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Abstract:

We survey some incisive research on novel
welding alloys which contribute to the structural
integrity of complex engineering structures
whilst at the same time are practicable.
Examples include consumables for strong
steels and stainless steels, nickel base alloys
and clever consumables designed to cancel
welding-induced stresses.

The combination of properties required for
strong welds necessitates precise
microstructural control. This depends on factors
such as the influence of alloying elements,
impurities and non-metallic inclusions. Weld
metals with strength in excess of about 800
MPa are also inherently sensitive to the weld
thermal cycle so it becomes necessary to
define an operational window within which
required properties can be achieved. If this is
restrictive then another approach is to increase
tolerance to variations in the thermal history
with unconventional alloy compositions.

Corrosion resistant alloys are indispensable in
many critical applications but the properties of
welds can be a limiting factor. A first example
deals with relations between alloying concept,
microstructural morphology and properties of
lean duplex welding consumables. Segregation
of solutes is a major concern in concentrated
nickel base welding alloys. A second example
therefore explores possibilities to counteract
segregation by careful alloying.

Residual stresses are an anathema in welds
because they are associated with distortion and
influence the life of the joint in a variety of
scenarios. Recent developments of low
transformation temperature (LTT) welding
consumables are presented. It is shown that
these effectively reduce stresses by exploiting

transformation plasticity and improve fatigue
strength.

It is evident from this survey that there are
tremendous advances to be made by applying
the most sophisticated instrumentation
available to materials science, together with
theory and insight based on metallurgical
experience.
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Transformations, =~ Weld metal properties,
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1. High Strength Steel Weld Metals:

The increasing use of steels with a strength in
excess of 700 MPa has led to a demand for
stronger welding consumables. In contrast to
the production of wrought steel, the strength
and toughness of weld metals must generally
be achieved by means of alloying. Whereas
there are many ways of increasing the strength,
doing so while maintaining good toughness has
proven to be more challenging. And the
properties achieved must also be robust in the
sense that they should not be sensitive to
practical variations in the welding parameters.
Other risks become more prominent at high
strengths, for example, fatigue resistance and
hydrogen embrittiement.

The traditional argument is that the
concentration of solutes added to ferritic weld
metals must be kept to a minimum in order to
avoid martensite and avoid the risk of brittle
fracture. Weld metal yield strengths therefore
usually lie in the range 350-550 MPa, with
occasional higher values achieved at the
expense of toughness. The microstructure of
such weld metals consists of mixtures of
allotriomorphic  ferrite (@), Widmanstatten



ferrite (ay), acicular ferrite (a,) and the so—
called microphases (small quantities of retained
austenite and martensite) [11, [2].
Allotriomorphic ~ ferrite is  weak, and
Widmanstatten ferrite suffers from poor
toughness. This leaves acicular ferrite as a
good strengthener with its ability to deflect
cracks. However, welds containing mostly
acicular ferrite stil do not meet the
requirements of the strongest of structural
steels, as illustrated in Fig. 1 [3].
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Fig. 1. Distribution of strength in ferritic steel
weld metals, incorporating data from some 800
welding alloys. UTS stands for the ultimate
tensile strength. Data from [4].

We present in this review a variety of European
efforts to make reliable welding alloys which
are practicable in that they meet a variety of
commercial criteria.

1.1 Oxygen Content:

To achieve strength in excess of 700 MPa in
yield it is necessary to work with
microstructures are largely bainitic  or
martensitic, meaning that acicular ferrite can no
longer be relied on to achieve the correct
combination of mechanical properties. Acicular
ferrite relies on the presence of oxides as
nucleation sites; phases such as martensite do
not, in which case the oxides have the potential
of initiating fracture and the oxygen content
must be minimised. This is apparent in Fig. 2
[5-10]. Optimising strong weld metals therefore
requires precise control and understanding of
minor alloying elements and impurities,
minimisation of oxygen content and thereby the
amount and size of inclusions.

1.2 Microstructural Constituents:

In addition to the classical microstructural
constituents such as bainite, martensite and the
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Fig. 2. Effect of oxygen content on Charpy—V
impact toughness of supermartensitic weld
metals. Weld metals produced with different
welding processes and different consumables
all fall within the same scatter band [6].

softer ferrite variants associated with leaner
compositions, a microstructural constituent
previously reported in high strength steels,
coalesced bainite, has recently also been
identified in weld metals (Figure 3) [11-14]. It
forms by the merging of fine bainite platelets,
each of which is separately nucleated but in the
same crystallographic  orientation  during
prolonged growth. Diffraction studies and serial
sectioning techniques have proved that
coalesced bainite grains can be several
micrometers in all directions [15]. There is
evidence that this constituent forms at large
driving forces [16], that is at relatively low
temperatures. It has also been observed that it
is more likely to occur when the bainite and
martensite start temperatures are not very
different. As this coarse phase is detrimental to
mechanical properties, care has to be taken
when designing new high strength welding
alloys to ensure it does not form in significant
amounts.

Fig. 3. Large coalesced bainite grains in the
last bead of a 0.08C—-10Cr—1Ni—-0.3Mo wt%
high strength weld metal with 910 MPa in yield
strength.
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Having established which microstructural
constituents form for a given weld metal
composition the next step is to correlate these
to properties and how welding procedures
affect the relative amounts.

1.3 Robustness:

Although well balanced mixed
martensitic/bainitic/ferritic microstructures can
offer attractive combinations of strength and
toughness, the microstructure and hence the
properties, tend to be sensitive to the cooling
rate [17-20] as exemplified in Fig. 4 for weld
metals with different Ni—contents.
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Fig. 4. Strength as a function of cooling time
between 800 and 500°C for weld metals with Ni
contents in the range 2.3-6.7 wt%, [18].

A variety of approaches can be adopted to
counteract or minimise this effect. One method
is to define an operational window within which
high strength and good toughness can be
achieved. A second is to achieve a greater
tolerance to variations in the weld thermal cycle
with a higher alloy content and perhaps a
radical departure from established alloying
practices as discussed later in the text.

The first approach is exemplified for weld
metals deposited with a high strength manual
metal-arc electrode (ESAB OK 75.78), with
nominal composition Fe-0.05C-0.3Si-2Mn-3Ni-
0.5Cr-0.6Mo wt% (Fig. 4) [14]. The effects of
welding parameters on properties and

microstructures were characterised (Fig. 5) for
a range of cooling rates using high resolution
scanning electron microscopy and the

transformation behaviour was assessed from
cooling curves.

Fig. 5. FEGSEM micrographs presenting an
overview of the as-deposited last bead
microstructure for two different cooling times.
Lower bainite, martensite and coalesced bainite
are the main constituents in the rapidly cooled
weld metal on the left, whereas the more slowly
cooled structure consists largely of upper
bainite.

As the next step a continuous cooling diagram
was constructed from cooling curves. The
transformation temperatures were displayed as
a function of cooling time between 800 and
500°C, as this is often used to characterise
weld thermal cycles (Fig. 6).
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Fig. 6. Experimental CCT-diagram for
OK 75.78 displaying transformation start
temperatures as a function of cooling time
between 800°C and 500°C. Transformation
temperatures gradually increase with cooling
time above 3 s and decrease rapidly for shorter
cooling times.

Mechanical properties correlated with observed
microstructure and transformation behaviour.
Results suggest high strength and good
toughness for cooling rates between 800 and
500°C of about 3 s to 13 s. A fine
microstructure will then form with varying
proportions of martensite, lower bainite,
coalesced bainite and fine upper bainite. The



recommended cooling rate window will not
impose a limitation in practice, as welding
procedures resulting in extreme cooling rates
are rarely desirable. A more practical concern
is that transformation behaviour and properties
in real weldments always are affected by
dilution, as modern high strength steels are
rather lean in composition. Ways of dealing
with this and maintain properties for varying
dilution levels are therefore of interest.

1.4 Alternative Alloying Approaches:

A neural network model was created with the
task of exploring new compositions, which
might be suitable for high strength steel weld
metals as described in [21-22]. Based on
predictions and preliminary tests, a nominal
weld metal composition of 0.06C, 7Ni, 0.5Mn
wt% was found to offer stable and attractive
properties at a high level [11], [23] and [24].
The more highly alloyed 7Ni weld metal
represents a different approach producing a
microstructure consisting mainly of bainite with
a limited effect of cooling time on martensite
content. Variations in properties are shown in
Fig. 4 and are listed in Table 1. Figure 7 shows
that the impact strength is high and varies little
with cooling rate.

Table 1. Chemical composition (wt%) and
mechanical properties of the nominally 7Ni
high-strength welding alloy.
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Fig. 7. Impact toughness as a function of
cooling time (Atgs) for a highly alloyed high
strength weld metal.

1.5 Role of Inclusions:

The weld metal composition must of course be
designed carefully to minimise the formation of
undesirable microstructural constituents.
However, inclusions also play an important role
for formation of acicular ferrite as well as
affects bainite formation in more highly alloyed
high strength weld metals. Minor variations of
alloying elements or deoxidising elements can
therefore have a profound effect on the
microstructure and hence properties. In
particular for flux shielded processes such
manual metal arc, flux cored arc welding and
submerged arc welding, this poses challenges
in combination with striving for lower oxygen
levels.

Non-metallic inclusions in weld metals often
consist of several different phases with varying
composition and structure [2]. Figure 8 shows
an example of the morphology of a typical
complex inclusion in a high strength weld
metal. Several mechanisms have been
suggested for the role of inclusions in
nucleation of ferrite [1,7]; the presence of Mn
depletion zones [25], induced strain due to
difference in thermal expansion [26] and lattice
mismatch [27], among others. It is however not
yet clear whether one or several of these
mechanisms or other effects such as formation
of Ti-layers as discussed below are of greatest
importance in strong and predominantly bainitic
or martensitic microstructures.

Fig. 8. a) Bright field transmission electron
micrograph of an inclusion.
b) Schematic representation of the inclusion,
showing the morphology of present phases.

For many of the suggested theories, a resulting
orientation relationship between a specific
phase and an adjacent ferrite grain should be
expected. A dark-field transmission electron
micrograph of a MnTi,Os—spinel phase in an
inclusion and an adjacent ferrite grain is shown
in Figure 9a. The corresponding diffraction
pattern is shown in Figure 9b, giving the



orientation-relationship between the spinel
structure and the adjacent ferrite grain to be:

<112>a||<112>spinel
and
<111>ferrite||<311>spinel.

This could then suggest that in this case, the
MnTi204—spinel phase have been responsible
for the nucleation of the ferrite grain on the
inclusion.

Fig. 9. a) Dark field transmission electron
micrograph of an inclusion and an adjacent
ferrite grain. b) The corresponding selected
area electron diffraction pattern with indexed

reflection for both the ferrite grain and the
MnTi,O,4-spinel phase of the inclusion. Extra

reflections are due to double diffraction.

Another recently reported finding is the
presence of a Ti containing, possibly TiO, film
in the matrix-inclusion interface, which
enhances the nucleation at inclusions for a
certain composition [28]. Figure 10 shows a
micrograph of an inclusion along with the
distribution of titanium and oxygen. A thin
titanium—rich layer is seen at the inclusion-
matrix boundary. The presence of oxygen in
the same layer could not, however, be
determined conclusively.

Further knowledge is definitely needed in order
to determine the exact role of complex
inclusions, with their different phases, and
segregated layers at interfaces in the
nucleation on inclusions.

1.6 Microstructural Characterisation:

Significant developments have been made in
understanding the effect of microstructure on
mechanical properties of high strength weld
metals [11], [23], [24], [29]-[31]. Through the
use of high resolution field emission gun
scanning electron microscopy in combination
with light optical microscopy and transmission
electron microscopy the individual
microstructural constituents can be identified

Fig. 10. Bright field transmission electron
micrograph of an inclusion. An EDX titanium
map of the inclusion is shown in b). Energy
filtered transmission electron micrographs of
titanium and oxygen elemental maps are
shown in c) and d), respectively. The maps
were recorded over the area marked with a
black square in a).

[31]. Figure 11 shows an example of a 7Ni weld
metal (composition as presented earlier) where
microscopy and diffraction have been used to
reveal the true grain structure in order to
enable a better interpretation in the optical
microscope.

Fig. 11. (a) LOM micrograph showing the

etched microstructure of a 7Ni weld metal.

(b) EBSD orientation map from the same
microstructure.

A comprehensive understanding of the material
is key in achieving desired properties and
enabling a continuing advance towards higher
strength levels. It is often the case that
substantial progress is made when a previously
unseen correlation is found in empirical data,
either by accident or deliberate hypothesis
testing. Sometimes such correlations are
hidden in the non-linearity of the data and



revealed through the use of new statistical
tools. Other times the pattern is not revealed
until  the experimental techniques have
developed the resolution and accuracy needed
to expand the measurement range. The
development of electron back scatter diffraction
(EBSD) has resulted in a technique capable of
rapidly performing vast amounts of orientation
measurements, thereby allowing for increased
accuracy when determining average quantities
like the mean orientation of crystallographic
variants.

It is well established that the orientation
relationship between austenite and the various
ferrite constituents is irrational but generally in
the vicinity of the Kurdjomov-Sachs or
Nishiyama—Wasserman [32]. For example, in
low carbon martensite the relationship is close
to the former whereas in high carbon
martensite it is closer to the latter [33]. By
characterising a microstructure in terms of an
accurate mean orientation relationship and
studying the distribution of orientations around
this mean it should be possible to discern more
subtle details concerning the displacive
transformation  products.  This  kind  of
characterisation requires a large number of
orientation measurements to be performed on a
very local scale, a task for which the EBSD
technique is well suited. To determine the
orientation relationship of a particular alloy a
mathematical model of the lattice
transformation can be fitted to the collected
orientation data and the results can be
visualised as pole figures or as parameters of
some rotation representation (Fig. 12) [34,35].
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Fig. 12. Bain zone from a {111} experimental
pole figure, colour-coded with respect to
intensity. Theoretical poles for the different
ORs 7Ni (best fit), Bain, Kurdjmov-Sachs (K-S)
and Nishiyama-Wasserman (N-W) are marked
with red circles in a)-d), respectively. The Euler
angles are also given for each orientation.

Figure 13 shows an example where calculated
poles of one Bain zone are superimposed on
the experimental Bain zone obtained by EBSD
measurement in a single prior austenite grain
of a 7Ni weld metal. An accurately determined
mean orientation relationship can then also be
used to facilitate further evaluation of
orientation data, e.g. when reconstructing the
prior austenite grain structure.

As the development towards higher strength
levels progresses, an increasing number of
parameters are becoming involved in the
design of welding consumables. It is therefore
inevitable that brute force approaches to
development, in the future will become
increasingly resource consuming and the need
for phenomenological understanding combined
with modelling even greater than before.
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Fig. 13. Euler space representation of the
orientation relation between austenite and
ferrite in a 7Ni weld metal. Common rational
relationships are displayed for reference.

2. Stainless Steels:

With greater attention on achieving low long—
term maintenance costs, increasing
environmental awareness and greater concern
with life cycle costs, the market for stainless
steel continues to improve [36]. Two trends in
stainless steel development can be recognised.
On the one hand the recent rapid fluctuations in
Ni and also Mo prices have lead to the
introduction and increased use of leaner less
expensive grades. In particular so-called lean
duplex stainless steels have attracted a lot of
interest as cost efficient alternatives to
standard austenitic grades such as 304L and
316L.

Some of the Ni in these steels is often replaced
by a combination of Mn and N in order to keep
the alloying cost at a minimum whilst
maintaining strength, corrosion resistance and



a suitable phase balance (Table 2).

Table 2. Chemical compositions (Wt%) of
some stainless steels. The pitting resistance
equivalent number is given by:

PREN = Cr + 3.3Mo + 16N wt%.

?;Ez' G'S'S/ EN Cr Mo Ni MnCu N PREy
Aucio. 304U 14307 18, 90 1 18
USIe 36l 14401 17 2 11 1 24

904LN 14339 20 4 25 1 1501 35

S32001 14482 20 16 5 03 013 22
“Lean” § 32101 14162 215 0315 5 022 26
duplex S32304 14362 225 0 48 1 01 25

S 32003 2151835 2 048 30
0,
22%Cr g 39005 14462 22 3 6 1 017 35

duplex

On the other hand there is also continuos
development of new specialised highly alloyed
grades intended for  very corrosive
environments and high temperatures. A trend
in both austenitic and duplex stainless steel
production (the “super-trend” and recently also
“hyper-trend”) has for more than two decades
been the introduction of grades with higher
alloy contents to meet the demand for higher
corrosion resistance in special applications.
Commonly Cr and Mo contents are increased
to improve corrosion resistance although lately
N and to some extent W have become
important alloying elements.

2.1 Welding Consumable Development:

For obvious reasons consumable
manufacturers must follow the lead of steel
makers in formulating new alloys. However, as
a welding operation can have significant effects
on mechanical properties and corrosion
performance steel will not become widely
accepted and used unless they can be
successfully welded without too many
limitations. One example is given for
development of consumables for lean duplex
stainless steels and one for highly alloyed Ni-
base alloys.

2.1.1 Lean duplex consumables:

Welding consumables for duplex stainless
steels need to be higher in elements promoting
austenite  formation, compared to the
corresponding steel grade, to avoid excessively
high weld metal ferrite contents. At the same
time it is important to ensure appropriate
mechanical properties and corrosion
resistance. Weld metal design therefore

requires a careful balancing of alloying
elements.

Microstructures and properties of lean duplex
weld metals produced with experimental
covered electrodes or metal-cored wires were
evaluated in a recent study aiming at
optimising the com position [37], [38]. Various
compositions with 21.5-24 wt%Cr with different
levels of Ni and Mn in combination with N were
selected to produce a minimum PREN value of
26. The electron backscattered diffraction
technique combined with scanning electron
microscopy was used to explore relations
between weld metal morphology and
crystallographic orientation relationships
between ferrite and austenite.

Depending on composition lean duplex weld
metals solidify either fully as ferrite producing a
“typical Widmanstatten-type” microstructure or
in a mixed mode with ferrite as the leading
phase and austenite forming interdendritically
(see example in Fig. 14).
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Fig. 14. Lean duplex weld metal with regions of
Widmanstétten type austenite typical of a fully
ferritic solidification (top) and regions having a
morphology with ferrite located mainly
interdendritically and forming an almost
continuos network typical of mixed austenitic-
ferritic solidification (bottom).

Impact toughness varied markedly between the
weld metals. Several factors, many of those
interacting, are known to affect impact
toughness. This makes it difficult to visualise
effects in simple diagrams looking at one factor
only. However, plotting ferrite content against
impact toughness (Fig. 15) and separate weld
metals according the solidification mode clearly
illustrates that this and the resulting ferrite
morphology has to be considered. Weld metals
solidifying completely as ferrite showed less
scatter and generally had toughness on a
higher level. The question should then be
asked how solidification mode, morphology and
texture could affect impact toughness. As



ferrite is the less ductile of the two phases it is
reasonable to primarily focus on aspects of
ferrite morphology and texture.
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Fig. 15. Impact toughness scatter bands for
lean duplex weld metals with a fully ferritic
solidification (F) and those with regions having
a morphology with ferrite located mainly
interdendritically and forming an almost
continuous network typical of mixed austenitic-
ferritic solidification (FA). The minimum values
and scatter increase significantly with mixed
mode solidification.

The ferrite morphology seems more important
than the ferrite/austenite relative orientation. A
contributory factor in a mixed mode
solidification structure is most likely relation
between ferrite morphology and orientation of
preferred cleavage planes {100}. As the
preferred growth direction in solidification is
[100] corresponding to the planes of easiest
cleavage, which are {100}, they tend to be
aligned with the ferrite. This alignment effect is
probably of less importance in the ductile
regime but can be critical for the resulting
toughness below the ferrite ductile to brittle
transition temperature.

The influence of the relative orientation
between ferrite and austenite is less clear but it
was attempted to see if there were differences
between weld metals with the two types of
solidification in the tendency to form randomly
oriented phase boundaries or specific
orientation relationships such as Nishiyama—
Wasserman or Kurjdumov-Sachs. It was
decided to examine whether the grain
boundaries were close to any of these
orientation relationships rather than looking for
exact matches as these tend to be irrational in
real life [32]. Any match within 4= deviation
from the perfect relationships was therefore
classified as either NW or KS and all others as
random grain boundaries. As summarised in

Fig. 16 it was found that most of the austenite
was near the common relationships with
adjacent ferrite in line with observations in
other studies [39]. More of the phase
boundaries in the mixed mode solidification
regions had a random orientation relationship
compared to after fully ferritic solidification. It
was also seen that boundaries more frequently
were close to the Nishiyama-Wasserman
relationship after fully ferritic solidification
whereas the Kurdjumov-Sachs orientation was
prominent after mixed mode solidification. The
implications of such differences are not clear.

Although not discussed in detail here it was
concluded that in addition to a fully ferritic
solidification also a sufficient Ni-content is
necessary to produce acceptable and
reproducible impact toughness at room and
sub-zero temperatures. A composition of
23-24Cr, 7-8Ni and 0.12-0.16N wt.% was found
well suited to fulfil all requirements.

Development of duplex grades is ongoing and
weldability is an issue much studied [41] and
discussed. Current issues are for example the
effects of W-alloying [40] and the application of
low-energy input welding methods on properties
[41].

Fig. 16: EBSD orientation maps (top) and
classification of austenite/ferrite boundary
orientations (below) for weld metals with a fully
ferritic solidification (left) and mixed ferritic-
austenitic solidification (right). More phase
boundaries had a random orientation
relationship after mixed mode solidification.
The NW relationship was most frequent after
fully ferritic solidification whereas KS was more
common after a mixed mode solidification.

2.2 Highly Alloyed Ni-baseConsumables:

The adverse effect of segregation during
solidification of stainless steel weld metals on
corrosion resistance is well known and over-
alloying is a well-established practise to
counteract this phenomenon [42]. However, as
alloying content increases precipitation of



deleterious phases becomes unavoidable and
more structurally stable nickel-based
consumables are employed. Currently the
corrosion resistance of the most highly alloyed
austenitic grades is difficult to match even with
nickel-based consumables. An interesting
development is the use of modern modelling
tools such as ThermoCalc [43] in alloy
development to find new routes around what
might seem to be fundamental problems (Fig.
17).
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Fig. 17. ThermoCalc results from the Scheil
calculations showing the concentration of
elements in the liquid during solidification. At
lower temperatures changes occur because of
precipitation, which is probably too slow to take
place in practise. The base composition was Ni
- 0.05C, 0.5Si, 1Mn and 22Cr wt%, with varying
amounts of Mo and W. a) 11Mo, b) 7.5Mo-5W,
¢) 5Mo-9W and d) 18W.

Thermodynamic calculations were performed to
find potential alloys of interest. Experimental
weld metals were then produced,
microstructures were characterised and local
alloy content variations were quantified. These
experiments verified that a higher total alloying
content could be tolerated in nickel-based weld
metal if a combination of W and Mo is used
rather than either of the two elements alone
[44]. An example is illustrated in Fig. 18
showing that whereas Mo is enriched in
interdendritic regions a corresponding W-
depletion occurs resulting in an overall more
even distribution of alloying elements, better
resistance to localised corrosion and less risk of
precipitation.

Intardancritic  Dendrbe  Imterdendritic
fgaon cong Tagon
' ' '

Fig. 18. Concentration profiles for W and Mo
across dendrites in a Ni-based weld metal. Mo
is enriched in interdendritic regions whereas W
is depleted resulting in a more even distribution

of alloying elements and thereby better
corrosion resistance. Dendrite spacing is
approximately 10 pm.

3. Cancellation of Residual Stresses:

Residual stresses are an anathema in welds
because they are associated with distortion
[45], they limit the magnitudes of the external
stress that a weld can support and influence the
life of the joint in a variety of scenarios [46—48].
There are a number of groups developing
welding consumables capable of mitigating the
residual stresses that develop when the liquid
metal filling a joint solidifies and contracts [49—
63]. The mechanism of stress cancellation
relies on the solid—state transformation of the
weld metal into bainite or martensite at a
sufficiently low temperature, such that the
transformation plasticity cancels any strain due
to thermal contraction. It is believed that the
extent of this relief is dependent on the
selection of particular crystallographic variants
of the transformation product which are
thermodynamically favoured in the particular
environment of the accumulating residual
stress [64].

Much of the work has focused on welding
materials for ferritic steels containing relatively
low concentrations of solutes. In contrast, the
purpose of the work presented here was to
develop a corresponding alloy for welding
austenitic stainless steels. The weld metal must
therefore contain a critical concentration of
chromium in order to ensure a ‘stainless’
character through the spontaneous formation of
a protective chromia film provided a trace of
oxygen or oxidising agent is present. It must at
the same time be able to transform into
martensite at a relatively low temperature, so
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that the resulting plasticity can be exploited to
compensate for any accumulated stress. Such
a stainless steel welding consumable has been
developed, which solidifies as 0—ferrite,
transforms almost entirely into austenite which
then undergoes martensitic transformation at a
low temperature of about 260:C. At the same
time, the carbon concentration has been kept to
a minimum to avoid phenomena such as
sensitisation. The measured mechanical
properties, especially toughness, seem to be
significantly better than commercially available
martensitic stainless steel welding
consumables, and it has been demonstrated
that the use of the new alloy reduces distortion
in the final joint [65].

4. Conclusions:

It is evident from this narrow survey that there
are exciting developments in the design of
alloys which act as filler metals during welding.
The thrill comes not only from the achievement
of individual mechanical or chemical
properties, but of unusual combinations of
properties. The intensity of research, which
exploits all of the modern techniques of science
ranging from Charpy tests to synchrotron
analysis, and techniques capable of looking at
individual atoms, is a reflection of the fact that
the goals are difficult. We hope that this paper
gives a flavour of the progress being made,
particularly in research within the European
domain.
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