
PZ 6148 FCW 0.06 1.6 2.2 0.5 0.5 690 min 770-900 50 

(at -50°C)
OK Autrod 13.29 GMAW 0.06 1.3 1.2 0.3 0.2 750 820 40             

(at -30°C)
OK Autrod 13.31 GMAW 0.1 1.7 1.9 0.35 0.5 850 890 60          

(at -20°C)
OK 75.78 MMA 0.04 2.1 3.1 0.5 0.6 920 965 80
PZ 6149 FCW 0.09 1.7 2.3 1.0 0.5 890 950

Table 1. Summary of consumables for welding steels with a yield strength of 
690 MPa or above.
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solution hardening to strength.
For the most part, however,
strength is increased by an in-
crease in the proportion of low-
temperature transformation phas-
es. The allotriomorphic ferrite
along the prior austenite grain
boundaries has essentially van-
ished, as has the Widmanstätten
ferrite. The microstructure now
consists of a mixture of acicular
ferrite, bainite and martensite.

Figure 1c shows a weld metal
essentially comprising bainite and
martensite, with a YS of 900 MPa,
a UTS of about 1,000 MPa, a duc-
tility of 18% and a reduction in
area of around 55%.

These examples show that it is
possible, at least to some extent,
to connect mechanical properties
to microstructure. However, there
are some points that should be
discussed in greater detail. The
first is the tensile properties. They
are generally measured with lon-
gitudinal tensile bars with a 10
mm gauge diameter. Normally,
this means that many zones are
sampled and the mechanical data
are an average of the individual
values in these zones. However, in
certain situations, smaller size
specimens are used, sampling few-
er zones. In very special situations,
depending on the exact welding
procedure, more or less fully
weld-normalised microstructures
can be sampled, thereby produc-
ing far lower strength than if the
full weld metal structure had been
examined. This risk is particularly
great for weld metals of lower
strength. For higher strength
welds, the difference in properties
between the different zones di-
minishes, due to the higher hard-
enability of the alloys. This can be
substantiated by the hardness
variations from the face to the
root through the three types of
weld metal from Figure 1. This is
shown in Figure 2. Needless to
say, the weld metals have different
hardnesses, but the variation in
hardness along each line is more
interesting. As can be seen, there
is less scatter in the harder alloys,
which means that there is less
variation between different zones
for these alloys. Consequently,
they are less sensitive to tensile
test specimen size.

The variation in hardness bet-
ween different zones also has an
effect on what is perhaps the
most important property for weld
metals, namely impact toughness.
It is far more difficult to give a
number to the impact toughness
for the three types of alloy in Fig-
ure 1 than to the tensile proper-
ties, as the impact toughness is
even more process dependent.

The factors which control im-
pact toughness are difficult to
present clearly and briefly. The
basic microstructure naturally has
a major influence as a result of
grain size dependence: a finer
grain size produces higher impact
toughness. When lower tempera-
ture transformation products,
such as bainite and martensite,
appear on a larger scale in the

Process Consumable Heat input Plate Mechanical Comments
(kJ/mm) thickness properties

(mm)

MMA OK 75.75 2.7 40 908 MPa UTS PWHT 
31 J/-55°C 600°C/1.6 h

MMA OK 75.78 1.5 15 1028 MPa UTS 3G position
53 J/-60°C

FCAW PZ 6148 1.2 30 942 MPa UTS 3G position
56 J/-40°C

FCAW PZ 6149 1.5 30 955 MPa UTS*) 1G position
50 J/-50°C

MCW OK Tubrod 14.03 1.2 16 819 MPa UTS*)
65 J/-40°C

SAW 13.43/10.62 2.6 30 851 MPa UTS 1G position
75 J/-40°75 J/-40°

*) Tensile strength in transverse tensile test.

Table 2. Summary of some welding procedures using consumables for welding
high strength steels. The results of the mechanical tests relate to the weld metal,
unless otherwise stated.

Figure 2 Hardness development through the three weld metals in Figure 1. The dif-
ference in hardness reflects the difference in strength. The variation in hardness
along the line of measurement reflects the sensitivity of each weld metal to the heat
generated by subsequent passes.

VICKERS HARDNESS
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microstructure, impact toughness
is generally reduced. To obtain an
acceptable impact toughness for
these phases, other measures

must be taken, such as using a
very low carbon content. Increas-
ing the addition of alloys to in-
crease strength usually reduces

impact toughness, with the excep-
tion of nickel, which tends to in-
crease it. It is usually claimed that
increased strength results in a re-
duction in impact toughness, but
this depends on the mechanism
that is responsible for the in-
crease in strength. Impact tough-
ness also depends on the size of
non-metallic inclusions. This is de-
termined by the basicity of the
slag system (or oxygen potential
of the gas) and the heat input.
Recently, the effect of minor ele-
ments on impact toughness has
attracted a great deal of interest.
There are also factors such as em-
brittling elements like nitrogen
and the actual welding process
also appears to have some influ-
ence. Processes with higher pro-
ductivity may have a somewhat
lower impact toughness. Howev-
er, many details relating to the in-
fluence of the above factors asso-
ciated with toughness have not
been clarified.

Figure 3 Impact toughness at –40°C, measured at several positions across a welded
joint. The plate on the left-hand side was wrought while the right-hand plate was
cast.

Figure 4 Graph showing the relationship between yield strength and impact toughness for weld metals with a yield strength of
more than 690 MPa. This illustrates that high impact toughness values can be obtained for high strength weld metals using 
several welding processes.
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In very rough terms, it can be
assumed that a weld metal like
the one in Figure 1a has an im-
pact toughness at –40°C of 150 J,
the one in Figure 1b 100 J and
the one in Figure 1c 50 J. Due to
the greater homogeneity of the
microstructure of the higher al-
loyed weld metals, they have far
less scatter in terms of impact
toughness.

Welding steels with a
yield strength of 690 MPa 
In this section, consumables for
welding steels with a yield
strength of 690 MPa will be pre-
sented. Some results from differ-
ent welding procedures will also
be shown.

Table 1 gives details of the
Esab range of consumables for
welding high strength steels. The
chemical compositions and me-
chanical properties relate to all
weld metal. It should be noted
that the two last consumables are
designed  for welding steels of
even higher strength.

A number of welding proce-
dures in which these consumables
have been used are presented in
Table 2, together with the results
of mechanical testing. As can be
seen, the welding procedures
span quite a large field, in terms
of both heat input and plate
thickness. A parameter which is
not given in Table 2 but is still im-
portant is the preheating and
interpass temperatures used dur-
ing welding. A preheating tem-
perature of 100–150°C was gener-
ally used for all thicknesses. This
prevented hydrogen cracking. In
the case of modern quenched and
tempered steels with a low car-
bon content, the main risk when
it comes to hydrogen cracking lies
in the weld metal. So the choice
of preheating temperature should
not be based on the composition
of the steel. Unfortunately, there
are as yet no formulae or graphi-
cal methods that provide reliable
guidelines for the avoidance of
weld metal hydrogen cracking. In
order to find suitable preheating
temperatures, more elaborate
methods, such as a Tekken test,
should be used.

As can be seen from Table 2,
high tensile strengths were found

in the weld procedures. In gener-
al, when it came to the transverse
tensile tests, fracture was found in
the base material. However, there
might be a problem in situations
in which the consumables only
give a slight overmatching to 690
MPa in an all weld metal test. The
reason for this is that the weld
metal, which is created by mixing
the consumable and the base ma-
terial under the influence of the
cooling conditions dictated by the
welding procedure, does not usu-
ally increase very much in
strength, unless large amounts of
alloying elements are picked up
from the base material. The base
material, which has a specified
minimum yield strength of 690
MPa, has a much higher yield
strength in practice. It is not un-
common for the steel to have a
yield strength which is 100–150
MPa higher than the minimum
specified value. Naturally, these
steels also have a higher ultimate
tensile strength. So, even with
weld metals which should nomi-
nally overmatch the strength of
the steel, fracture may take place
in the weld metal in a transverse
tensile test.

What is particularly encourag-
ing when it comes to the welding
procedures in Table 2 are the
good values for impact toughness
which were measured in the weld
metals. Figure 3 shows a plot of
the impact toughness at –40°C for
various positions across a weld-
ment in steels with a yield
strength of 690 MPa. In this par-
ticular case, which relates to the
FCAW procedure using PZ 6148,
the welding was done between
two plates, one rolled and one
cast. As can be seen, there is a de-
crease in toughness from the base
material via the HAZ to the weld
metal. This picture is often found
for welds in 690 MPa steels, irre-
spective of the consumable or
welding procedure. The impact
toughness of the weld metal is
good, but it is slightly lower than
in the HAZ.

A large number of test welds
have been prepared in order to
study the connection between the
strength and impact toughness of
weld metals. A summary of this
connection is presented in Figure 4,

which presents data for sub-
merged arc, manual metal arc and
flux cored arc weld metals. The
yield strength of the weld metals
varied from about 650 MPa to
above 1,000 MPa. A clear trend
can be seen — an increase in
yield strength produces a de-
crease in impact toughness. As
can also be seen, weld metals
from manual metal arc welding
have a slightly higher impact
toughness than submerged arc
weld metals.

Conclusions
Welding steels with a specified
minimum yield strength of 690
MPa is possible using most of the
common arc welding processes.
There are high productivity pro-
cesses for welding these steels,
mainly cored wires and submer-
ged arc welding. There is a range
of consumables that will provide
both the strength and impact
toughness to match the base ma-
terial properties. To avoid hydro-
gen cracking in the weld metal, a
preheating temperature of
125–150°C should be used; the
lower temperature is applicable
for thin plates and a low level of
restraint. One particular problem
is the actual yield strength of the
delivered base materials, which is
often far higher than the specified
minimum yield strength. The weld
metals normally overmatch the
steel, but, as the yield strength of
the weld metal increases, a de-
crease in impact toughness is
seen. This then indicates that a
consumable with slight over-
matching properties should be se-
lected for each case.

About the author
Lars-Erik Svensson, PhD, is man-
ager of the Esab Central Labora-
tories in Gothenburg. He has 
worked for more than 15 years
with welding metallurgy, focusing
primarily on unalloyed and low-
alloyed steels. He has published
one book and more than 25 papers
on the microstructure and proper-
ties of welds.
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The most commonly
used cutting technolo-
gies are shown in Figure
1. The cutting ranges for
different materials and
plate thicknesses are
given, together with the
recommended maxi-
mum thicknesses for the
cutting processes and
the energy level/am-
peres in question. In ad-
dition to this informa-
tion, current usage
largely depends on the
accuracy that can be ob-
tained and this is illus-
trated in Figure 2.

During the past 30 years, the en-
vironmental issues associated
with thermal cutting have at-
tracted steadily increasing atten-
tion. Around 1960, plasma cut-
ting was virtually unknown and
laser cutting had not been in-
vented. Oxy-fuel cutting was
triggering some degree of envi-
ronmental discussion, mainly as
a result of the very high Nx-Oy
content found in connection with
cutting. At this time, the industry
in general took no special opera-
tor precautions against dust and
fumes. The increased use of cut-
ting as one of the means of op-
timising steel designs and, in par-
ticular, the increasing focus on
operator comfort in general in
Northern Europe during the
years that followed virtually
kicked off a new comfort busi-
ness programme, based to a very
large degree on the increasing
awareness of the health hazards
associated with dust, fumes and

gases, noise, radiation and ergo-
nomics in general.

Dust, fumes and gases
The first steps when it came to
removing the health risks posed
by dust, fumes and gases focused
on oxy-fuel cutting and were
based on national regulations, in
particular those in Germany and
Scandinavia. The result was the
typical cutting table with fume
extraction, divided into compart-
ments, so that the position of the
torch controls the compartment
from which extraction is active
(Fig. 3).

Over the years, this type of in-
stallation has been improved in
terms of design and functionality
and is now thought to deal very
effectively with the environment
inside current production facil-
ities, provided that the upkeep

Fig. 2. The most commonly quoted 
accuracies for different cutting pro-
cesses. Each process designation is
placed in the middle of the respective
graph area. HyDefinition Plasma is
the proprietary designation belong-
ing to Hypertherm, Inc., courtesy
Hypertherm Plasmatechnik GmbH
and corresponding to the term fine-
beam plasma referred to in this doc-
ument.

Cutting systems in 
an environmental context

by Dipl.-Ing. Klaus Decker, ESAB-HANCOCK GmbH, Karben, Germany

Fig. 1. Cutting ranges for different thermal cutting processes, cutting process with
energy level/amperes vertical, plate thicknesses horizontal, legend incl. max. plate
thickness in mm in text, courtesy Rainer Schäfer ESAB-HANCOCK GmbH.
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and verification of the function is
performed correctly.

This type of installation is used
for oxy-fuel and dry-plasma cut-
ting and the actual process deter-
mines the extraction volume to
be used, the normal range being
4,000-8,000 m3/h for a compart-
ment length of 500-1,000 mm and
table widths of up to 4,000 mm.

Whereas the interior environ-
ment was catered for very effec-
tively by these measures, the pol-
lution from the extraction funnel
into the surroundings was han-
dled using a coarse separator and
a traditional cyclone, in combina-

tion with a funnel height which
was decided from case to case.
Expressed in figures, this type of
funnel extraction can typically ac-
commodate a dust content in the
region of 50 mg/m3 and upwards
with an aerosol type of particle
size, although the actual analysis
depends on the type of material
and the cutting process.

At the present time, this type
of installation works satisfactorily
in many environments. With in-
creasing urbanisation, however,
neighbourhood pollution is a
growing problem. Special cy-
clones like that shown in Figure 3
and special filter systems (Fig. 4)
can create solutions in which the
airborne pollution from dust into
the surroundings is 5 mg/m3 and
less. There is no question that the
call for these systems will in-
crease, in particular when parti-
cles originate from the cutting of
stainless types of material.

Dry-plasma cutting was re-
ferred to explicitly above as op-
posed to water-plasma cutting, a
process which is far better in the
environmental context than the
dry-plasma process, as the cutting
takes place with the plate and
plasma jet under water, even
though the energy input is rela-
tively high. It is performed with
special water tables with rapid
operating level control. As re-
gards dust, fumes and gases and
even noise levels, water-plasma
cutting is very advantageous. To
put it bluntly, practically every-
thing stays in the water and re-
quires only something like a
once-a-year clean-out of the resi-
due from the bottom of the table,
while the water can be disposed
of as harmless through the regu-
lar sewage system.

The obvious process advan-
tage, as seen from an environ-
mental viewpoint, is accompanied
by the advantages of high cutting
speed and improved precision
due to water cooling. Marking
must, however, take place on the
dry plate before cutting and the
water level operations reduce
productivity, in particular for
small plate formats.

With regard to dust, fumes and
gases, laser cutting by and large
calls for environmental measures
which are very similar to those

described for oxy-fuel and dry-
plasma cutting. The volume of
hazardous gases and dust is, how-
ever, small, due to the cutting gas-
es that are used and the very nar-
row kerf.

Noise and radiation
Whereas the previous paragraph
concluded that many environ-
mental problems have been sol-
ved, the situation is somewhat
different when it comes to the
noise and radiation problems as-
sociated with dry-plasma and la-
ser cutting. In both cases, the
practical and, at the same time,
somewhat drastic solution ap-
pears to be to “encapsulate” the
cutting installation from the sur-
rounding environment, as well as
from the operator. This is not as
easy as it might look at first sight.
Isolation during ongoing cutting
excludes the traditional handling
of plates and cut parts and will
undoubtedly reduce productivity
to some degree, even if large in-
vestments are made to facilitate
these operations. The situation
when it comes to handling under
these circumstances represents a
major future challenge for which
the present state of the art in cut-
ting systems is not fully prepared.
This issue will be touched upon
again in a subsequent paragraph.

To give just one example. In
many cases, fine-beam plasma
cutting is currently an alternative
to laser cutting as illustrated by
Figure 2. The typical noise level is
around or above 100 dBA (dis-
tance of one metre). It is not es-
pecially practical to encapsulate
the torch and beam, but it can be
done and will reduce the noise
level to below 85 dBA. The indus-
try is, however, not particularly
willing to accept such a solution
as it will increase upkeep costs
and generally make cutting more
costly because the operator is un-
able to watch the cutting process
and also because the effective
cutting field for a given machine
size is reduced.

One solution to the problem
could be a separate building for
the installation with remote oper-
ation facilities for the cutting op-
eration and to some extent also
for loading and unloading. This is

Fig. 3. Special cyclone with double dip
tubes operates with very high centrifu-
gal action and produces a maintenan-
ce-free filtration efficiency of 99.5% at
a particle size of 5 mm (principle).

Fig. 4. Filter solution able to pro-
vide a very high degree of cleanli-
ness for cutting table extraction
into the surrounding environ-
ment.
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undoubtedly a very costly solu-
tion and one with reduced pro-
ductivity.

Another solution could be to
adapt the process to water-plas-
ma operation. This would call for
a water table, an air muffler
around the torch and a larger
cutting power source to provide
the increased energy that is need-
ed for under-water cutting. Also
a solution which calls for high in-
vestments and has inherent fea-
tures that will reduce productiv-
ity. To the knowledge of the au-
thor, none of the solutions has so
far actually been put into opera-
tion.

Ergonomics in general
The development of controls for
CNC cutting has brought about a
general improvement in ergo-
nomics. Just consider the follow-
ing examples – marking equip-
ment, automatic nesting, automat-
ic cutting bridges, colour monitor
facilities, automatic height con-
trol, flame control and monitor-
ing by sensors and advanced pro-
gramming facilities.

In the case of cutting installa-
tions, ergonomic improvements
worth mentioning include auto-
matic plate alignment, tables with
transport facilities for the out-
loading of parts and double ta-
bles, roller bed arrangements,
special overhead cranes, special
arrangements for easy slag re-
moval, all features that have hel-
ped to reduce the heavy physical
work and the man-hours used per
metre cut.

Development targets
Productivity in the broadest sense
of the word is the driving force
when it comes to selecting the de-
velopment targets for the cutting
process as applied in cutting in-
stallations. This focuses attention
on the operations that are needed
after cutting, as a result of a more
or less perfect cutting perfor-
mance. In plain terms, the an-
swers to quality issues such as ac-
curacy, freedom from dross,
squareness and bevel quality.

In the case of different cutting
processes, we find different com-
binations of answers to these
quality issues.

At the present time, dross-free
and accurately-cut parts are basi-
cally regarded as the major targets
to aim for, because the cost asso-
ciated with dross removal by post-
processing cut parts is consider-
able, as is the lack of precision for
welding operations that, more of-
ten than not, follows after cutting.

Another productivity issue
which has a direct bearing on the
nature of the cutting process is
the minimising of process down-
time due to wear to torch tips,
electrodes and nozzles. Systems
for monitoring, surveillance and
fast and precise exchange modes
are in demand for all processes.

It is also relevant to mention
the constant design attention that
must be paid to the interaction
between the aforementioned de-
velopment of controls and the
corresponding electrical and me-
chanical design of cutting ma-
chines, as regards their dynamic
response to rapid movements
with up to five degrees of free-
dom. A very high degree of dy-
namic response is an absolute
prerequisite for realising the po-
tential advantages offered by any
sophisticated cutting process.

Finally, modern IT develop-
ments, utilised correctly with ad-
vanced sensor technology, have
made great advances in diagnos-
tic systems possible. This trend
will continue and lead to further
improvements relating to preven-
tive upkeep to minimise down-
time, to secure fast troubleshoot-
ing and provide input for quality
surveillance.

Water plasma
In order to reduce the post-pro-
cessing of cut parts and also to
obtain higher cutting speeds at
reduced energy consumption, the-
re is a move towards cutting with
oxygen, O2, instead of nitrogen,
N2 (Fig. 5).

Investigations appear to indi-
cate that the running costs, in
terms of the consumption of gas,
energy and consumables, end up
at the same cost level, whereas
the use of O2 improves the dross-
free range of plate thickness and
permits a 40% increase in cutting
speed in 12 mm steel plate. for
example. As the energy that is
needed is lower as a result of the
exothermic reactions with O2 in
steel, changing to O2 increases
the possible plate thickness for a
given size of power source.

When it comes to the precision
and accuracy that can be ob-
tained, it is likely that water-plas-
ma cutting, no matter which gas is
used, will lose its foothold to
some degree and laser cutting will
be preferred. In the case of new
installations, it will be possible to
take the special precautions that
are needed to operate a laser-cut-
ting installation, while paying due
consideration to its environmen-
tal implications. This will be tou-
ched upon at a later stage.

Laser and dry plasma
The dry processes have the inher-
ent advantage of being dry, which
means that they do not need a
water table, a considerably more
expensive arrangement than a

Fig. 5. Cutting speeds versus plate thickness for MS for water-plasma cutting with
O2 and N2 respectively.
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comparable table arrangement
for a dry process. What is more,
handling cutting with water tables
takes time and introduces other
disadvantages like those touched
upon earlier.

However, the dry processes
also have inherent disadvantages
when it comes to the environ-
mental issues of noise and, partic-
ularly in the case of laser, radia-
tion. As has already been said,
the use of laser cutting will in-
crease as a result of reduced
dross appearance, greater accura-
cy and the higher productivity
that can be obtained with dry cut-
ting tables.

The author believes that this
will take place, although the actu-
al cutting speed for laser versus
plasma-water at the present time,
for 20 mm MS, for example, is 1
m/min compared with 3 m/min.

For shipyards in particular,
when they invest in new cutting
facilities, it will be attractive to
change to laser and it will also
then be possible to handle the en-
vironmental issues in the ideal
manner. In short, this will result
in the complete removal of the
operator and other manual activ-
ities from the installation site and
a change to complete reliance on
remote control, remote handling
and remote surveillance. For the
supplier and designer of these
cutting installations, there is still
some way to go before all the fa-
cilities for the programming and
surveillance of the relevant cut-
ting parameters are available, but
it is thought that this will be the
trend in development as far as la-
ser is concerned. While this is be-
ing implemented, we shall prob-
ably see the development of the
laser technique towards coping
with thicker material while main-
taining the level of precision. The
current standard is 25–30 mm for
MS. The double-focus technique
is one way of achieving this.

Finally, it is worth noting that
laser cutting lends itself to inter-
esting precision jobs such as con-
tour cutting, with or without bev-
el, in one operation on two-
dimensional or three-dimensional
workpieces, also including the
cutting of small holes, with or
without chamfers. Figures 6 and 7

illustrate this development in la-
ser cutting.

At present, fine-beam plasma
cutting has potential for thin pla-
te cutting which can be further
exploited when the appropriate
solutions for reducing or avoiding
the inherent noise level are intro-
duced.

Fine-beam plasma cutting is
very attractive investment-wise,
as compared with laser cutting,
for a number of applications whe-
re the highest precision is not
necessary (compare with  Fig. 2).
At the same time, it is to be ex-
pected that, within the foresee-
able future, fine-beam plasma will
increase in capability from the
present maximum 20 mm thick-
ness up to a maximum of 50 mm,
both figures referring to MS.

Summary
Over the years, environmental is-
sues have become an increasingly
important point on the agenda
when it comes to the design of
cutting systems. The current tech-
nology, its productivity merits and
deficiencies are briefly described,
as they relate to present and up-

coming environmental issues in
the fields of dust, fume and gases,
noise, radiation and ergonomics
in general. With that as the start-
ing point, a discussion of the out-
look for improvements–the ways
and means of establishing im-
proved environmental conditions,
while paying due consideration to
productivity, as seen through the
eyes of a manufacturer of cutting
systems, featuring a horizon
stretching into the next millenni-
um–is presented.

Fig. 6. An S-axis laser-cutting head which is fully programmable.

Fig. 7. A modern laser-cutting installation for large plate formats with screening
from radiation.

About the author:
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Esab Italy contribute to
the success of robot
welding at the Monfal-
cone yard, as part of its
extensive service to the
yard.

The Monfalcone yard is the loca-
tion for FASP, the European Un-
ion project for Fully Automatic
Ship Production. The experience
that is acquired here will enable
European shipyards to build
competitively in terms of cost and
time in relation to yards in the
Far East.

Overall view of massive
robot welding installation
The state-owned Monfalcone
yard specialises in large luxury
cruise vessels. The fabrication
procedures are conventional; pla-
te cutting and bending, panel line,
plate assembly to panels, followed
by the build-up of sections and fi-
nal hull construction.

When it comes to FASP, Fin-
cantieri is in the process of refin-
ing each stage to achieve the
highest possible level of automa-
tion.

Robot welding for ships
This represents a step-up from
mechanisation methods which in-
volve GMAW processes for
downhand and vertical-up welds.

The traditional role of robots
for welding industrial products,
often aided by workpiece manip-
ulation, has to be re-thought, be-
cause shipbuilding robots have to
work over considerable distances
across and along panel lines. While
this is not easy, linear positioning
on this scale is well within the 
capability of current technology.

The other essential factor for
robot welding is consistency in
the fit-up of plates, profiles and
so forth on panels. In this context,

the skills of the Monfalcone yard
have been very useful.

The “robot-friendly”
cored wire
As a major supplier of SAW con-
sumables at Monfalcone, Esab
was well placed to give advice.
The yard naturally had an open
choice of cored wires from suppli-
ers worldwide. Optimum results
required:

Rutile type to conform with
established shipbuilding weld-
ing practice
Use of CO2 gas for economy
Good feedability to minimise
stoppages
Positional capability to handle
fillet welds in PB/2F and
PF/3F≠ positions with full
penetration
Wide parameter box to avoid
critical setting of welding cur-
rent, voltage and wire speed
Highest possible productivity

To satisfy these requirements, it
was agreed to base the new wire
on the FILARC PZ6113 type of
rutile flux-cored wire, as this
would meet all the above require-
ments. This was proven with ro-
bots, and for shipbuilding, in both
1.2 and 1.6 mm sizes.

With application support from
Esab cored wire development,
Esab Italy presented the new OK
Tubrod 15.13 to the yard for eval-
uation. This joint helped to rein-
force the well-established posi-

tion of Esab Italy as a welding
supplier to the Monfalcone yard.

Tests and subsequent produc-
tion proved that OK Tubrod
15.13 met all the requirements.

It is truly robot-friendly!
The yard is currently obtaining

experience from the supply of
cored wires from a 200–235 kg
Marathon Pac, thus avoiding
downtime for changing spools.
Wire feeding at distances of up to
20 m is compatible with the long
columns on which shipbuilding
robots are mounted.

The future success of FASP,
and indeed all robot welding for
shipyards, ultimately depends on
the performance of cored wires
when it comes to optimising pro-
ductivity.

In this context, Esab’s market-
ing organisations, will definitely
be adding many new advantages.

New ESAB OK Tubrod 15.13 
for robot welding at Fincantieri

Report by Ferruccio Mariani, ESAB Italy

About the author
Ferruccio Mariani joined ESAB
in 1991 as product manager for
FCWs and SAW products.
He had previously worked for 17
years at Ansaldo ABB in Milan in
Italy, firstly as a welding supervi-
sor at the Nuclear Welding Dept.
and later as a welding engineer
with responsibility for procedure
qualifications and welder training
activities. His current position at
ESAB SALDATURA in Italy is
consumables marketing manager.
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ESAB has sold two sets of Fric-
tion Stir Welding (FSW) equip-
ment to Sapa in Sweden. Sapa is
a leading aluminium extruder and
fabricator of aluminium products.
With this investment, Sapa will
also be able to include the pro-
duction and welding of large pro-
files and panels in its business.

The first ESAB SuperStir™
system Sapa purchased from
ESAB is equipped with double
welding heads. The machine will
be used to manufacture parts for
the automobile industry. This is a
breakthrough for FSW in the au-
tomotive industry. The second
ESAB SuperStir™  machine will
be used for the production of lar-
ge panels and heavy profiles with
a welding length of up to 14.5
metres. This machine has three
welding heads, which means that
it is possible to weld from two
sides of the panel at the same
time, or to use two welding
heads, positioned on the same
side of the panel, starting at the

centre of the workpiece and
welding in opposite directions
from one another. Using this
method, the productivity of the
FSW installation is substantially
increased.

Sapa is a member of the
Gränges Group, which employs
4,500 people in 12 countries and
is one of the world’s largest pro-
ducers of extruded aluminium
profiles. Sapa, Skandinaviska Alu-
minium Profiler AB, is the Swed-
ish subsidiary company with 1,400
employees and a turnover of SEK
2.1 billion. In Sweden, Sapa has
the leading position with a mar-
ket share of more than 50%.

ESAB was the only welding
equipment manufacturer to join
The Welding Institute (TWI) as
an original R&D contributor to
develop the Friction Stir Welding
process in 1992. ESAB decided to
market the process under the
name of ESAB SuperStir™  and
supplied its first commercial FSW
machine to Marine Aluminium of

Norway in the autumn of 1996.
To date, upwards of 120,000 me-
tres of weld have been performed
without defects. Since then,
ESAB has also delivered four
FSW systems to The Boeing
Company in the United States,
which uses the equipment to pro-
duce components for the Delta
family of rockets, used for launch-
ing  communications satellites.

The Friction Stir Welding method
The friction generated by a rotat-
ing tool, in combination with high
pressure, plasticises (softens) the
surrounding material and the tool
transports material using a closed
keyhole technique. Welds can be
made in any position using single-
pass or double-sided techniques.
The process requires no special
surface preparation before weld-
ing, such as machining or etching.
As no melting occurs, no filler
material or shielding gas is used,
the joints are free from distortion
and porosity, have no lack of fu-
sion and do not change their ma-
terial composition. Another ad-
vantage of FSW is that it is now
possible to weld aluminium alloys
which could previously not be
welded, with excellent results.
Moreover, this is a very environ-
mentally-sound method, as there
is no spatter, no toxic fumes and
no noise during welding.

The method is ideal for the
production of ships, offshore plat-
forms, railway carriages and
bridges and for applications with-
in the automotive and process in-
dustries.

Complete production programme
ESAB, the world’s leading com-
pany in welding and cutting, is
now also the world leader when it
comes to the production of equip-
ment for Friction Stir Welding.
ESAB can offer a number of dif-
ferent SuperStir™ systems for
workpieces ranging from very
small up to 10x30 metres for ap-
plications of all kinds.

Additional information is
available from:
ESAB Welding Equipment AB
Attn: Lars-Göran Eriksson
Phone: +46 584 81160
Fax: +46 584 411721
Email: larsgoran.eriksson@esab.se

Two ESAB SuperStir™ 
machines go to Sapa

Stub-
ends&Spatter
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Esab Welding Equipment in Swe-
den is delivering pipe-welding
equipment to a pipe mill in Indo-
nesia. The pipe mill will produce
longitudinal welded pipes within
24-42“ (610-1,067 mm) in lengths
of between 20-40’ (6-12.3 m).

After pressing the plate to pro-
duce a pipe, the pipe is fed
through a fixture for continuous
CO2 tack welding externally. The
pipe is then placed on a carriage,
turned 180° , and internal welding
takes place when the pipe enters
a 13-metre long boom with a
three-electrode, submerged arc
welding head.

External three-electrode weld-
ing follows, with a fixed welding
head and the pipe moving on a
carriage. The internal welding
equipment includes a specially-
built, compact three-wire SAW
head, a wire feeder, AC power
sources, a wire drum table, a TV
monitoring system and a control
panel.

The welding process is one-
pool welding with AC on all elec-
trodes. The wire-feed motors are

placed in the rear end of the
boom and the wire is pushed
through wire conduits to the
welding head. Joint tracking is
supervised by the operators from
the TV monitoring system by ad-
justing the pipe in relation to the
welding head.

The external welding equip-
ment includes a floor-mounted
column and boom, a motorised
slide cross, a three-wire welding
head, a laser joint-tracking sys-
tem, AC power sources, a flux
handling system and a control
panel.

The three-electrode system
features special narrow welding
nozzles for one-pool welding.
Each electrode can be adjusted
on three axes using slides and
scales for accurate set-up at dif-
ferent plate thicknesses. Automat-
ic joint tracking is achieved by a
laser camera and servo slides on
two axes.

The control system for the
welding is an integrated part of
the centralised product tracking
control system, in which each
pipe is individually tracked
throughout the manufacturing
process.

In principle, the welding con-
trol panels at each welding sta-
tion are based on a PLC, where
the operator can supervise the
process.

Welding parameters are pro-
grammed centrally and fed to
each PLC via the computer net-
work. The operator’s task will be
to key in individual pipe numbers
and supervise the process.

After welding is completed, all
the parameters, together with any
deviations and the individual pipe
number, will be fed back to the
central computer system.

When Esab designed this new
pipe-welding equipment, the aim
was to create a flexible modular-
ised system, which could be incor-
porated in existing booms, car-
riers and pipe carriages at differ-
ent customer facilities.

Ray Hoglund, chief executive of
ESAB Group worldwide, an-
nounces the opening of the com-
pany’s headquarters in Duluth,
Ga., a suburb of Atlanta.

“We chose the Atlanta area be-
cause of its quality of life, world-
class airport, international recog-
nition and reputation as one of
the top 10 cities in which to es-
tablish a global headquarters,“
said Hoglund.

Joining Hoglund at ESAB
Group is Frank Engel, who will
serve as the company’s chief fi-
nancial officer. Engel was previ-
ously  chief financial officer for
ESAB Welding & Cutting Prod-
ucts. Hoglund has also promoted
two other ESAB employees to
positions at the company’s head-
quarters. Anders Backman has
been appointed group vice-presi-
dent for welding consumables
and Mart Tiismann has been ap-
pointed group vice-president for
welding equipment. Both previ-
ously worked for ESAB Europe.

ESAB Group manages the
company’s operations in North
America, South America, Europe
and Asia. The company’s goal is
to improve its global leadership
position by developing an inter-
national approach, which is based
on the strength of its national and
regional teams.

The company’s new address is:
ESAB Group, 2180 Satellite
Boulevard, Suite 375, Duluth, GA,
30097. The phone number is 
(678) 475 5100 and the fax num-
ber is (678) 475 5101.

New multi-wire SAW 
equipment for the longitudinal

welding of pipes

ESAB Group 
establishes
worldwide

headquarters
in Atlanta
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Esab Welding & Cutting Products
has acquired AlcoTec Wire Com-
pany, located in Traverse City,
Michigan, USA. AlcoTec was pur-
chased from Aluminium Compa-
ny of America (ALCOA) and Al-
uminium Technology Corpora-
tion. It is the only fully-integrated
aluminium wire producer in the
USA.

“AlcoTec is the technological
leader and the world’s largest
producer of aluminium welding
wire,” says Ray Hoglund , chief
executive of Esab worldwide.
“Not only is AlcoTec the fore-
most expert in the production of
aluminium welding wire, it also
consistently brings innovations to
the applications engineering side
of the business. The acquisition of
the company will enable Esab to
strengthen its commitment to the
research and development of alu-
minium filler metals, building
upon our history of product inno-
vation.”

Aluminum fabrication is in-
creasing in a variety of industries,
including aerospace, automotive,
bridges, military, railways, recrea-
tion, shipbuilding, trucking and
utilities. Design engineers and
fabricators like the unique char-
acteristics of high strength and
low weight aluminium has to of-
fer.

AlcoTec currently employs 130
people. Brothers Bruce and Steve
Anderson, who are partners in
Aluminum Technology Corpora-
tion, will continue to manage the
day-to-day operations at AlcoTec.

“This is an important acquisi-
tion for Esab,” said Nigel Smith,
chief executive of Charter, the
parent company of The Esab
Group. “The complementary na-
ture of AlcoTec’s leading position
in aluminium wire will further
strengthen Esab’s position as the
global market leader in welding.”

Robotic welding is characterised
by high duty cycles, often with
high welding currents, and by fre-
quent stop/starts. In addition, a
high and especially consistent
weld quality is required. This plac-
es demands on the welding con-
sumable that can not fully be met
by standard wire products like
solid and cored wires developed
for semi-automatic MIG welding.

FILARC PZ6105R is a metal-
cored wire optimised for robotic
welding by means of feedability,
dependable starting and a well
balanced welding performance. It
is suited for single- and multi-lay-
er fillet and butt welds in the PA
and PB position.

Improved feedability
A optimised wire finish and opti-
mal coiling ensures constant deliv-
ery in long liners, while avoiding
feeding problems due to contami-
nation of liners and contact tips. It
is available in FILARC Mara-

Classifications
AWS A5.18-93: E70C-6M H4~
EN 758-97: T 42 4 M M 3 H5

Shielding gas
Ar/15–25%CO2
EN 439: M21

Weld metal composition [%]
C: 0.03–0.07 P :≤0.025
Si: 0.60–0.90 S: ≤0.025
Mn: 1.40–1.80

Deposition data in: Ar/CO2
I Vwire Dep. rate
[A] [m/min] [kg/h]
150 3.5 2.1
250 7.0 4.2
350 12.1 7.2
450 18.5 11.2
Diameter: 1.4 mm
Stickout: 20 mm

All weld metal mechanical properties
Tensile strength, Rm [MPa]: 510-600
Yield strength, Re [MPa]: ≥420
Elongation, A5 [%]: ≥22
Impact value,
Av (ISO-V) –40°C [J]: ≥47

Esab acquires
AlcoTec 

Current
and

polarity

DC +

Approvals
(Pending)

TÜV
DB

DNV
ABS
GL
LR
BV

EN 758
Hydrogen

class

H5

Positions

thonPac bulk packaging to avoid
downtime from coil changing.

Dependable starting and a 
stable arc
The special formulation provides
a reliable calm arc ignition with
minimal spatter, and reduced risk
of wire burn-back. Improved cur-
rent transfer assures a stable arc
and a very low spatter level along
the weld.

Productivity
PZ6105R comes in B 1.4mm, the
most versatile size for most robot
welding equipment. Above a level
of 250A, it provides excellent
weldability and optimal produc-
tivity, up to very high currents. A
wide range of fillet sizes can be
covered.

Smooth weld appearance
Flat fillet welds with good tie-in
and penetration favour the ap-
pearance and fatigue performance
of robot welded workpieces.

FILARC PZ6105R
The robot-friendly cored wire
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The Oscar 
Kjellberg Award

Professors Göran Alpsten and
Jan-Olof Sperle have been award-
ed the 1999 Oscar Kjellberg Gold
Medal for their many years of
work in the field of fatigue and
the anti-fatigue design of steel
structures. The medals were pre-
sented by Bertil Pekkari, Presi-
dent of the Swedish Welding
Commission at its spring meeting.

Göran Alpsten, M. Eng, and Dr.
Techn , was involved in the pro-
duction of Construction Welding
Standards and was chairman of a
working group for the anti-fatigue
design of welded joints. He has
been active in a number of major
projects that utilise advanced
welded constructions, including
Globen athletics arena in Stock-
holm and the Öresund Fixed Link
between Sweden and Denmark.

Jan-Olof Sperle, M. Eng, has
also been working on the prob-
lems of fatigue. In his doctoral
thesis, entitiled “High strength
steel for light weight structures”,
fatigue-related issues play an im-
portant part. Dr, Sperle has been
the Swedish representative on the
IIW Fatigue Committee since
1975.

The Kjellberg Gold Medal is the
Swedish Welding Commission’s
most prestigious award. It was 
established in the memory of 
Oscar Kjellberg, inventor of the
coated welding electrode and
founder of ESAB. According to
the rules, the Kjellberg Award
may be given to individuals who
have made major contributions to
the benefit of welding and related
disciplins. It was presented for the
first time in 1941 and has been
presented on four occasions, in
1944, 1992, 1994 and 1995.

One of Esab Norway’s largest
and oldest customers has de-
signed and manufactured a truly
unique steel/glass structure which
is going to protect the ruins of a
cathedral from the 13th century
in Hamar in Norway. The struc-
ture is a tubular framework com-
prising some 4,500 pieces of pip-
ing which have been welded to-
gether with complicated joints. In
all, around 1,000 different geome-
tries have been calculated for the-
se pipe ends. In addition, some
3,000 attachment points for glass
have been welded, about 1,700 of
which were different.

Are we entitled to ”manipulate”
the workings of history and 
nature?
The structure has created some
heated discussions and headlines
in Norway. Should ruins really be
enclosed? Are they not part of
the landscape and, as such, should
they not be allowed to stay as
they are and perhaps crumble in
peace? Opinions differed on the-
se points, but the Norwegian Cen-
tral Board of National Antiqui-
ties decided that the ruins should
be enclosed. Because, since the
mid-19th century, it has restored
the ruin extensively, but it still
feared that the brickwork would
soon collapse as a result of ero-
sion. This takes place primarily as
a result of frost erosion and con-
stant fluctuations around 0°C
should therefore be avoided. En-
closing the ruin makes it possible

to control the temperature and
keep it above freezing point all
year round.

Since the construction work
was completed, the negative criti-
cism has stopped, however. “In-
credible but true. A real success!
The first impression of the glass
building was fantastic.” “Building
something new is the only way to
spotlight the historical. Inside, the
ruin appears as something mag-
nificent and unexpected.” “The
contrast between the new and the
old has enabled something of a
‘resurrection’ to take place.” The-
se are just some of the many
comments that have been heard
since the work was completed.

Esab’s contribution will be part
of the future
AB Esab in Larvik in Norway
supplied all the consumables for
the construction and the custom-
er naturally also uses a fair num-
ber of ESAB machines in his pro-
duction process. The construction
in itself is unique, as all the steel
structures fitted together perfect-
ly during assembly, thereby dem-
onstrating that all the previous
production processes had been
performed correctly. As a result,
the customer is extremely satis-
fied with his own and his suppli-
ers’ performance in this complex
project. It is pleasing for Esab to
be able to contribute to such a
deserving cause, an attempt to
preserve this unique building for
posterity.

42 Svetsaren No.1–2 1999

Esab Norway helping to 
save history

Nya Svetsaren 1, 1999.  1999-07-01 10.43  Sidan 42



Svetsaren No.1 1999 43

The utilisation of laser
welding in manufactur-
ing industries has in-
creased rapidly during
the last few decades and
can be regarded as a
more or less mature
technique. During weld-
ing, the very high power
density in the focal point
evaporates the material
and causes a narrow,
deep entry hole which
moves through the
workpiece as the beam
is moved. This is known
as ”key-hole” deep pen-
etration welding [Fig. 1].
During welding, an inert
gas (normally helium or
nitrogen) flows through
a nozzle to the work-
piece surface in order to
prevent oxidation.

The most common laser for high
power welding is the carbon diox-
ide laser (CO2 laser). This laser
emits light with a wavelength of
10.6 µm. The laser gas mixture
used in CO2 lasers consists main-
ly of helium, to ensure the remov-
al of generated heat, carbon diox-
ide, the laser-active medium, and
nitrogen, in which a gas discharge
creates the energy necessary for
excitation. The CO2 laser is espe-
cially cost-effective when used for
the high-speed welding of com-
paratively thin-walled structures
like car bodies. The disadvantage

of this type of laser is that it re-
quires a sophisticated system to
distribute the laser beam to the
workpiece. This also means that
the work stations are not as flex-
ible as they might be. The quality
of the beam is also reduced if it is
necessary to transfer the laser
beam via many mirrors.

The other dominant laser
source is the Nd:YAG laser. This
type of laser has a wavelength
that is ten times shorter
(1064nm) than that of the CO2
laser. The laser-active medium,
neodymium (Nd3+-ions), is lo-
cated in a solid crystal made up
of yttrium-aluminium-garnet and
is usually rod-shaped. The optical
excitation in pulsed lasers 
(p-lasers) generally occurs by
means of krypton flash-lamps,
whereas krypton arc lamps are
used in continuous-wave high
power lasers (cw-lasers). The
principal advantage compared
with CO2 lasers is that the light

from the Nd:YAG can be trans-
mitted to the workpiece by opti-
cal fibres and can therefore be
more easily integrated into a lar-
ge variety of systems.

However, the development of
more flexible and efficient lasers
is continuing and in recent years
we have seen new products, such
as diode-pumped Nd:YAG lasers
or direct-acting diode lasers, start-
ing to be used in commercial pro-
duction.

This article will present a num-
ber of laser welding applications.
Naturally, from the author’s point
of view, several examples have
been taken from the automotive
industry, but, to highlight the vari-
ous opportunities presented by
laser processing, some examples
will also deal with micro technol-
ogy welding, as well as the weld-
ing of plastic components. At the
end, some examples of new pro-
cess development are also re-
viewed.

Laser welding
A mature process technology with

various application fields
by Johnny K Larsson, MSc, Volvo Car Corporation, Sweden

Figure 1.The principle of “key-hole” deep penetration welding.
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Automotive applications
Some of the keywords in automo-
tive manufacturing today are
quality, flexibility, high productiv-
ity and cost effectiveness. Laser
welding appears to meet all these
requirements and the proof can
be found in the impressive num-
ber of lasers already in operation
today at automotive companies.

Roof laser welding can be
more or less regarded as state of
the art among automotive manu-
facturers and some European car
manufacturers will now be men-
tioned, simply to illustrate how
well-established the laser welding
process is.

Volvo
Volvo started roof laser welding
in series production in connection
with the introduction of the 850
model in early 1991. The reason
for choosing laser welding for the
roof of the 850 was the strength
requirements for the upper roof
rail, a crucial part of the Volvo
system known as SIPS (Side Im-
pact Protection System). As a re-
sult, the roof rail had to be de-
signed as a closed section [Fig. 2].

This restricted the opportunity
to join the roof to the rest of the
body to either adhesive bonding
or laser welding. Both concepts
were evaluated in early proto-

types and the test results indicat-
ed that the laser would be superi-
or. When it came to both product
requirement fulfilment and the
reliability and environmental as-
pects in production terms, the la-
ser welding technique emerged as
the winner.

The installation at the Ghent
plant consists of a 6 kW CO2 la-
ser, a five-axis gantry robot and a
beam delivery system including
five mirrors, the last of which is of
the parabolic, focusing type.
Three different, easily exchange-
able laser welding heads with ad-
jacent focusing alternatives are
included. The welding speed is
around 5.5 m/min, a prerequisition
in order to correspond to the sta-
tion cycle time.

The fixation of the sheets in
this overlap joint (0.8mm uncoat-
ed to 0.8mm 8µm electro-galvani-
zed steel) was associated with
major difficulties, as one of the
sheets was part of a closed beam
section with no access for a sta-
tionary backing fixture. The prob-
lem was finally solved with the
aid of a Pressure Roller Device
(PRD). This consists of a copper
wheel mounted on the laser head
and featuring adaptive z-compen-
sation through the telescopic ac-
tion of the laser head. The wheel
squeezes the sheets together with
a point force of about 250N and
guarantees at the same time that
the focal point is located in the
optimum position vis-à-vis the
workpiece. The welding is then
carried out using helium, at 30
l/min, as the shielding gas.

As laser welding cells for car
body manufacture represent a
considerable investment cost, Vol-
vo had to investigate cost reduc-
tion potential when the decision
was made to start production of
the 850 model at the Swedish
Torslanda Plant as well in the
summer of 1994. The main objec-
tive for the new laser welding sta-
tion was to ensure cost optimiza-
tion without undermining the ex-
perience acquired from the earli-
er Ghent installation. This has re-
sulted in a far more simple and
flexible robot system using two
125 kg standard robots and two
Zeiss telescopic tubes for the
beam guidance system, instead of
the very dedicated gantry robot

Figure 2. Typical joint geometry for roof laser welding. Roof welding being perfor-
med on the Volvo S70 model at the production plant in Ghent in Belgium.

Figure 3. Flexible laser welding cell at the Volvo Torslanda Plant in Gothenburg.

Laser weld
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[Fig. 3]. The capital investment
for this system is approximately
25% lower than that of a conven-
tional gantry robot, but it has
produced satisfactory results in
terms of weld quality and up-
time.

When the new Volvo S80 was
introduced in the spring of 1998,
the Torslanda cell had to be equ-
ipped with a second laser source
of 6 kW in order to meet capacity
requirements, as both this model
and the S70 (formerly the 850)
were manufactured in mixed pro-
duction on the same assembly
line. This means that both sides
are now being welded simultane-
ously, whereas the previous pro-
cess solution welded one side at a
time. The length of the seam weld
on each side of the car body is
approximately 1.4 metres for sa-
loon models and 2.3 metres for
estates. The two welding cells in
Ghent and Torslanda have so far
produced more than 1,000,000 car
bodies. This represents a record

of 4,000,000 metres of continuous
laser beam welded joints.

BMW
When it launched its latest 5 Se-
ries model, BMW presented laser
welding as extensive as 11 metres
on each car body and 12,000 me-
tres of laser welding is performed
every day at the Dingolfing Plant.

Two 5 kW CO2 lasers, each
connected to an industrial robot,
perform roof to uni-side welding
utilizing Zeiss telescopic tubes
and a roller device with a pres-
sure force of 700N to minimize
the gap between the parts that
are being welded. The welding is
done intermittently (10 weld
stitches/side) at a speed of 5
m/min. This welding operation ex-
tends from the roof to the rear
cross-member joint [Fig. 4]. For
quality assurance purposes, the
“Jurca” system has been intro-
duced. This system monitors plas-
ma radiation and plasma temper-
ature.

At a sub-assembly station, two
more 5 kW CO2 lasers weld the
dashboard panel. In the first op-
eration, the lower cowl is welded
continuously to the firewall. A
closure panel (upper cowl) is
loaded on top to create the closed
cowl section. This is welded con-
tinuously utilizing both lasers
with adherent robots to make two
weld lines in parallel to avoid dis-
tortion. This sub-assembly repre-
sents about 4.5 m of continuous
welding and contributes greatly
to the improved torsional stiff-
ness of this car body model.

For the assembly of the trunk
lid, BMW utilizes the so-called
“beam-trap” technique. If the la-
ser beam has an S-polarized sha-
pe, it is possible to focus it on the
joint by reflection. This technique
also offers the advantage that the
parts to be welded are less sensi-
tive to positioning accuracy. The
outer trunk lid consists of two
parts, an upper and a lower one,
which are welded together using

Figure 4. Extensive car body laser welding of the BMW 5 Series model.

Laser: 2 Trumpf TLF 5000 Turbo
Robot: 2 KUKA IRB761 with 

Zeiss tubes for beam 
guidance

Material: Roof: ZStE 220BH, 
t=0.75mm ~V-1343
Uniside: St14 ZE75/0, 
t=0.85mm ~V-1157
Cross-member: 
ZstE 260BH,
t=0.65mm ~V-1341

Weld speed: 5 m/min, 10 welds per side

Laser: Trumpf 2kW
Robot: Gantry type
Material: St14 ZE75/0, t=0.75 ~V-1157

Laser: 2 Trumpf TLF 5000 Turbo
Robot: 2 KUKA IRB761 with Zeiss

tubes for beam guidance
Material: Firewall: St14 ZE75/75 ~V-1157

Cowl lower: ZstE 300BH
Cowl upper: ZstE 300BH ZE75/0
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this technique. The welding is
performed by a 2 kW CO2 laser
operating in a gantry robot sys-
tem. For the firewall and trunk-
lid applications, a seam tracking
system must be utilized.

Ford
At Ford’s Cologne Plant, the roof
of the Scorpio estate model is
welded to the sides of the body
using an Nd:YAG laser. The 2 kW
laser produces the beam through
a fibre-optic delivery system to
the welding nozzle, which is fitted
on an industrial robot. The weld-
ing nozzle has a guide roller fitted
to it, which runs parallel to the
welding optics. This guide roller
squeezes the panels together in
the region of the focal point of
the laser beam with a pro-
grammed clamping force, while
keeping the focal point position
constant. By employing this laser
technology, Ford claims that the
roof channels can be made small-
er in the roof seam area, which
would not have been possible us-
ing resistance spot welding. In ad-
dition, the stiffness and seal tight-
ness are enhanced through the
continuous joint, while noise gen-
eration and sealant operations
are reduced.

Audi
At present, both Audi and VW
use Nd:YAG for roof laser weld-
ing. Audi does this on the A3 and
A4 Series models manufactured
in Ingolstadt, whereas the compa-
ny is still using the CO2 tech-
nique for the equivalent welding
work on the A6 models produced
in Neckarsulm. At the Audi In-
golstadt Plant, 1,800 cars are pro-
duced every day. A4 and A3 mod-
els are produced on three parallel
body assembly lines.

The first line began operating
in 1994. The A4 limousine model
is assembled here, utilizing a 2
kW Nd:YAG laser for welding,
with a second for back-up. The
application is the vertical welding
of the C-pillar (150 mm) and
transversal welding in the “Q-
glass” opening. Both applications
are performed as overlap welds in
electro-galvanized coated sheets
with a welding speed of 2 m/min.

On line two, the A4 limousine

and A4 Avant (estate model) are
produced in mixed production.
For the Avant model, the applica-
tion is roof to uni-side welding; 60
weld stitches are made on each
side, representing a total weld
length of 1.6 metres. The reason
for choosing stitch welding is to
avoid distortion in the car body.
A specific welding sequence is
used for the same reason. As the
amount of welding is higher in
this cell compared with the previ-
ous one, two 2 kW Nd:YAG la-
sers operate in parallel to weld
the roofs of the Avant models
and the C-pillars and Q-glass
openings of the limousines. A
third laser is used as back-up in
the event of equipment break-
down. In this cell, power monitor-
ing is used as a quality control
measurement; the effective pow-
er at the workpiece is not allowed
to drop below 1450W. The cycle
time on both lines is 83 seconds.

The third and most recent line
was inaugurated in 1996 in con-
junction with the launch of the
new Audi A3 Coupé. Also in this
cell, two 2 kW lasers work in par-
allel with a third laser as back-up.
The application here is also roof
welding, but with a slight differ-
ence compared with the A4
Avant. In the area between the
A- and B-pillars, stitch welding is
utilized with 19 stitches with a
length of 15–20 mm on each side.
For the rear part of the roof, con-
tinuous welding is performed. The
total weld length is 1,075 mm on
each side and the material thick-
ness is 0.9 mm for the uni-side
and 0.8 mm for the roof. Both
components are electro zinc-coa-
ted. The welding speed is 1.6
m/min, which means that the cy-
cle time is a little longer com-
pared with the other two lines —
88 seconds. For quality assurance,
the monitoring system developed
by LaserZentrum Hannover is
used. It supervises the power,
weld length and the gap between
sheets.

In all the cells, “CORGON18”
is used as the shielding gas, 20
l/min. This is a gas mixture of
18% CO2 and 82% Ar. As both
parts to be welded are zinc-coa-
ted, it has been necessary to de-
velop and use a cross-jet to pro-
tect the nozzle from any back

spatter of evaporating zinc. Avail-
ability in the Audi Ingolstadt la-
ser cells is said to be close to
99%.

Volkswagen
Volkswagen introduced Nd:YAG
laser welding in connection with
the launch of the new Passat
model. Production at the Emden
and Mosel plants utilizes 2 kW
systems. As both the roof panel
and the uni-side are made of zinc-
coated steel, VW has chosen not
to make a conventional overlap
weld in order to avoid zinc spat-
ter and unstable welding condi-
tions. Instead, the weld is posi-
tioned at the edge of the roof
panel, which means that, apart
from avoiding the above-mentio-
ned welding problems, the weld
speed can be considerably in-
creased. This means that the
welding which is performed with-
out using shielding gas (the same
as in the case of the Ford Scor-
pio) can be done at a speed of
5–6 m/min, whereas the corre-
sponding figure for normal over-
lap welding would be approxi-
mately 3 m/min. To be able to
perform this edge welding, a
seam-tracking system (Scout-sen-
sor) had to be introduced. The
contributions from laser welding
are said to be improvements in
strength, quality and precision.
Moreover, the increased styling
and design freedom is also men-
tioned.

One of the main reasons why
VW chose to invest in the
Nd:YAG technology was a desire
also to be able to weld inside the
car body. This is now being uti-
lized as some variants of the Pas-
sat models are equipped with a
rear seat back panel to improve
the torsional stiffness of the car.
Due to the flexibility offered by
the robot-mounted welding noz-
zle with integrated fibre optics, it
is possible to intermittently per-
form this fairly complex welding
procedure and still maintain ac-
ceptable weld quality.

Renault
At the Sandouville plant, Renault
has now started to investigate the
three-dimensional laser welding
of complete car bodies. This in-
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Accurate positioning using expensive external fixation devices

Step Time Accuracy
per step after each step

1. Accurate positioning using expensive tools 10 s ±1µm
2. Laser welding 0.1 s ±1µm
3. Removal of the tools 0.5 s ±3µm (final)

Total 10.6 s ±3µm (final)

Laser adjustment method

Step Time Accuracy
per step after each step

1. Rough positioning using simple tools 1 s ±3µm
2. Laser welding 0.1 s ±5µm
3. Removal of the tools 0.5 ±6µm
4. Laser manipulation 0.5–1.0 s ±0.3µm (final)

(closed loop with computer vision)
Total 2.1–2.6 s ±0.3µm (final)

volves the four- and five-door
versions of the Laguna model.
The application is stitch welding
in the windscreen opening. Nine
60 mm long welds connect the
roof and the windscreen cross-
member. Furthermore, three
welds on each side, ranging bet-
ween 50-100 mm in length, attach
the uni-side to the inner part of
the A-post. Welding is facilitated
as all the parts are uncoated apart
from the body uni-side. The inter-
mittent  method of welding in the
A-pillar area is used to avoid
welding three sheet layers. Two
Nd:YAG lasers offering 3 kW at
the workpiece are used, together
with 600 µm fibres for beam de-
livery. The welding nozzles are at-
tached to two robots and equip-
ped with a roller fixture, which,
with the support of a pneumatic
cylinder, produces a point pres-
sure of 250N in order to minimize
the gap between the sheets. The
focal length is 200 mm and
“CARBON45”, the standard
shielding gas for arc welding pro-
cedures at the plant, is used for
laser welding as well. The cycle
time is 45 seconds, which requires
a welding speed of 4–5 m/min. By
introducing a cross-jet function,
the service life of the protective
glass for the focusing lens has
been increased from 100 to 1,000
hours.

Micro technology
Laser micro-processing has

grown to become a mature tech-
nology for many parts in the elec-
tronics industry. It has not only
replaced conventional technolo-
gies but, as a result of the rede-
sign of product parts dedicated to
the new technology, it has also
enabled improved product qual-
ity and new products. The low
cost of ownership, the reliability
of the equipment, the high yield
of the process, combined with the
high accuracy and flexibility, have
made the laser a very valuable
tool.

Laser spot welding is an ac-
cepted technology in the elec-
tronics industry. Every manufac-
turer of TV and computer moni-
tor tubes uses this technology for
the assembly of the electron gun.
Typically, 150 tiny laser welds, ap-
plying pulsed Nd:YAG lasers and
fibre beam delivery systems, are
used to sub-assemble the cath-
odes, the electron optic grids and
lenses and, finally, to assemble
the gun. It would be true to say
that the quality of modern TV
picture tubes could not be real-
ized without laser spot welding.
The weld reject figure has im-
proved from 0.1% for resistance
welding to only 0.002% for laser
welding. Rigorous demands are
imposed on the accuracy of the
individual sub-assemblies. An ac-
curacy in the order of 3-5 µm for
the critical dimensions can be ob-
tained in mass production utiliz-
ing laser spot welding.

Together with a continuing
trend towards miniaturisation,
new products that require micron
and sub-micron accuracy in mass
production are being designed.
Because laser welding involves
the introduction of heat into the
product, if only to a very limited
extent, thermo-mechanical defor-
mation and displacement have to
be considered at the design pha-
se, so that they can be utilized in
laser adjustment operations. Sev-
eral thermo-mechanical mecha-
nisms are known to produce both
bending and shortening in a part.
In this way, it would be possible
to manipulate several degrees of
freedom in a product that is
mounted on the structure. Using
this new technology of laser ma-

Figure 5: Some micro-technology
applications utilizing pulsed Nd:YAG
laser welding.
a) Micro-wire connection, with a wire
diameter of 40 µm
b) Soldering frame with a copper-to-
copper joint produced with a laser
weld width of 0.1 mm
c) Holder of a vibration quartz with a
weld width of 0.05 mm

Table 1.The influence of laser adjustment on accuracy and processing time.
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nipulation for the adjustment of
parts, elaborate positioning pro-
cedures using expensive, compli-
cated tools can be replaced by
simple tools and the final accura-
cy will be produced by laser ad-
justment [Table 1].

It is clear that laser processing
in the electronics industry has be-
come a mature technology and a
large number of parts can only be
manufactured using this technol-
ogy [Fig. 5]. Using solid state la-
sers with high beam quality, it is
possible to create weld sizes in
the 100 µm range. By adapting
the beam geometry and pulse
shape for each individual welding
application, it is possible to mini-
mize the distortion as well as the
contamination of the welded part.

Welding plastics
The application of lasers has
created new opportunities in the
welding of thermoplastic compo-
nents, which until now has pri-
marily been performed using
ultrasonic or vibration welding.
For this area of application,
Nd:YAG and diode lasers, offer-
ing radiation near a wavelength
of 1 µm, are suitable for use be-
cause of the absorption character-
istics of plastic materials. These
absorption characteristics in the
materials to be welded are very
important when using laser. The
absorption and thereby the pene-
tration depth of the radiation is a
function of the laser beam and
material composition. Plastic ma-
terials absorb the CO2 radiation
in the surface layer and cause the
vaporisation of the material. The
Nd:YAG and diode radiation
penetrates into the polymer sam-
ple and produces a melting vol-
ume which is necessary for the
welding process. The absorption
properties can be influenced by
the content of pigment in the
plastic material. So black parts
can be welded together, because
being black to the eye differs
from being black or absorptive
for the laser.

Virtually all thermoplastic ma-
terials can be laser welded. The
joining of two different materials
is possible if the material combi-
nation is weldable, i.e. the tem-
perature ranges in which the ma-

terials are liquid must overlap.
Fluorinated and temperature-
resistant materials can be welded
with lasers, as well as PMMA and
ABS, or plastic to metal. In a
combination of increasing inter-
est to the automotive industry,
TPEs can easily be joined with
thermoplastics using laser radia-
tion [Fig. 6].

A keyless entry product has a
black keypad overlap-welded
onto the black case [Fig. 7]. The
keypad is coloured with a pig-
ment transparent to laser radia-
tion, while carbon is used as the
absorptive pigment for the case.
Welding these keyless entry cases
is the first example in which the
laser is being used in an industrial
application. Laser welding was
chosen because the keypad is the
final part of the assembly and is
welded after all the electronic cir-
cuits are mounted. Other welding
processes would have led to in-
creased scrap rates. Ten diode la-
sers with an output power of 30
W each are used to perform the
welding process and the welding
speed is in the range of 5 m/min.

Using the laser also permits ex-
cellent quality control of the weld
seam during production. Modern
electronics and sensor technology
provide the means for on-line
monitoring and process control of

Figure 8: Principal layout of a diode laser bar for an HPDL.

Figure 6: Diode laser welded speci-
mens of TPE/thermoplastics.

Figure 7: Laser welded polymer key
casing with integrated electronic com-
ponents.
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the melt zone temperature during
the welding process. The exact
temperature needed for the mate-
rial can be maintained by control-
ling the laser power with the tem-
perature signal obtained from the
measurement. The temperature
control unit can be integrated
into the optical head and guaran-
tees reproducible and constant
quality in the weld seam, inde-
pendent of material inhomogene-
ity resulting from previous pro-
cessing steps.

Future developments
High Power Diode Lasers
(HPDL)
High power diode lasers usually
have wavelengths of between 790
and 980 nm. Compared with CO2
and solid state lasers, HPDLs
cannot be focused down to a
comparable spot size, due to the
higher beam divergence and lack
of coherence between the individ-
ual diode emitters. The diver-
gence parallel to the diode arrays
(called the slow axis) is about 10°
(full angle), whereas the diver-
gence perpendicular or vertical to
the diode arrays (called the fast
axis) is up to 50° (full angle). Due
to this divergence astigmatism,
special optics are used to com-
pensate and, owing to the poor
beam quality, short focal length
focusing optics are used to obtain
a reasonable focused spot.

A single diode bar currently
produces about 30 W, although
with future developments it is
hoped to raise the power to 50 W.
A typical bar is 0.120.621.0 mm
in size [Fig. 8]. Output powers in
the kilowatt range can be pro-
duced by stacking bars together
to form an array or stack. A stack
with an output power of 1 kW is
approximately the same size as a
shoe box [Fig. 9]. The beam from
a 1.4 kW HPDL can be focused
down to a spot size of about 1.5
mm23 mm, which gives a power
density of about 52104 W/cm2.
Diode lifetime is expected to be
in excess of 10,000 hours and no
maintenance will be required,
apart from cleaning the focusing
optic.

At present, there are only a
few installations of HPDLs in in-
dustry for materials processing

purposes. The most interesting
ones are used to weld plastics,
solder small components and for
surface treatment, in particular
for hardening and cladding.

Due to the low power density
which is produced, only heat con-
duction welding has so far been
possible. Initial tests in Germany
show that a 1.4 kW HPDL can
butt weld 0.8 mm mild steel using
a 50 mm focal length optic and a
processing speed of 1 m/min. The
HPDL can also weld zinc-coated
materials. Another area of inter-
est is the conduction fillet weld-
ing of 1 mm thick stainless steel
which produces a cosmetically ex-
cellent weld. The laser welding of
aluminium is also expected to
undergo improvements. With the
HPDLs with an 800 nm wave-
length, aluminium shows good

absorption. All over the world,
large-scale efforts are now being
made to improve the beam qual-
ity of diode lasers in order to ex-
tend the use of this type of laser
to other “difficult-to-weld” appli-
cations.

Plasma Arc Augmented Laser
Welding
One interesting approach is to
combine a Nd:YAG laser of fairly
low power with a plasma welding
torch equipment, the so-called
PALW technique (PALW = Plas-
ma Arc Augmented Laser Weld-
ing) [Fig. 10].

This will increase the level of
efficiency, making the price of a
system of this kind favourable.
The plasma is directed into the
laser keyhole using the laser plas-
ma. A cross-section through a
weld of this kind shows the deep
penetration effect of the laser,
combined with the wide weld
bead of the plasma. Geometry of
this kind is favourable from the
automotive crashworthiness and
durability point of view. As a
larger volume of melted material
is produced, the positioning bet-
ween the sheets to be welded can
be less precise.

Double focus welding
The hybrid techniques, like the
above-mentioned PALW or lasers

Figure 9: 1 kW high power diode
laser.

Figure 10: PALW (Plasma Arc Augmented Laser Welding), featuring a combined
plasma torch and Nd:YAG laser set-up.

0.6 mm fibre
Gas and power
supply

Weldinghead
with fl=120 mm

Crossjet nozzle

Pressure
finger Plasma torch

Plasma

Nd: YAG

PALW
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combined with MIG or TIG
torches, generally result in fairly
bulky arrangements, which limit
the accessibility of the welding
head. To obtain similar results, i.e.
extremely deep penetration and a
broader weld seam, different op-
tical arrangements can be used to
split and focus the laser beam on
two (or even more) spots. This
double focus or twin spot tech-
nique is now being evaluated at
many laser laboratories world-
wide and it has so far produced
some promising results in connec-
tion with welding aluminium, for
example.

RemoteLaser Welding
Utilizing what is designated as
“Remote Laser Welding (RLW)”
[Fig. 11], deep penetration weld-
ing can be accomplished over lar-
ge areas and from a distance
greater than 1 metre, using a slab
discharge CO2 laser. The beam is
steered over ± 20° by galvo mir-
rors and the focal length can be
changed over 600 mm. This sys-
tem can produce five spot welds a
second. Furthermore, each of the-
se spot welds can be performed in
a complex pattern, which increas-
es the volume of the molten ma-
terial, by oscillating or wobbling
the beam. This enhances the
strength and accommodates gaps.

The rapid welding, in combina-
tion with the fact that the remote
welding system is less expensive
than a laser robot, results in a
dramatic reduction in the cost of
each spot weld.

Summary
The large number of laser weld-
ing applications described in this
article clearly indicates that the
laser is regarded as an accepted
and mature processing tool for
assembly operations. The advan-
tages of laser welding include the
high processing speed, resulting
in a narrow heat affected zone
and almost no distortion in the
finished part. This contactless
method is also easy to robotize,
which is a necessity if it is intend-
ed for use in high volume produc-
tion, in the automotive and elec-
tronics industries, for example.
Moreover, the high quality weld
can be controlled on-line using
various integrated monitoring
systems, developed especially for
laser welding.

With the on-going process de-
velopment described at the end
of the article, the possible appli-
cations for laser welding in the
manufacturing industries will be
more or less unlimited. In fact, for
some applications, no alternative
joining method can be found.

Figure 11: Principle of the remote welding technique.
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Energy costs have often
been disregarded as a
minor part of the total
welding cost. This article
demonstrates that poor
power source efficiency
consumes unnecessary
amounts of extra energy,
leading to costs which
can be avoided by choos-
ing the right equipment.

When it comes to the welding
process, there are major differ-
ences in the energy consumption
of the welding methods. In addi-
tion to the energy costs, the heat
input is a welding parameter of
great significance for the metal-
lurgical effects and thermal dis-
tortion.

We also have to consider the
environmental effects of the un-
necessary electricity consump-
tion, the heat generation and the
waste of our common resources.
Other aspects related to the use
of electric energy are also dis-
cussed, including the problems as-

sociated with electromagnetic
compatibility (EMC) and the pos-
sible harmful effects of electro-
magnetic fields for human beings.

Power sources
Typical efficiency values for arc
welding power sources are 75–
85%. This means that, for a load
of 500 A/40 V, the losses can be in
the range of 3–6 kW. The value
depends on the type of power
source that is used. Inverters are
smaller and they also have less
power loss than traditional ma-
chines, see Fig. 1.

Normal welding is not continu-
ous and the arc time factor has to
be taken into account when cal-
culating the energy costs. During
the time when it is switched on
but not in use, the equipment has
open circuit losses. The old rotat-
ing welding converter could have
open circuit losses of more than 1
kW, large MMA welding ma-
chines 300–400 W, while the mod-
ern inverter power sources per-
haps have no more than 50 W.

If the power source is designed
correctly, all the losses are dissi-
pated without too great an in-

crease in temperature in the sen-
sitive parts, i.e. insulation material
or semiconductors. If the internal
cooling surfaces are clogged up
with dust and dirt, the tempera-
ture increases and shortens the
service life of the equipment. It is
also important from a safety
point of view to avoid overheat-
ing. A breakdown in the insula-
tion between the primary and
secondary windings in the trans-
former may enable the mains
voltage to reach the welding cir-
cuit. If the secondary circuit is not
connected to earth, this would be
hazardous to the welder.

When choosing a power source
for industrial welding, high effi-
ciency is obviously an important
economic factor. Even if the en-
ergy cost is just part of the total
welding cost, it can be high
enough to justify the extra invest-
ment cost required for energy-
saving equipment. The losses
from several machines in a work-
shop also contribute by helping to
increase the temperature in an
environment that is perhaps al-
ready too hot.

The dimensioning of the
electrical installation depends on
the total need for  power but also
on the power factor. The power
factor is important when it comes
to calculating the apparent power
and the size of the fuses. Inverter
power sources that have many
good properties do not necessari-
ly have a high power factor. If
they are equipped with a Power
Factor Correction (PFC) circuit,
the power factor is increased and
the necessary fuse size can be re-
duced.

If the welding transformer has
a poor power factor, this indicates
a phase shift that can be im-
proved by phase compensating
capacitors. The power factor of
inverters mainly depends on a
distortion in the shape of the cur-
rent, a deviation from the sine

Energy efficiency in welding
by Klas Weman, ESAB Welding Equipment AB, Laxå, Sweden
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wave. In this case, the above-men-
tioned PFC circuit is a possible
way of helping to improve the
power factor.

If the necessary welding energy
is used at short intervals, as it is in
resistance welding, for example,
the mains must be able to deliver
high electric power. This is com-
parable with the effect of a low
power factor — the size of the
fuses and the total cost of the
electrical installation increases
and can be high in comparison
with the real need for electric en-
ergy as measured in kWh.

Electrical and magnetic
noise
Semiconductors in welding recti-
fiers and inverters cause distur-
bances of higher frequency in
both the mains and welding cir-

cuits. The highest frequencies
make electrical noise that can
interfere with radio communica-
tions, computers or other electri-
cal equipment. The lower fre-
quency ripple in the welding cir-
cuit must be filtered in such a
way that it does not affect the
welding properties. The current
ripple of inverter power sources
is of such an amplitude and fre-
quency (20–100 kHz) that a risk
of interaction with the welder
must be taken into consideration.
The experts are discussing 
whether there is a risk of certain
types of cancer. The magnetic
field can also produce heating ef-
fects. Using a simple test devel-
oped by the author, it was pos-
sible to measure the rate of in-
crease in temperature by one de-
gree Celsius a minute on a metal

Fig. 2. Total energy per metre needed for some different welding methods (4 mm
steel plate). Power losses from the equipment are included in the calculation.
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plate (simulating an implant) clo-
se to a welding cable. The high
welding current which is common
in resistance welding can inter-
fere with the function of pace-
makers.

Choice of welding 
method
One interesting point is to study
the welding methods with regard
to their need for energy. In addi-
tion to the cost of energy, the
heat input is an important weld-
ing parameter. Too much heat in-
put into the joint will reduce the
impact strength and introduce
thermal stress and distortion in
the workpiece. More recent weld-
ing methods can achieve high
welding speeds and low heat in-
put. The diagram in Fig. 2 shows a
comparison between different
welding methods. The total ener-
gy for a one-metre long weld is
calculated. It is interesting to see
that, in spite of the low efficiency
of lasers, laser welding can com-
pete effectively with traditional
methods like MMA. As a rule of
thumb, the welding methods with
the highest energy density usually
have the lowest heat input.

Fig. 1. Energy consumption per year for different types of MMA-welding power
source. The differences depend on different efficiency and open circuit losses.
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Abstract
High-strength weld metals fre-
quently have a microstructure
consisting of martensite or a mix-
ture of martensite and acicular
ferrite. The alloying of the weld
metal has to be designed so that
sufficient hardenability to gener-
ate the required microstructure
during cooling is obtained. It has
been observed that the yield
strength of such alloys can exhibit
considerable variation in the
range of 700-950 MPa for the
same consumable electrode. The
work presented here reveals one
reason for these variations — that
the cooling curve of the weld is
close to the limit of hardenability
of the material. This means that
the microstructure obtained be-
comes sensitive to variations in
the interpass temperature in mul-
tirun welds.

Introduction
Making a high-strength steel us-
ing a variety of well-established
strengthening mechanisms is a
straightforward procedure.
Achieving toughness, which is the
ability of the metal to absorb en-
ergy during fracture, is far more
difficult. The essence of most al-
loy design is to obtain a reason-
able compromise between
strength and toughness.

Unlike wrought steels, welds
cannot usually be processed to
enhance the microstructure and
properties once the joint is com-
pleted. Many welds that are used
for structural steels cannot even
be heat treated after deposition.
As a result, there are limitations
to the maximum strength that can
usefully be exploited. A high-
strength weld is therefore cur-
rently limited to a yield stress of
about 900 MPa for most practical
circumstances.

Untempered microstructures
capable of resisting deformation

at such large stresses are based
on martensite or on mixtures of
martensite/bainite/acicular ferrite.
The alloys must therefore contain
a sufficient content of austenite-
stabilising elements consistent
with the hardenability required to
avoid other phase transforma-
tions. At the same time, the car-
bon concentration must be mini-
mised to avoid excessive hardness
when the weld is deposited. So,
elements such as manganese,
nickel, chromium and molybde-
num are added as they improve
hardenability and yet do not ex-
cessively strengthen the steel. A
typical weld metal composition
for manual metal arc welding is
therefore:
Fe-0.05C-0.5Si-1Mn-3Ni-0.5
Cr-0.5Mo wt%
with a strength of about 900 MPa
and a Charpy notch toughness at
–60°C of about 60 J.

It has been found that the me-
chanical properties of this and
similar higher strength welds are
variable, even though the chemi-
cal composition of the deposit
does not change (1). In particular,
the yield strength can vary (150
MPa), whereas the ultimate ten-
sile strength does not vary as
much. This is unsatisfactory from
the customer’s point of view and
indeed for the electrode manufac-
turer who has to supply elec-
trodes to specification.

The purpose of the present
work was to investigate the vari-
ability in the mechanical proper-
ties of these high-strength weld
deposits.

Experimental details
Weld specifications
An experimental weld (multirun
MMA) was fabricated according
to ISO 2560 using a 20 mm thick
plate filled with 30 runs (three
beads per layer). An interpass
temperature of 250°C was used.

This configuration causes little di-
lution of the weld metal, thereby
permitting the accurate isolation
and measurement of weld metal
properties. Welding was per-
formed at 24 V, 180 A and a heat
input of 1kJ/mm. The nominal
composition data for the weld are
shown in Table 1.

Mechanical testing
Two tensile specimens and 20
Charpy-V impact specimens were
machined. Prior to tensile testing,
the specimens were degassed at
250°C for 16 hours. The impact
specimens were tested at four dif-
ferent temperatures and five
specimens were tested at each
temperature. The test tempera-
tures were +20°C, 0°C, –20°C,
–40°C and –60°C.

Specimens for microscopy
Specimens for light microscopy
were produced by hot mounting
the weld material in bakelite. Fol-
lowing grinding and polishing
down to a 1 µm diamond grit fin-
ish, the samples were etched with
2% nital.

Transmission electron micros-
copy samples were made from cy-
lindrical rods with a diameter of 3
mm machined from sections of
weld metal. The final prepara-
tions were performed using a
twin jet electropolisher at ambi-
ent temperature and a potential
of 50V. The electropolishing solu-
tion comprised 5% perchloric
acid, 10% glycerol and 85% etha-
nol (Brammar, 1965). Imaging
was performed in a Philips 400ST
transmission electron microscope
operating at 120 kV.

Effect of interpass temperature on
properties of high-strength weld metals

by Mike Lord, Gill Jennings and Every, Great Britain

C Mn Si Cr Mo Ni

05 2.0 0.3 0.4 0.6 3.0

Table 1 Concentration (in weight%)
of the major alloying elements in the
experimental weld.

Nya Svetsaren 1, 1999.  1999-06-24 12.20  Sidan 53



54 Svetsaren No.1 1999

Figure 1. Dark-field optical micro-
graph showing little resolvable detail.

Rp0.2 Rm A5 (%) Z (%) Impact toughness (J)
(MPa) (MPa)

+20°C 0°C –20°C –40°C –60°C
872 922 22 67 102 95 87 79 64

Figure 2. TEM micrograph showing
the bainitic microstructure of the weld
metal.

Figure 3. Electron diffraction pattern
showing ferrite and austenite spots in
an approximate Kurdjumov-Sachs
orientation.

Dilatometry
A Thermecmastor Z thermo-
mechanical simulator was used to
study the phase transformations
occurring within the weld metal
as a function of the applied cool-
ing rates. The transformations
were monitored using laser dila-
tometry. Specimens for use in the
simulator were machined into cyl-
inders with a length of 12 mm
and a diameter of 8 mm. A hole
with a diameter of 5 mm was dril-
led along the central length of the
specimens, the reduction in mate-
rial volume producing more accu-
rate data. Heating the specimens
was effected via an induction coil
and cooling was similarly con-
trolled using a combination of in-
duction coil heating and jets of
helium quenching gas.

In the production of a continu-
ous cooling transformation
(CCT) curve, the specimens were
austenitised at 1,200°C for 10
minutes in order to reduce the ef-
fect of the austenite microstruc-
ture before each specific cooling
cycle was applied.

Results
Mechanical testing
The results of the tensile and im-
pact toughness tests are present-
ed in Table 2.

Microstructure
Light microscopy has a resolution
of about 0.5 µm at most. Observa-
tions revealed apparently plate-
like features, but they were be-
lieved to represent clusters of pla-
tes which are much finer. The fine
structure could not really be 
revealed and was not found to
change much with its position
within the multirun weld 
(Figure 1).

Thin foil observations using
transmission electron microscopy
revealed a fine microstructure
comprising bainite plates with a
width of the order of 0.3 µm. A

typical TEM micrograph is shown
in Figure 2. Electron diffraction
proved the presence of retained
austenite films between the bai-
nitic ferrite plates. The crystallo-
graphic orientation between the
austenite and adjacent ferrite was
found to be consistent with that
expected from a rational Kurdju-
mov-Sachs (KS) relationship
(Figure 3).

The alloy contains a fairly low
carbon concentration, so the rea-
dy observation of reasonably
thick retained austenite films
might be considered surprising at
first sight. However, carbon is
partitioned from the bainite after
it stops growing and this stabilises
the austenite which is enriched in
carbon (2). In fact, the observa-
tion of these thick films can be
safely taken to indicate the pres-
ence of bainite, which in low-alloy
steels can be difficult to distin-
guish from martensite. Carbide
precipitation was never found in
spite of extensive investigations.

Dilatometry to produce a CCT
curve
Further experiments using dila-
tometry were conducted to verify
that the fine plates with interven-
ing austenite represented bainite
rather than martensite. If the ob-
served transformation tempera-
ture remains constant for differ-
ent cooling rates, it can be con-
cluded that the final microstruc-
ture must be martensitic, since
the martensite-start (Ms) temper-
ature does not depend on the
cooling rate for low-alloy steels
(3). On the other hand, the tem-
perature at which a detectable
fraction of bainite forms does de-
pend on the cooling rate, because
the overall kinetics of the reac-
tion can be described in terms of
a C curve on a continuous cool-
ing transformation (CCT) dia-
gram.

A CCT curve was produced by
cooling specimens at various rates
ranging from 100°C/s to 0.05°C/s.
Figure 4 shows the experimental
CCT curve, along with the calcu-
lated  Ms temperature (4) and a
calculated MMA weld bead cool-
ing rate with an interpass temper-
ature of 250°C (5) denoted ’250°C
ITP’.

Table 2. Results of mechanical testing.
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The calculated weld bead cool-
ing rate clearly cuts the CCT cur-
ve beyond the limit of harden-
ability in a region which should
produce a bainitic microstructure.
TEM micrographs showed fine
plates which confirm a displacive
mechanism of transformation.
These two curves intersect at a
position at which the gradient of
the CCT curve is very large. Con-
sequently, small variations in the
cooling rate of the material could
drastically alter the transforma-
tion temperature and thereby the
resultant mechanical properties.
This hypothesis led to questions
concerning the possible causes of
such variations. The problem was
approached using a sophisticated
method of pattern recognition,
known more generally as neural
network analysis.

Neural network: the
method
There are difficult problems
(such as welding) in which the
general concepts might be under-
stood but which are not as yet
amenable to rigorous mathemati-
cal treatment. Most people are fa-
miliar with regression analysis
where data are best-fitted to a
specified relationship which is
usually linear. The result is an
equation in which each of the in-
puts xj is multiplied by a weight
wj. The sum of all such products
and a constant C then gives an es-
timate of the output y =

It is well understood that there
are dangers in using such rela-
tionships beyond the range of fit-
ted data.

A more general method of re-
gression is neural network analy-
sis (6–9). As before, the input
data xj are multiplied by weights,
but the sum of all these products
forms the argument of a hyper-
bolic tangent. The output y is
therefore a non-linear function of
xj; the function which is usually
chosen is the hyperbolic tangent
because of its flexibility. The ex-
act shape of the hyperbolic tan-
gent can be varied by altering the
weights (Figure 5a). Further de-
grees of non-linearity can be in-
troduced by combining several of
these hyperbolic tangents (Figure
5b), so that the neural network
method is able to capture almost
arbitrarily non-linear relation-
ships. For example, it is well
known that the effect of chromi-
um on the microstructure of
steels is quite different at large
concentrations than in dilute al-
loys. Standard regression analysis
cannot cope with such changes in
the form of relationships.

One potential difficulty when it
comes to the use of powerful re-
gression methods is the possibil-
ity of overfitting data (Figure 6).
For example, it is possible to pro-
duce a neural network model for
a completely random set of data.
To avoid this difficulty, the ex-
perimental data can be divided
into two sets, a training dataset

and a test dataset. The model is
produced using only the training
data. The test data are then used
to check that the model behaves
when presented with previously
unseen data.

Neural network models in
many ways mimic human experi-
ence and are capable of learning
or being trained to recognise the
correct science rather than non-
sensical trends. Unlike human ex-
perience, these models can be
transferred readily between gen-
erations and steadily developed
to make design tools of lasting
value. These models also impose
a discipline on the digital storage
of valuable experimental data,
which may otherwise be lost with
the passage of time.

Figure 4 Experimental CCT curve.

Figure 6 A complicated model may
overfit the data. In this case, a linear
relationship is all that is justified by
the noise in the data.

Figure 5 a) Three different hyperbolic tangent functions; the “strength” of each
depends on the weights. (b) A combination of two hyperbolic tangents to produce a
more complex model. Details about the methodology can be found in David
Mackay’s article in Mathematical Modelling of Weld Phenomena III.
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Neural network structure
While there are many varieties of
neural network, the type used in
this work can be expressed dia-
gramatically as shown below. In
this case, the network is com-
posed of three “layers”. The first
layer contains the model input
data provided by the user, such as
compositional details (simply as
normalised values), the second
“hidden” layer is an internal stage
and describes the degree of com-
plexity of the substructure of the
network. The third “output” layer
contains the predicted value of
the parameter in question when
running a calculation. Figure 7
shows a simplified network with
five example input parameters.

The circles within the diagram
are called nodes or units, so here
there are five “input nodes”. The
hidden layer comprises three hid-
den nodes and the output layer is
simply a single output node. The
number of nodes in the hidden
layer limits the complexity of the
possible relationships between
the input and output nodes. The
lines connecting the nodes repre-
sent mathematical functions per-
formed on the values as they pass
from the input to the output lay-
er. In this network, hyperbolic

tangent functions are utilised, as
they are always single valued, ex-
hibit both near-linear and non-
linear regions and are relatively
easy to manipulate. When per-
forming a “prediction” using a
neural network, data are operat-
ed on by a hyperbolic tangent
function as they are passed bet-
ween the input and hidden layers.
This function is of the form:-

where xj are the normalised val-
ues of the input variables, wij

(1)

are a set of “weights” associated
with each input and hidden unit
and ui

(1) are bias values analo-
gous to constants found in linear
regression.

The values hi are transferred
from the hidden layer to the out-
put layer via a second function of
the form:–

where y is the value of the output
node (e.g. yield strength), wi

(2)

are a second set of weights and 
u(2) is a further constant known as
a ‘bias’.

The numerous weighting coef-
ficients and constants (wij

(1), – 
ui

(1), wi
(2) and u(2)) are required in

order to provide the flexibility to

calculate accurate output values
from input data. At the heart of
the neural network technique
there are algorithms designed to
evaluate these coefficients and
constants in order to produce sat-
isfactory results.

Training the network
Training involves repeatedly ex-
posing the training algorithms to
data for the network inputs (e.g.
compositions) and, crucially, the
output (e.g. yield stress). The data
must come from a database rele-
vant to the particular application
in question. The quality of this
database determines, at least in
part, the final accuracy of the net-
work predictions. The required
size of the database may vary de-
pending on the complexity of the
problem that is being modelled.
In general, the larger the amount
of accurate data, the better the
predictions of the resulting net-
work. The training algorithms re-
fine the coefficients and variables
in the above equations by com-
paring the predicted and actual
output values of the output node.
Through a complicated back-pro-
pagation process, the computer
program attempts to reduce the
differences between predicted
and actual values until they reach
acceptably low levels. There is an
additional problem with “over-
training”, which means that the
network can learn the examples
in the dataset too well and will
then be unable to predict values
for different unseen composi-
tions. This is analogous with fit-
ting a complicated curve to a set
of points that lie on a straight
line, where the experimental er-
rors have been modelled into the
network rather than just  the
trend. Using a number of differ-
ent hidden nodes and training on
a randomly-selected half of the
available data, the best network
can be picked to strike a balance
between modelling real trends
and overtraining on noise in the
data. The second half of the data-
set is used to compare the predic-
tions of this trained network (Fig-
ure 8). Ideally, plots of predicted
versus measured values for both
the training and testing halves of
the dataset should contain equal
degrees of scatter.

Figure 7 Graphical representation of a neural network. Some examples of input
node parameters are also presented.
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Two types of network were trai-
ned on data from 770 welds drawn
from a variety of sources, the first
giving yield stress as an output, the
second ultimate tensile strength
(10). Nineteen input variables
were provided for each of these
welds, fifteen of which were due to
alloying elements, while the re-
maining four were due to the heat
input, interpass temperature and
tempering time and temperature
values if applicable.

A number of different net-
works were trained and tested. In
the case of the yield stress mod-
els, the five best models were
then combined to create a “com-
mittee”. A committee of net-
works is superior to a single one
as, collectively, they should cap-
ture the trends in the data more
effectively. Each network within
the committee was retrained on
the complete dataset to provide
greater accuracy before commit-
tee predictions were made. Simi-
larly, a committee of four models
was used in the predictions of ul-
timate tensile strength.

Investigation of tensile strength
effects
As stated earlier, previous analy-
ses of the weld microstructure
had provided little insight into
the cause of the observed varia-
tions in strength. However, dila-
tometer data in the form of a
CCT curve had shown that typi-
cal MMA measured cooling rates
could fall in a critical region. The
hardenability of the weld metal
caused plotted weld cooling rates

to fall close to the “nose” of the
bainite curve in a region of par-
ticularly high gradient. A calcula-
tion of this kind indicated that
small variations in the weld cool-
ing rate could considerably affect
the transformation temperature.
It was thought likely that such a
variation in the displacive trans-
formation temperatures of the
material would have a large
enough effect significantly to al-
ter mechanical properties. The
majority of the transformation
occurring at a higher tempera-
ture, for example, would lead to a
reduction in yield stress, as the ef-
fects of diffusion on both carbon
mobility and dislocations are tem-
perature dependent.

Compositional variations alone
could not be held responsible for
the large variations in yield
strength reported for this materi-

al. It would seem more plausible
to consider process parameters as
being responsible. This rationale
eventually led to the identifica-
tion of the interpass temperature
as a possible candidate for caus-
ing the strength variations. Large
joints comprise many passes in
order to deposit the required
amount of material. Welds under
construction cool at a rate deter-
mined by their environment, such
as the degree to which the sur-
rounding material acts as a heat
sink and the temperature of those
surroundings. If the interpass
temperature is high, a subse-
quently deposited bead will cool
at a reduced rate which, it was
surmised, may be significantly
lower, depending upon the tem-
perature. The trained neural net-
work as a research tool was now
useful as it provided a means of

Figure 8 The similar appearance of both training and testing data graphs indicates a good balance between predicting trends
and modelling noise.

Figure 9 Predicted and measured yield and ultimate tensile strengths as a
function of interpass temperature.
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testing this theory without having
to perform lengthy experiments
with real welds.

Predictions were made after
choosing a range of interpass
temperatures. The results were so
significant that it was decided to
perform physical experiments in
order to test the predictions. A
series of three welds, using the
high-strength steel electrode,
were produced with carefully
monitored interpass temperatures
of 50°C, 110°C and 250°C. The re-
sults of the predictions and the
tensile tests on the new welds are
presented in Figure 9.

There is a clearly predicted di-
vergence in the yield stress and
UTS of the weld metal as a func-
tion of the interpass temperature,
a divergence of approximately 1
MPa per °C. A second feature of
the predicted curves is the cross-
ing over of yield stress and UTS
predictions below about 90°C.
This is an example of situations in
which caution should be exer-
cised when using neural network
predictions. The network clearly
has no knowledge of the laws that
determine the behaviour of the
system it is modelling and conse-
quently the user must always en-
sure that they make physical 
sense.

In this case, it is to be expected
that the gap between yield stress
and UTS reduces to a few MPa at
interpass temperatures approach-
ing ambient temperatures. The
experimental results clearly show
a divergence in yield stress and
UTS similar to that predicted. In
this case, the yield stress model
appears to be more accurate, as
the UTS values appear to reduce
as a function of interpass temper-
ature, whereas the UTS network
predicts a slight increase as a
function of interpass temperature.
It is the yield stress values that
are of most interest, particularly
as they approach the UTS values
at low interpass temperatures and
fall off rapidly as this tempera-
ture is increased. Conventionally,
it is desirable to have the yield
stress to UTS ratio closer to 0.8
in the interests of producing duc-
tile failure in the event of the
joint being overloaded. This ratio
is only realised at interpass tem-
peratures of above 200°C. These

results provide a probable cause
for the varying properties in weld
metals of these kinds. Historically,
the interpass temperature has of-
ten not been rigidly monitored
and it is clearly imperative with
this weld composition that pre-
cautions are taken.

The results of these experi-
ments have enabled a recommen-
dation to be made detailing the
strict adherence to the specified
interpass temperature.

Conclusions
There are three major conclu-
sions that can be drawn from this
work. By comparing transmission
electron microscopy and diffrac-
tion data with measurements of
transformation temperatures us-
ing dilatometry, it has been pos-
sible to prove that the high-
strength weld cannot be fully
martensitic at the cooling rates
typical of welding. The micro-
structure will instead consist of a
mixture of martensite and bainite,
the latter consisting of bainitic
ferrite separated by carbon-enri-
ched films of retained austenite.
These methods are recommended
in circumstances where it is oth-
erwise difficult to distinguish bai-
nite and martensite (i.e. when the
microstructure is very fine and
the carbon concentration so small
that carbide precipitation is pre-
vented).

The second conclusion is that
difficulties are to be expected
with respect to the mechanical
properties when the bainite and
martensite transformations occur
at temperatures which are not
much above the nominal inter-
pass temperature. This is because
the cooling rate of the weld bet-
ween the bainite and martensite
start temperatures becomes very
sensitive to the interpass temper-
ature. Failure accurately to con-
trol the interpass temperature
leads to large variations in the
microstructure and hence in the
mechanical properties.

Finally, a neural network mod-
el has been shown to be reliable
in predicting the effect of the
interpass temperature on
strength, both in terms of the ab-
solute values and in the relative
variation in the yield and ultimate

tensile strengths. It is particularly
encouraging that the model pre-
dicted that the difference bet-
ween these two measurements of
strength is a function of the inter-
pass temperature.
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BORSIG (a company
within Babcock-Borsig
AG), a famous supplier
of pressure vessels and
heat exchangers for the
chemical and petro-
chemical industries, has
optimized its welding
and cutting production
process by implement-
ing fully-automated 
systems for submerged
arc welding (SAW) and
oxy-fuel cutting.

An advanced, fully-adaptive
SAW process is used at BORSIG
for butt welds of up to 120 mm
in joint depth. The multi-layer
tandem SAW process is con-
trolled by intelligent software
which makes its own decisions
for the complete welding opera-
tion.

The holes for nozzle intersec-
tions in the shell of the pressure
vessel are cut by an industrial ro-
bot. Off-line programming for
cutting holes with constant weld
bevel angles or constant joint vol-
ume is performed using different
macros.

The advanced welding and cut-
ting systems are mounted on a
multi-functional gantry which
travels on rails. The gantry works
in conjunction with two anti-
creep roller bed stations, see Fig-
ure 1. This type of installation was
specially designed by ESAB for
the requirements of the BORSIG
product range.

Fig 1. – The multi-functional gantry in operation at BORSIG.

Fig 2. Typical configuration of a combined reformed and synthesis gas heat 
recovery system.

“The technology of tomorrow” 
has already been implemented at

BORSIG in Germany
by Dr. Ing Andreas Risch, Head of the Welding Engineering Dept. at 

BORSIG GmbH, Germany, and Mr Bengt Ekelöf, Senior Project Manager at 
Esab Welding Equipment AB, Sweden

Nya Svetsaren 1, 1999.  1999-06-24 12.25  Sidan 59



60 Svetsaren No.1 1999

BORSIG products
As one of the leading suppliers of
complete Process Gas Waste Heat
recovery systems and quench
cooling systems for the chemical
and petrochemical industries,
BORSIG designs and fabricates
different types of heat exchanger
and pressure vessel.

The Quench Coolers are used
for the rapid quenching of the gas
effluent from cracking furnaces in
ethylene plants. The main applica-
tions for the Process Gas Waste
Heat Recovery Systems are am-
monia, methanol, hydrogen and
coal gasification plants.

Examples of components in
these systems, manufactured by
BORSIG, include:

Process Gas Waste Heat Boil-
ers
HP Steam Superheaters
HT Shift Waste Heater Boil-
ers
Boiler Feed Water Preheaters
Gas/Gas Heat Exchangers
Synloop Waste Heat Boilers
Steam Drums

Fig 2 shows a typical configura-
tion for a combined reformed and
synthesis Gas Heat Recovery Sys-
tem.

Almost every pressure vessel
or heat exchanger is a unique ap-
plication, specially designed ac-
cording to the requirements of
the specific process or client spe-
cifications.

All these applications involve
high gas inlet temperatures (up to
1,200°C), often accompanied by
high process gas pressure up to
300 bar, as well as the generation
of high-pressure steam (up to 140
bar).

Quality requirements
The design and manufacture of
high-pressure equipment is
strictly regulated in worldwide
pressure-vessel codes like AD,
ASME, BS, Raccolta, Codap,
Stoomwezen, IBR, JS, AS and so
on. The production quality, and
the quality of the welding con-
nections in particular, is very im-
portant because of the critical
operating conditions of the pres-
sure vessels. Imperfections in the
welded zone are restricted to an
absolute minimum (mostly min.
Group B according to ISO 5817
or better).

Every pressure vessel contain-
ing longitudinal or circumferen-
tial joints in the shells or the inlet
and outlet sections is subjected to
complete non-destructive testing
such as magnetic particle or dye
penetrant checks, as well as 100%
radiographic (RT) and/or ultra-
sonic (UT) examination. Nozzle
welds are normally completely
examined by UT.

Prior to weld production, a
process qualification test (PQR),
including intensive non-destructi-
ve and mechanical testing, has to
be performed in order to verify
that the properties of all welds
match the requirements specified
in the applicable codes and the
base materials. The process which
is going to be used in production
is restricted to the qualified range
of the PQR when it comes to
base material group, thickness
range, post-weld heat treatment

(PWHT), range of welding pa-
rameters (e.g. pre-heating tem-
perature, welding speed, voltage,
amperage, interpass temperature
and so on).

Materials and welding
technologies
Due to the service conditions of
the equipment that is going to be
manufactured, many different
steels are used to manufacture
the pressure vessels and heat ex-
changers. The following materials
are examples for the main parts
(hull) of the above-mentioned
pressure vessels:

High strength C steels (e.g.
SA 516 Gr.70) for shells of
Steam Drums and WHBs
C-0.5% Mo steels (e.g.
15Mo3) for shells and nozzles
of Steam Drums and Quench
Coolers
High strength, temperature-
resistant steels (e.g. 15 NiCu-
MoNb 5 or SA 302 Gr.B/
Gr.C) for shells and nozzles of
Steam Drums, Process Gas
WHBs or Synloop WHBs
(steam side)
C-1.25% Cr-0.5% Mo steels
(e.g. 13 CrMo 4-5) for shells of
WHBs (steam side) and for
gas-inlet and gas-outlet sec-
tions, tube sheets or forged
rings for process gas WHBs
(gas side)
C-2.25%Cr-1%Mo steels (e.g.
10 CrMo 9-10) and C-3%Cr-
1%Mo steels (10 CrMo 9-10

Fig 4. Waste Heat Boiler (WHB) for 270 MWe combined cycle coal gasification
power plant.

Fig 3. Compact process WHB/Steam
Drum unit for 1500 MTPD ammonia
plant.
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mod.) for gas inlet sections,
shell, tube sheets and nozzles
of synloop WHBs (gas side)

The above-mentioned or com-
parable steels were welded to
themselves (e.g. shell-shell) or
were combined with one another
(e.g. shell-tube sheet). The thick-
ness of the shells for steam drums
and WHBs (steam side) generally
ranges between 40 and 120 mm,
the gas-inlet sections of synloop
WHBs increase up to 250 mm.
The diameter of the vessels can
differ from approx. 1,000 mm
(e.g. quench coolers) to 3,000 mm
(e.g. WHB). Typical applications
are shown in Figs 3 and 4.

Due to the wall thickness and
in order to meet the required
mechano-technological proper-
ties, most of the applications, es-
pecially the higher alloyed steels,
require pre-heating during weld-
ing and cutting, as well as con-
trolled energy input and restrict-
ed interpass temperatures during
welding operation.

In order to prevent cold crack-
ing, the high strength steels need
to be pre-heated to between 150
and 250°C. Preheating within
200–250° and 250–300°C is also
required for C-1.25%-Cr-1%Mo-
and C-2.25%Cr-1%Mo steels.

For circumferential joints, a U
preparation with a weld bevel an-
gle of 8° is normally used. Cones
are welded to cylindrical parts us-
ing a V-joint preparation (com-
plete opening angle 50°). Nozzle
welds (set-in nozzle) were per-
formed with a half-V preparation
(weld bevel angle 30–40°). The
main welding technologies are
GTAW and SMAW for the root
pass and SAW for the fill/cap lay-
ers and back welding.

In order to optimize the pro-
duction quality and the efficiency
of the welding operation, BOR-
SIG has incorporated a large
number of automated welding
and cutting processes in its pro-
duction process.

Examples include fully-auto-
mated, tube-to-tube sheet weld-
ing for heat exchangers with com-
puterised orbital GTAW welding
machines (multi-layer TIG tech-
nology with filler wire), automat-
ed GTAW hot-wire overlay weld-
ing for critical dissimilar joints,

GMAW robot welding of double
pipe Quench-Cooler elements, ro-
bot welding of special stiffener
systems to thin tube sheet and
CNC plasma or oxy-fuel cutting
of plates using CAD data and
macro-programming systems.

BORSIG’s criteria for the
choice of the advanced
welding and cutting 
systems
Up to the end of 1997, the sub-
merged arc welding of circumfe-
rential and longitudinal joints, as
well as the cutting of nozzle holes
in shells and gas inlet/gas outlet
sections, was performed exclu-
sively with operator-controlled
welding and cutting equipment.
The quality of these operations
was therefore mainly influenced
by the knowledge and experience
of the operators.

The use of CNC-controlled
machines which require absolute
programming is not suitable be-
cause the actual geometry does
not always correspond to the
nominal geometry (base material
thickness, joint condition, accura-
cy of shells, misalignments and so
on) Additionally, pre-program-
ming the bead placements for the
multi-run sequence leads to a re-
duction in efficiency due to the
increase in downtime.

So, more effective automation
required the implementation of
intelligent and adaptive software

that makes its own decisions for
the entire operation. This was
verified in 1997 by installing the
welding gantry, including the ad-
vanced ESAB ABW technology
for the SAW process and the ro-
bot cutting system which can be
programmed off-line on a macro
base. Only the chosen type of
software guarantees the flexibility
which is necessary in pressure
vessel manufacturing which spe-
cializes in client-oriented solu-
tions.

The system
The fully-automatic, multi-purpo-
se gantry was developed by
ESAB and the project was real-
ised in close co-operation with
BORSIG engineers. All the ele-
ments and programming units
were designed with user orienta-
tion as the starting point.

The gantry has a fully-automa-
tic, laser-supported submerged-
arc ESAB ABW welding system
(see Fig 5), which works in con-
junction with two 150-tonne roll-
er bed systems equipped with
anti-creep units. This permits the
welding of longitudinal seams up
to 4,200 mm in length and cir-
cumferential seams with a diame-
ter of up to 3,500 mm.

The special narrow roller bed
design permits the rotation of
vessels with attached nozzles or
flanges with a maximum projec-
tion of 750 mm and a minimum

Fig 5. ABW tandem welding head with laser support optical sensor.
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distance of 500 mm between two
nozzles or attached parts respec-
tively.

At wall thicknesses of up to
120 mm, which covers 95% of all
BORSIG applications, fully-auto-
matic adaptive tandem welding
can be performed. At thicknesses
of up to 135 mm, mechanized tan-
dem welding with the ESAB
ABW head is possible. In the
event of thicker wall thicknesses
of up to 250 mm, a second con-
ventional single-wire welding
head can be used.

In any case, all the automatic
or semi-automatic operations
were controlled by the main con-
trol PC, Fig. 6. Two 250-litre pres-
sure tanks located at the base of
the gantry automatically supply
the integrated continuous flux re-
covery system with new flux.

Alternatively, different fluxes
depending on the procedure can
be supplied from the pressure
tanks at the base. The flux system
is equipped with built-in electrical
heaters. Minimum flux consump-
tion is guaranteed by integral flux
suction and circulation.

An industrial robot of the
ABB IRB 2400/S4 type, equipped
with a flame cutting (oxy-fuel)
burner system, is mounted on a

carriage which is installed per-
pendicular to another carriage at
the main horizontal boom of the
gantry, Fig 7. Both carriages are
installed as linear external robot
axes which are used to position
the robot and, if required, as ad-
ditional robot axes during cutting
operations. The cutting of nozzle
holes, programmed on an off-line,
macro-supported basis, is possible
at wall thicknesses of up to 150
mm.

The system permits the cutting
of holes with a diameter of up to
1,500 mm. The maximum ratio
between the hole cut-out and the
diameter of the course is 0.68.
This results in a minimum shell
diameter of 2,500 mm if a hole of
1,500 mm is to be cut.

Additionally, the gantry can be
used as a multi-functional plat-
form for fitting and welding noz-
zles and the other attachments to
the vessels. For this purpose, the
platform can be flexibly modified
using removable insulated floor
plates. The whole gantry and the
roller bed systems can be posi-
tioned free on rails over a length
of 45 m. All the main energy and
data transfer cables were installed
under the floor in cable chains
covered by movable floor plates.

The ESAB ABW adaptive
joint fill program
The ESAB ABW adaptive tan-
dem welding system mounted on
the gantry can handle both cir-
cumferential and longitudinal
welding in a fully-automatic joint
filling procedure. This is possible
thanks to the intelligent software
in the system.

True measurement data from
the joint profile measured by an
optical sensor during welding de-
termine both the required level of
the welding parameters on a con-

Fig 6. Main PC welding controller.

Fig 7. 6-axis robot oxy-fuel cutting 
system.

Fig 9. Principle of ABW. Curvent
adaption program.

Fig 8. Principle ABW weld speed
adaption program.
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tinuous basis, as well as the posi-
tioning of related axes for track-
ing and inter-run formation.

This means that both the bead
size and bead placement are con-
trolled by the system software in
a self-adaptive manner for all the
fill layers including the cap.

The system software influences
the following four fill parameters:

The weld speed
The current
The bead placement
The number of beads in fill
and cap layers

This unique feature enables
ABW to adapt the parameters to
match deviations in the cross-sec-
tional area and geometry along
the entire joint line.

Each of the four fill parame-
ters influenced by the ESAB
ABW system software performs
different tasks in the adaptive
ABW weld fill procedure.

The weld speed controls the
amount of weld metal deposit-
ed in different areas along the
joint line, Fig 8.
The current controls both the

bead height and the amount
of weld metal deposited in dif-
ferent areas of the joint, Fig 9.
The bead placement influenc-
es the pattern of the inter-run
formation in different areas of
the joint.
The selected number of beads
in each layer determines the
inter-run penetration, the sha-
pe of the actual joint bottom
and the degree of weld fill.

The unique ESAB ABW weld
technology is designed to give
manufacturers dealing with high
quality butt welding a 100% auto-
matic multi-layer technology,
thereby enabling them to produce
a defect-free weld fill, even if the
joint geometry deviates from the
nominal configuration.

The configuration of the ESAB
ABW system was specially modi-
fied according to BORSIG re-
quirements for flexible produc-
tion. The modified system can
also verify joints between shells
and thicker flanges (step on one
side near the weld), as well as
joints between shells and cones,
with the automatic generation of
a smooth transitional contour
between the two parts.

Registration and 
documentation of the
welding operation
Continuous, fully-automatic, mul-
ti-run tandem welding for many
hours with limited operator sur-
veillance requires not only excel-
lent man-machine communica-
tion (MMC), Fig 10, during the
weld fill operation, but also a re-
port system which explains how
the work has been accomplished.

The ESAB ABW operating
system software installed at BOR-
SIG includes a report system in
which welding and positioning
data from the operation are regis-
tered in two separate files – the
Weld Report file and the Log file.

In the weld report, all the instal-
lation parameters such as wire
type and wire dimension, flux type
and permissible interpass temper-
atures are stored, together with
the specified process parameters
such as welding voltage, welding
current and welding speeds and
their report, alarm and stop limits.

All the important events dur-

ing welding, such as start, stop(s),
re-starts, exceeded report limits
and warnings for flux level, high
or low interpass temperature, are
stored in the weld report. All the
events are stored together with
the actual date, time, weld layer,
weld bead and position in the
joint. Should the event be an ex-
ceeded process parameter, the
parameters at the time in ques-
tion are also stored.

In the log file, the position and
process parameters are continu-
ously registered (every 20 mm). A
normal log file report for a thick-
walled welding object could fill
1,000 pages.

Robotic oxy-fuel cutting
of nozzle holes
Due to the saddle contour of a tu-
bular intersection in a cylindrical
shell, the programming of the
hole-cutting operation is mathe-
matically complicated.

In order to simplify the 
program procedure, a computer-
based, off-line programming 
system of the ARAC type is 
used.

Two macros verify the calcula-
tion of the saddle contour and
transfer it to robot co-ordinates.
Cuts with either a constant groove
opening or a constant weld vol-
ume can be made. The operator
only puts the following data into
the macro:

Shell diameter
Wall thickness
Diameter of the hole/shell
intersection
Angle of the weld bevel
Cutting parameters (e.g. pre-
heating time, gas parameters,
cutting speed and so on)
Off-set for position of the cut-
out and the cut width.

After transferring the program
from the off-line PC to the robot
control unit and putting the robot
in the cutting position, a measur-
ing program is started prior to the
operation.

A special measuring sensor
mounted at the burner tip per-
forms a stepwise control of the
surface at the location of the cut-
out in a test mode.

Deviations from an optimum
cylindrical surface are corrected
in the macro by setting an addi-

Fig 10. MMC system weld parameter
setup.

Fig 11. Robot system in cutting ope-
ration.
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tional off-set in order to secure a
constant distance between bur-
ner-tip and the metal surface on
each occasion. This is a vital func-
tion for a good and reproducible
cutting result.

The cutting operation can be
started by a special remote-con-
trol unit, which has a user-friend-
ly design for all the steps required
during cutting. The welding taper
is cut in one pass, see Fig 11. All
the gas parameters of all the fla-
mes (pre-heating, stick-in and
cutting flame) can be adjusted
and changed at any time during
operation using a digital gas mix-
ture system.

Effect of the gantry in-
stallation in production
Immediately after installation, it
was clear that the multi-purpose
gantry improved productivity, as
well as the quality level, very ef-
fectively. After one year of suc-
cessful operation with the system,
it can be established that many
synergies are helping to increase
the efficiency of heavy vessel pro-
duction.

The anti-creep function of the
specially-designed roller bed sys-
tems produces important advan-
tages during welding start-up and
actual welding.

Since all the industrially manu-
factured shells, rolled from plates,
show deviations from an ideal cy-
lindrical contour, it is impossible
to avoid creep in the vessels or
vessel parts without this function.
In the past, the adjustment of the
conventional roller beds in order
to minimize creep required a gre-
at deal of  time (sometimes more
than one shift).

With the new system, the ves-
sel only needs to be positioned on
the rollers and, after some rota-
tions which are required for syn-
chronization, its horizontal posi-
tion remains stable within a range
of ±1 mm. The special narrow de-
sign of the roller beds in combi-
nation with the anti-creep sensor
system reduces the restrictions re-
lating to nozzle positions to an
absolute minimum. This permits
more flexibility in the pressure
vessel design.

After a minimum of time for

calibration and parameter setting,
the welding process can be start-
ed directly. During welding, the
operator only supervises slag re-
moval and visually checks the
weld quality from the bottom
(floor). Downtime is reduced to
an absolute minimum – interrup-
tions are normally only required
if the filler wire (100 kg wire
coils) has to be renewed.

One of the most important
points is the improvement in
quality, which is no longer influ-
enced by the operator’s practical
experience and knowledge.

Due to the adaptive weld fill
functions in the ESAB ABW sys-
tem, the repair rate has been re-
duced dramatically in comparison
with conventional semi-automatic
SAW machines. After sufficient
operator training, only defect-free
joints have been produced.

Using the robot system to cut
nozzle holes has significantly re-
duced the number of working
steps that were previously neces-
sary.

It is no longer necessary to
mark the cut-out contour on the
shell surface. The downtime caus-
ed by handling and positioning
conventional mechanized cutting
machines is avoided completely.
Moreover, the effective cutting
time has been reduced by half be-
cause the cut-outs are performed
in one step instead of the normal
two (straight cut and angle cut as
separate operations).

Cutting is performed with high
accuracy when it comes to wall
thicknesses of between 50 and
150 mm. The maximum diameter
deviations for the cut-out are 
±2 mm and the weld bevel angle
differs by no more than ±1°. This
high accuracy influences the fit-
up of the nozzles and the follow-
ing welding operation performed
using SAW nozzle welding ma-
chines very positively.

Another very important point
is the human factor. Operators
and welders are no longer ex-
posed to high temperature radia-
tion due to the required high pre-
heating temperatures, because all
the fully-automatic operations
can be supervised from the floor.
Moreover, if nozzle fit-up and
nozzle welding or other opera-
tions are performed from the

movable and flexible platform,
the insulated floor plates protect
the fitters and welders.

The quality results produced
by the fully-automatic welding
and cutting operation are not de-
pendent on the operator’s practi-
cal knowledge or his/her concen-
tration. On the other hand, it has
been found to be advantageous if
experienced SAW operators and
cutters handle the system, be-
cause of their “feeling” for the
processes. Due to the user-orien-
ted design of the process control
units, only basic PC knowledge or
basic experience of CNC cutting
applications are required.

Conclusion
Installing the new technologies
for adaptive welding and auto-
matic robotic oxy-fuel cutting at
BORSIG’s heavy-duty plant has
clearly increased productivity.
The high level of automation en-
sures a high degree of flexibility
with a simultaneous high level of
quality. Downtime is significantly
reduced compared with similar
plants and this reduces the num-
ber of hours spent on machining.
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The objective of increas-
ing machine availability
is part of the specifica-
tion for any new ma-
chine under develop-
ment. However, this ob-
jective can only be real-
ised if a range of impor-
tant factors are taken
into consideration.

If the causes of machine down-
time are analysed, it will soon be
established that, apart from the
machine itself, the machine oper-
ator, the lack of properly trained
service personnel and an inade-
quate supply of replacement parts
all affect downtime.

An increase in availability can
only be achieved by implement-
ing a series of actions which take
account of the overall situation.

The foundations for high avail-
ability are, of course, laid at the
machine design stage.

Solutions that had been well-
proven over a number of years
were employed in the develop-
ment of a range of medium ma-
chines for the autogenous and
plasma processes, as well as for a
new range of laser machines. The-
se solutions included the track
guidance system in the longitudi-
nal direction and the latest engi-
neering developments.

When selecting components
for both the new ranges, the em-
phasis was placed on high reli-
ability.

Universal, overall design con-
cepts have a decisive effect on
machine availability. From the
mechanical design and the electri-
cal system to the user interface,
the ranges exhibit the same con-
cepts and functions.

The kit system is designed in

such a way that individual mod-
ules are used for various machine
sizes, thereby minimising the vari-
ation in parts for the complete
range. The larger series this pro-
duces does not simply result in
more cost-effective production,
shorter delivery times and an im-
proved supply of replacement
parts. It also produces a general
improvement in quality with a
lower failure rate. Reliable me-
chanical construction and electri-
cal components alone are not suf-
ficient.

Controller technology, user
interface, machine operation and
maintenance also have a decisive
effect on machine availability. In-
correct operation, perhaps with
serious consequences, and down-
time can only be avoided if the
operator is in full control of his
machine.

Universal controller concepts
and operating structures for all

Fig. 1. New range of medium machines of modular design.

Increasing availability
by Dipl.-Ing. Rainer Schäfer, Technical Manager at ESAB-Hancock, Germany
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cutting technologies, together
with standardised and modular
machine-interface programming,
facilitate worldwide service and
training for our machines. The
continuation of this concept, and
in particular the integration of
technology-aided measures, such
as the automatic setting of pro-
cess parameters using databases
or the integration of difficult pro-
cess cycles with the controller, en-
hance the user-friendliness of our
machines, which is in turn reflect-
ed in reduced downtime.

The use of these methods en-
ables us noticeably to improve
the already high availability of
our machines.

This task will also be the sub-
ject of on-going development and
will be included in the specifica-
tion for each machine.

The market call for increasing-

ly narrow tolerances for cut parts,
pledges of guaranteed quality and
the employment of high quality
cutting technology with lasers and
water jets make it necessary to
address the quality requirements
for machine tools.

Due to the high geometrical
flexibility, laser-beam and water-
jet cutting are the preferred
methods for the manufacture of
workpieces with complicated sha-
pes in intermediate quantities
down to the production of single
parts. The increasing demand in
this market segment can be large-
ly traced to these considerations
and has led to a three- or five-
axis module being needed for
these tools as a basic machine, de-
pending on requirements. ESAB-
HANCOCK has also responded
to this challenge and has brought
a five-axis portal machine onto

the market, with a high-perfor-
mance CO2 laser system.

Machine networking and inte-
gration into the material flow at a
production facility in economical-
ly viable configurations represent
a market challenge for machines
and system suppliers.

ESAB-HANCOCK has dem-
onstrated that these solutions are
possible. In 1996, five-axis plasma
and autogenous profile produc-
tion centres were incorporated
into the production facility at a
Korean shipyard.

“Ready for the new
world of automation”
It is wise not to lose sight of this
objective. The automation of pro-
duction cells and their integration
into the production organisation
leads to more and more complex
networked systems.

In automation engineering,
separate worlds are coming to-
gether to form integral systems.
Specialised technologies, such as
PLCs and CNCs, mix with classi-
cal data processing. Information
technology offers numerous ways
forward. New and combined sys-
tems offer improved rationalisa-
tion potential, but they require
thorough personnel training.
Relying on “learning by doing”
results in acceptance problems
and start-up difficulties. The ad-
vantages of these systems may in-
clude:

Self-monitoring of the ma-
chine
Display of servicing points
Automatic process monitor-
ing
Detection of process errors,
introduction of correction
routines and so on

Fig. 2. Universal controller family with the same user guidance system.

Fig. 3. Setting process parameters on the NCE controller family.
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Human interaction 
during production is 
reduced to a minimum
Information technology will not
simply influence complex systems
in the development of cutting ma-
chines. “Stand-alone” systems
down to the small-machine level
will also be affected by informa-
tion technology, offering the user
scope for rationalisation. Devel-
opments here are oriented to-
wards process data optimisation,
process monitoring and the early
detection of tool wear. This
makes the best use of machine
performance and guarantees uni-
form production quality.

ESAB-HANCOCK has also
set a benchmark here and pio-
neered developments in this di-
rection. Autogenous process mon-
itoring systems for small and me-
dium machines are our contribu-
tion. The advantages of these ma-
chines for the user are obvious.

The machines can be operated
in part without supervision and
without the risk of producing
scrap when a process error oc-
curs.

More and more companies are
demanding productivity increases
and higher technical availability
in their machines. A significant
market requirement in this con-
nection is preventive mainte-
nance.

Here, too, information technol-
ogy is offering us new ways to
prepare cutting machines to meet
the market challenge. ESAB-
HANCOCK is already offering
diagnostic systems which supply
data for process monitoring, as
well as providing a foundation for
further developments in preven-
tive maintenance.

Modern CNC controllers from
ESAB-HANCOCK contain the
latest in information technology
with DNC (Direct Numerical
Control) interfaces ensuring the
reliable data transfer of cutting
programs from Windows host
computers to the CNC.

Modern communication tech-
niques enable the visualisation
and logging of current machine
status and processing states via
feedback on DDE (Dynamic
Data Exchange) servers to WIN-
DOWS (in real time, the Micro-

Fig. 4. Laser cutting system with an automatic workpiece-changing table; pallet size 3m212m.

Fig. 5. CNC-controlled multi-axial
head for laser cutting.

Fig. 6. Burr-free cuts with the highest
cut quality, without reworking the cut
edges.
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Fig. 7. Machine integration.

Fig. 8. Fully automatic submerged plasma cutting system with automatic loading
and unloading system.

Fig. 9. An easy-to-operate interface for software and hardware components enables
efficient data transfer between application components.

soft communications standard for
process and production automa-
tion enables easy operation and
integration with existing commu-
nication networks).

Some examples showing the
scope for rationalisation for the
operator of these systems are giv-
en below.

The DDE report client moni-
tors the DDE server and writes
the accumulated times, distances
and, where applicable, fault num-
bers in an ACCESS database.
This means not only that a stan-
dardised output from the report
generator is possible, but also that
users who have MS-ACCESS
available can use the data for oth-
er purposes and for their own ap-
plications.

Concluding remarks
The market is demanding increas-
ingly precise components with
high quality cutting results, along
with higher machine availability.
These features constitute the mo-
tivation for innovation among
machine manufacturers and are
helping to move thermal cutting
closer to the central point of pro-
duction.

With modern cutting systems,
it is possible to incorporate oper-
ations which are normally carried
out by drilling and milling into
the cutting systems. The marking
and surface cleaning processes
are also being integrated in cut-
ting systems. Depending on the
profile of machining require-
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Fig. 12. The “Report Generator” pro-
duces status reports with the following
information from the data gathered in
a database:
Date and time
Program number
The following from three processes:
=> Number of tool activations 
=> Processing times
=> Path distances travelled
Fast travel (distance and time)
Overall program running time
Fault log

Fig. 10. The most varied connection methods to controllers are possible. No matter serial, telephone or Ethernet connections are
used, the data is transferred reliably.

Fig. 11. The remote monitoring of machines enables an overview to be obtained of
the machine status and quick interventions to be made when failures occur.

About the author
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ments, it is possible to unify ma-
chine investment and to cut
workpiece idle times dramatically
so that the cutting centre be-
comes a profitable production
tool.
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In Svetsaren 1-2/96, we
dedicated an article to
submerged arc welding
with special cored wires
developed by ESAB,
in which we discussed
industrial applications
from Finland where the
method was pioneered.
In the meantime, the
technique has matured
and has been adopted
by fabricators across
Europe. They benefit
from productivity ad-
vantages resulting from

higher deposition rates,
as well as the avoidance
of plate edge bevelling,
a smaller weld volume
and a reduced number
of layers. Before discuss-

ing industrial applica-
tions from Germany, the
Netherlands and the
United Kingdom, the
authors re-introduce the
theme.

Fabricators pleased with 
increased submerged arc 

productivity from cored wires
Improved welding technique has now matured

By Martin Gehring, ESAB GmbH, Solingen, and Shaun Studholme, ESAB UK Ltd.

Table 1: ESAB OK Tubrod cored wires for the submerged arc welding of normal-
temperature and low-temperature steels.

Metal-cored AWS
OK Tubrod 14.00S/OK Flux 10.71 CMn F7A2-EC1

Basic flux-cored
OK Tubrod 15.00S/OK Flux 10.71 CMn F7A4-EC1
OK Tubrod 15.24S/OK Flux 10.62 1Ni F8A6-EG-G
OK Tubrod 15.25S/OK Flux 10.62 2.5Ni F7A8-ECNi2-Ni2
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Introduction
Submerged arc welding (SAW) is
widely recognised as a very pro-
ductive welding process, offering
the following advantages:

a high deposition rate due to
the use of high welding cur-
rents
a high travel speed
a reduced incidence of cold
laps and slag inclusions
a smooth weld surface with
good tie-in
no spatter, no fumes

The productivity of SAW is
further optimised with variants
such as twin arc, tandem and
metal-powder addition, but these
methods normally require large-
scale investments in equipment.

The productivity of single-wire
SAW can, however, be increased
significantly by substituting speci-
ally-developed cored wires for
solid wires. In the majority of ap-
plications, this requires no addi-
tional financial expenditure as the
existing equipment is adequate.

Product range
The range of ESAB OK Tubrod
cored wires for submerged arc
welding is reviewed in Table 1.

Both OK Tubrod 14.00S and
15.00S are Grade 3 approved, in
combination with OK Flux 10.71,
by the major ship classification
societies, as well as TÜV and DB.

OK Tubrod 15.24S and 15.25S
are designed for low-temperature
applications in offshore fabrica-
tion, for example.They are used
in combination with OK Flux
10.62.

Both OK Flux 10.71 and 10.62
are basic agglomerated fluxes.

Single Wire Deposition Rate Comparison
OK Tubrod 15.00S + OK Flux 10.71

OK Autrod 12.20 (S2) + OK Flux 10.71

20

18

16

14

12

10

8

6

4

2

0

30
0

35
8

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

95
0

10
00

kg
/h

r

Current (A)

15.00S 2.4mm
15.00S 3mm
15.00S 4mm
12.20 2.4mm
12.20 3mm
12.20 4mm

Figure 1. Deposition rate increase obtainable with cored wires for submerged arc
welding.

Figure 3. Fabrication of a cylinder for
the wood industry. Tube halves are
attached to the inside of the cylinder
with the cored wire/flux combination
ESAB OK Tubrod 14.00S/OK Flux
10.81.

Figure 2. A single pass, double-sided I-joint made in 17 mm plate at 60 cm/min travel speed with the cored wire flux combina-
tion ESAB OK Tubrod 15.00S/ESAB OK Flux 10.71. Plates were not bevelled before welding. Middle: Meyer Werft Papenburg.
Right: SSW Fähr- und Spezialschiffbau GmbH.
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Advantages of cored
wire
The deposition rate of cored
wires exceeds that of solid wires
of the same diameter by up to
20% when welded with the same
current (Figure 1).

The resistance heating is high-
er with cored wires, because the
current-conducting cross-section
is concentrated in the sheath. The
higher current density results in a
higher melt-off rate and thereby
a higher deposition rate. This ef-
fect is even more pronounced
with SAW than with gas-shielded
flux-cored arc welding, because
much higher welding currents are
used.

In all the applications dis-
cussed below, fabricators benefit
directly from improved welding
economy due to an increased
deposition rate converted to high-
er travel speed.

Additional advantages, such as
a reduction in weld volume, fewer
beads, the avoidance of plate
edge bevelling, plus a wide range
of welding currents which can be

used with the same diameter, are
more dependent on the specific
application.

Industrial applications
Meyer Werft, Papenburg & SSW
Fähr- und Spezialschiffbau
GmbH, Bremerhafen, Germany
Both  yards, Meyer Papenburg
and SSW (the former Seebeck
Werft), changed from solid wires
to cored wires as the consumable
for the double-sided submerged
arc welding of  butt joints in plate
fields. Both use the same cored
wire/flux combination OK Tubrod
15.00S (4.0 mm)/OK Flux 10.71.
In both cases, the single-head
welding of 17 mm thick plate is
performed.

In comparison with the previ-
ous application with solid wire,
the travel speed for a single-layer,
double-sided weld went up to 60
cm/min (see Figure 2).

In addition, it was no longer
necessary to bevel the plate edges

Figure 4. Three hydraulic cylinders
fabricated by Hydrowa installed on a
Norwegian oil rig. The stroke of the
cylinders is as high as 18 m.

Figure 5. Welding of a cylinder’s circumferential weld with OK Flux 10.71 and 
OK Tubrod 15.00S.

before welding, because of the se-
cure penetration of the cored
wire. Normally, the yards would
give the joint a Y-preparation.
The avoidance of bevelling was
crucial to both yards, as it ac-
counts for major cost savings.

KRAFFT-Walzen, Düren,
Germany
KRAFFT fabricates rollers and
cylinders for paper and textile
plants. One of the welding jobs
consists of attaching tube halves
to the inside of rollers (see Figure
3). The rollers are 2.9 m wide
with a diameter of 1.5 m and
have a wall thickness of 5 mm.
This was previously done using
SAW with solid wire.

After changing to OK Tubrod
14.00S, the travel speed for weld-
ing these fillet welds was in-
creased by more than 100%, as a
result of the higher deposition
rate and the use of a smaller thro-
at size, which was made possible
by more secure penetration.
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I U v HI
(A) (V) (mm/min) (KJ/mm)

OK Flux 10.62/solid wire (1Ni/0.25Mo) 650 30 410 2.8
OK Flux 10.62/OK Tubrod 15.24S (I) 650 30 410 2.8
OK Flux 10.62/OK Tubrod 15.24S (II) 750 32 580 2.5

Procedure test results

Solid wire OK Tubrod 15.24S
(I) (II)

No. of runs 25 20 25
Arc time (min.) 35 29 (–21%) 27 (–27%)

Yield strength (MPa) 581 510 517
Tensile strength (MPa) 646 588 587
CVN (J) –40 69 159 166

–50 43 147 143

The total welding costs were
reduced by 45%.

Hydrowa, Eindhoven, the 
Netherlands
Hydrowa B.V. specialises in the
design and fabrication of hydraul-
ic cylinders with a length of up to
22 m for a variety of industries in-
cluding offshore, dredging, auto-
motive and food (Fig. 4).

Recently, the company equip-
ped its workshop with a new
ESAB submerged arc welding
station consisting of a movable
MKR 300 column and boom, a
stationary ESAB A2 Minimaster
SAW automatic welder, an LAE
1000 power source and two
ESAB 10RTN manipulators.

With the new station, Hydrowa
adopted submerged arc welding
with cored wires to weld the cir-
cumferential joints of hydraulic
cylinders (Fig. 5). The automatic
SAW equipment and the power
source are selected to handle cyl-
inders with a diameter of 15 to
400 cm . The SAW machine has a
maximum current of 800A, feed-
ing solid as well as cored wires
with a diameter of up to 4 mm.

The cored wire/flux combina-
tion OK Tubrod 15.00S/OK Flux
10.71, produces productivity ad-
vantages over submerged arc
welding with solid wires.

First of all, OK Tubrod 15.00S
with a diameter of 3.0 mm can be
applied directly over a TIG-wel-
ded root run without burning

through, because a welding cur-
rent as low as 200A can be cho-
sen, producing reduced penetra-
tion and an excellent tie-in. For
the same application, SAW with
solid wire requires a second layer
with GMAW before SAW can be
used, because a 3 mm size solid
wire requires a welding current of
at least 300A.

In addition, filling runs can be
performed with a welding current
of up to 600A with the same wire
size. In this case, Hydrowa bene-
fits fully from the increased depo-
sition rate from cored wire which
is converted to a travel speed of
60–80 cm/min. As a 3 mm solid
wire would produce 40–60 cm/
min., there is a substantial im-
provement in productivity.

Kværner Oil & Gas Limited,
Scotland
Welding economy and integrity
for offshore fabrication was test-
ed using a welding procedure
qualification for OK Tubrod
15.24S/OK Flux 10.62 in compari-
son with an established proce-
dure for solid wire SAW. The
welding procedure involved a 1/2
V-joint in 40 mm thick, grade
50D plate.

Tests were done at the same
parameters as the existing proce-
dure, but also at increased wel-
ding current and travel speed,
according to table 2.

Tested at the same parameters,
thicker beads are deposited

40 mm
45º

50D

1

SMAW root & hot pass
Solid & cored wire fill

Table 2. OK Tubrod 15.24S/OK Flux 10.62.Welding procedure qualification for offshore fabrication compared with SAW solid wire.

About the authors
Martin Gehring graduated in 1993
as a Dipl.Ing. from the university
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product manager for consumables
at Esab GmbH in Solingen in Ger-
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because of the increased deposi-
tion rate. The mechanical proper-
ties show that this does not lead
to loss of low-temperature tough-
ness, whereas an arc time reduc-
tion of 21% is obtained.

At a higher welding current,
while selecting a travel speed
giving the required bead thick-
ness, arc time is reduced by 27%.

Additional tests prove that
mechanical properties remain
satisfactory after stress relieving.
Moreover, the combination OK
Flux 10.62/OK Tubrod 15.24S  is
CTOD-tested, making it a very
interesting option for more pro-
ductive submerged arc welding in
offshore fabrication.
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An important question
for the welding and cut-
ting industry relates to
likely developments be-
yond the year 2000.
Some major trends and
conclusions are already
clear.

More cost-effective produc-
tion is still the single most im-
portant issue.
Other strong driving forces
are quality assurance and glo-
bal environmental protection.
System approach. Cost versus
the performance and reliabil-
ity of the entire production
chain. A low cost for individu-
al parts does not automatical-
ly lead to the lowest cost for
the system. Instead, it might
lead to sub-optimisation.
A system is no stronger than
its weakest link. This empha-
sises the importance of indi-
vidual parts of the system.
They could be gases. They
could be filler metals. They
could be power sources and so
on. Improvements to individu-
al parts must lead to the en-
hancement of the perfor-
mance and reliability of the
system. If the performance of
individual parts is too good,
however, this could lead to
unnecessary costs. “Fitness for
purpose” is therefore a key
expression.
Stronger focus on the end-
user will increase the call for
user-friendly systems, as well
as the requirements relating
to personal health and safety.
Increased use of new or im-
proved materials. This also in-
cludes surface-treated materi-

als. Improvements could in-
clude lower weight, improved
mechanical properties or cor-
rosion-resistance properties.

This will lead to suppliers of
equipment and different consum-
ables more frequently offering in-
dividual customer solutions. So
how will gases and gas applica-
tion know-how help to meet cus-
tomer demands in the future?

System approach
There are many considerations a
company must take into account
when it comes to sharpening its
competitive edge. The functions
and design of the product, its
quality, appearance, as well as its
impact on the environment, have
to be weighed up against the cost.
As if that were not be enough,
the working environment, health

and safety and job satisfaction
must also be included in the
points for consideration. The final
product and its features are in fo-
cus, rather than the result of indi-
vidual steps in the manufacturing
process. This is a system or mod-
ule approach. The result of one
operation may strongly influence
the cost of performing a subse-
quent operation. For example,
high cutting quality may facilitate
welding. So, even if the cost of the
cutting increases, the cost of the
welding may be reduced and the
total cost of cutting and welding
could be lowered. In a similar
manner, a system approach can
be broken down into a specific
operation. A welding process, for
example, should be optimised
from both cost and feature as-
pects. Individual parts of the
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Electricity, water etc.
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Before change of
shielding gas

After change of
shielding gas

Figure 1. Example of how an increase in productivity (reduction in labour cost)
produces a cost saving, even if the cost of the shielding gas increases.

Welding and cutting beyond 
the year 2000

by Kjell-Arne Persson, AGA AB, Sweden
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welding system, like the shielding
gas, may have a critical effect on
the result, but they may have a
minor effect on the cost. For ex-
ample, if productivity can be in-
creased by 20% using a shielding
gas that costs 50% more, the total
operational cost could still be
substantially lower. The  simple
reason for this is that the cost of
the gas only represents about 3%
of the total cost. See Figure 1.

Optimised customer so-
lution by the intelligent
use of industrial gases 
Knowledge of gases and their ef-
fect on the cutting or welding
process is still limited among us-
ers. In welding, knowledge of
shielding gases is often restricted
to the function of preventing air
making contact with the arc and
heated metal. This is one function
of many. The shielding gas also
helps to produce good arc igni-
tion, good arc stability for low
spatter levels, good and consistent
penetration for reliable results,
good mechanical properties and
corrosion resistance by control-
ling the oxidation rate and pick-
up of carbon and nitrogen, for ex-
ample, high-quality and consistent
weld surface appearance, as well
as low fume and gas emissions.
See Figure 2.

The influence of gases is not al-
ways simple. In fact, in most cas-
es, it is somewhat complicated.
For example, the oxidising com-
ponent (carbon dioxide and/or
oxygen) that exists in some
shielding gases is necessary for
arc stabilisation. The most suit-
able amount of oxidising compo-
nent differs, however, for differ-
ent materials. The MAG welding
of unalloyed or low-alloyed steels
requires more oxidising compo-
nent than the welding of stainless
steels. In the MIG welding of alu-
minium, no oxidising component
at all is required for arc stabilisa-
tion. An unnecessarily high level
of oxidising component, on the
other hand, gives rise to unwant-
ed oxidation. This could involve
surface oxides but also oxide in-
clusions. A balance must there-
fore be struck between enough
oxidising component for arc
stability and the lowest possible

oxidising component to avoid un-
wanted oxidation. In fact, the ox-
idising component also has an ef-
fect on the surface tension which
in turn affects the possible weld-
ing speed and the weld appear-
ance. It also has an effect on the
burn-off rate of alloying elements
which will influence the mechani-
cal properties.As can be seen, the
influence of the shielding gas is
very complicated.Other gas-rela-
ted examples include:

Addition of hydrogen to the
shielding gas. In the TIG weld-
ing of austenitic stainless
steels, this increases penetra-
tion and welding speed and
thereby productivity. On the
other hand, some materials
are sensitive to hydrogen be-
cause it can be harmful and
cause pore formation and
even cracking.
Nitrogen additions can secure
corrosion resistance in the
TIG welding of duplex stain-
less steels. In other materials,
this does not produce any ad-
vantages and might even be
harmful by causing porosity or
changing material properties.
The purity level of the cutting
oxygen has a strong effect on
cutting speed in oxy-fuel cut-
ting. High purity promotes
high cutting speeds.

These are a few examples
which show that the behaviour of
the system often depends on the

behaviour of its constituent parts
but also on the interaction bet-
ween the different constituent
parts. It is not only the properties
of the shielding gas or the filler
material or the base material or
the power source alone which are
important, it is the interaction
between them that determines
the performance of the system. To
complicate things still further, the
performance of the system de-
pends to a very large extent on
the parameter settings. The opti-
mum performance can only be
obtained if all the information is
known — that is the properties of
the individual parts, their interac-
tion and how they depend on pa-
rameter settings. One good exam-
ple of this is RAPID PROCESS-
ING™. It has made it possible to
boost productivity substantially
without sacrificing penetration,
reliability or weld appearance.

User-friendliness
The working conditions of weld-
ers and operators are often de-
manding, hard, hot, and dirty. Ac-
tion or equipment that will help
welders and operators in their
work, to facilitate their work, to
improve their health and safety
are therefore attracting more and
more attention. They can range
from the use of more lightweight
equipment for easier and more
ergonomic handling, or equip-
ment that provides improved reli-

Figure 2. Areas in which the shielding gas has an effect on the welding result.
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ability by producing fewer irritat-
ing interruptions to equipment
with built-in knowledge and
equipment to improve health and
safety.

More gas-related examples in-
clude:

Gas supply systems. A central
gas supply system reduces the
need to move heavy cylinders.
It also increases safety. In case
of fire, no or at least fewer cyl-
inders have to be moved away
to safer areas.
Shielding gases that improve
the working environment by
reducing fume and gas emis-
sion.
Gases that make it easier to
set suitable process parame-
ters and help to produce con-
sistent behaviour.
Gas delivery security. Delivery
of a gas to a customer at short
notice or within a specified
time limit. The distribution
form, compressed gas in cylin-
ders or liquids, is less impor-
tant for the customer as long
as the gas is there and has the
right quality. The customer
pays for a function rather than
a component.
Early warning signals of gas
leakage. Leakage that could
lead to harmful situations.
Information booklets that are
instructive, like the “Facts
about” information series.

Global environment
The impact on the global envi-
ronment of gases in welding and
cutting is mainly a result of the
production and transportation of
the gases. A gas like argon, which
is used in shielding gases, comes
from the air and returns to the air
unchanged. The energy required
to separate the small amount 
of argon that exists in the air 
(< 1%), however, has a negative
impact on the environment, as
does the energy needed to trans-
port it. The amount of energy that
is needed to separate air is mini-
mised in the new and large air-
separation plants. Fewer, large
plants, however, result in longer
transportation. The transportation
of liquid argon is comparatively
low in terms of energy consump-
tion when compared with the

transportation of heavy cylinders
containing compressed gas. Ef-
forts are therefore being made to
minimise energy consumption in
air-separation plants, to use liquid
transportation as far as possible
and to locate filling stations so
that the liquid argon can be put
into cylinders as close to the cus-
tomer as possible. Carbon dioxide
is extracted from waste products,
mainly from fermentation pro-
cesses. It is therefore used “a sec-
ond” time before it is spread in
the air.

Some examples of products
and applications which already
meet future requirements

MISON® shielding gases 
There are now a variety of 
MISON® shielding gases for dif-
ferent welding processes, differ-
ent materials and different pur-
poses. Gases that can improve
productivity, contribute to low
spatter formation, produce con-
sistent penetration, low surface
slag formation and a good surface
appearance, as well as improving
the welders’ environment by re-
ducing fume and ozone forma-
tion.

RAPID PROCESSING™
Know-how packages that boost
productivity mainly by increasing
the deposition rate. No or only
small investments in equipment
are required. Today there are
packages for welding unalloyed
and low-alloyed steels, for weld-
ing coated steels, for welding
stainless steels and for welding al-
uminium.

New shielding gas 
mixtures
New shielding gas mixtures that
optimise the MIG/MAG, TIG and
laser welding of “new” materials.

Materials that are finding in-
creasing industrial use.

Some examples of “new” mate-
rials are duplex stainless steels,
martensitic or super-martensitic
steels and aluminium alloys.

AGA LASERLINE™ 
A complete range of gases and
gas supply systems that produce
high performance in laser cutting
and in laser welding.

ODOROX®

Oxygen with a small additive that
produces an unpleasant smell.
This gives an early warning of
oxygen leakage. Fires in an at-
mosphere of leaking oxygen are
very difficult to extinguish and
can lead to serious accidents. Ear-
ly warning signals make it pos-
sible to act before harmful situa-
tions occur.

Conclusion
There will probably not be any
dramatic changes in welding and
cutting in the near future. When it
comes to industrial gases, the gas-
es and gas application know-how
will be important in welding and
cutting beyond the year 2000.
This will probably be even more
important than it is at present,
due to other improvements in
base metals, filler materials, pow-
er sources, lasers and mechanisa-
tion equipment. In particular,
application knowledge or a
knowledge of how to use gases in
the optimum manner will be
highlighted still further in the 
future.

ODOROX® and MISON® are
registered trademarks
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This article gives a gen-
eral overview of the
technological develop-
ment of semi-automatic
welding machines. When
it comes to the state of
the art, some modern
high-tech equipment is
used to exemplify the
latest technology.

Welding power sources have been
greatly influenced by the rapid
developments that have taken
place when it comes to power
electronic components. The per-
formance of the equipment is also
a result of new control and com-
munication technology.

Power sources
The main purpose of the power
source is to supply the system
with suitable electric power. Fur-
thermore, the performance of the
power source is of vital impor-
tance to the welding process —
the ignition of the arc, the stabil-
ity of the transfer of the melted
electrode material and the
amount of spatter that is generat-
ed. For this purpose, it is impor-
tant that the static and dynamic
characteristics of the power sour-
ce are optimised for the welding
process.

Different types of power
source
Step-adjusted welding rectifier
This is the traditional and still the
most common power source for
manual MIG/MAG welding. The
voltage setting is adjusted by con-
necting a varying number of
windings on the primary side of
the transformer. The dynamic

Modern MIG welding power
sources

by professor Klas Weman, ESAB Welding Equipment AB, Laxå, Sweden

Fig. 1. The new ESAB Aristo 320 and 450 MIG welding equipment.

Fig. 2. Static characteristics of a step-controlled MIG/MAG-welding power source.
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properties are set using an induc-
tor. Fig. 2 shows the static charac-
teristics of a step-controlled weld-
ing power source. It is important
that there are a sufficient number
of voltage steps and that they are
close enough to enable the weld-
er always to find the optimal volt-
age setting.

Thyristor-controlled welding 
rectifier 
If the diodes in the secondary
rectifier are replaced by thyris-
tors, it is possible to control the
output voltage electronically. Un-
fortunately, the speed of regula-
tion is limited to the frequency of
the mains and the dynamic prop-
erties must also be mainly con-
trolled by an inductor.

Inverter power source 
In the inverter, the mains AC
voltage is rectified and transistors
are used to produce a higher fre-
quency in the range of 20-100
kHz. This high frequency makes it
possible to reduce the size of the
transformer. The weight and size
of the power source will  thus be
reduced and the efficiency will be
increased. Another major advan-
tage is that a rapid electronic con-
trol can be used to control both
the static and dynamic properties
of the power source.

Traditional and new
technology
Electronically-controlled behavi-

our is interesting. Earlier types of
power source were designed and
built to be optimised for one ap-
plication or welding method. The
new technology makes it possible
to use the power source for dif-
ferent methods and to optimise
the performance for each applica-
tion. The function of the machine
can be divided into two indepen-
dent parts — the electronic con-
trol and the power package.

The welding properties are no
longer determined by the design
of the machine but can be con-
trolled electronically or by a com-
puter. The high operating fre-
quency of the inverter power
source increases the control
speed and makes it possible to
achieve optimal properties. It is
also possible to use pulsed arc
welding where short pulses cut
off every single droplet from the
electrode. This results in quite
new opportunities when welding
in aluminium and stainless steel,
for example. The freedom to con-
trol the machine in different ways
makes it possible to use it for dif-
ferent welding methods, but it can
also be optimised for each indi-
vidual choice of electrode diame-
ter, shielding gas and material
quality.

Computer technology
As in many other technical areas,
the use of computers and com-
puter controls is developing when
it comes to welding applications.
The more sophisticated the
equipment, the more developed
the technology — like that used
in advanced inverter power
sources and control equipment
for mechanised welding, for ex-
ample. Even straightforward stan-
dard equipment like power sourc-
es and feed units can contain mi-
crocomputer controls, something
which can in fact be justified from
both an economical and service
reliability point of view.

Adjusting the equipment
Communication with the user
can be facilitated — but perhaps
also sometimes made more diffi-
cult — by new technology. It
should be a challenge for the
manufacturers of welding equip-
ment to create a simple and cle-

arly-defined user interface, which
still allows all the necessary set-
tings to be made.

Control of the welding
process
In order to affect the stability of
the arc, inverters include facilities
for controlling the welding pro-
cess. The welding properties are
very important to the welder and
his acceptance of the power sour-
ce. As the power source itself
does not affect the properties, it is 
possible to have full control of
the process by to have full control
of the process by the software.
These programs are then inde-
pendent of the power supply that
is used.

Communication between
the units 
As a result of developments, mi-
crocomputers are currently used
in many different system compo-
nents, such as power sources, wire
feed units and control boxes. One
powerful means of communica-
tion between these units is the
use of a standard communication
bus. ESAB have chosen the CAN
bus for this purpose. CAN stands
for Controller Area Network and
was originally developed for the
automotive industry by Bosch
and Intel.

In robot welding, the CAN bus
is used for communication bet-
ween the welding equipment and
the robot control unit.

Improved immunity to
interference
In comparison with the analogue
technique, the digital technique is
not sensitive to variations caused
by voltage drops or other distur-
bances. This guarantees that the
values are reliable and are exactly
the same from one occasion to
the next. The CAN bus communi-
cation between the different parts
of the machine, together with an
improved mechanical and electri-
cal design (zone system), has also
reduced the sensitivity to electri-
cal noise. The CAN bus has the
intelligence to re-transmit a mes-
sage if it has not arrived in the
correct way.

Fig. 3. Control box for the Aristo
2000 welding machine. The slot
for the PC card is on the top left-
hand side.

Nya Svetsaren 1, 1999.  1999-06-24 13.07  Sidan 78



Svetsaren No.1–2 1999 79

Control box
The control box, see Fig. 3, is used
for all man-machine communica-
tion:

Setting the welding parame-
ters
Changing the welding method
Measuring welding data
Storing parameter settings in
the memory

When used for MIG/MAG
welding, information about wire
type, electrode diameter and gas
mixture is specified and the weld-
ing properties are optimised for
this specific combination. The
voltage is pre-set according to a
built-in relationship with the wire
feed speed, a so-called synergy
line. There is a database with
more than 175 synergy lines. All
you need to do is enter a wire
feed speed. A preliminary voltage
is then automatically selected by
the system.

PCMCIA card
A memory PC card (PCMCIA) is
used to upgrade the software. The
card can also be connected to a
PC and be used for storing the 
library containing the user’s set-
ting data.

The card can store all the weld-
ing data that can be moved from
machine to machine, thereby
maintaining weld quality.

If several machines are pro-
grammed with welding data from

the same card, the weld result will
be exactly the same. This is ideal
if several machines are used for
welding similar objects.

Monitoring
The CAN bus can also be used to
monitor the welding process via
an external PC. In the Weldoc™
WMS 4000 computer program,
the user can supervise the weld-
ing process and enter alarm lim-
its. The system is also used for
logging and documentation and
can be included in the quality

control system at a company. This
complies with the international
quality standard ISO 9000/EN
729.

Conclusion
The technological development
of electronics and computer tech-
nology is rapid and is having a
major influence on the develop-
ment of welding equipment. The
information given here can be
seen as a teaser about what mod-
ern power source technology has
to offer.

Fig. 4. Screen appearance when using the WMS 4000 program to monitor the wel-
ding process.
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